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Introduction 
 
Every year, it is estimated that 2% to 10% (average of 5%) of the estimated 455 million cubic yards of 
ready mixed concrete produced in the USA (est. 2006) is returned to the concrete plant.  The returned 
concrete in the truck can be used in the following manner: 
 


1. If it is a small quantity of returned concrete, fresh material can be batched on top. Hydration 
stabilizing admixtures might be involved in this process. 


2. Returned concrete can be processed through a reclaimer system to reuse or dispose the 
separated ingredients, including the process water with a hydration stabilizing admixture as 
needed. 


3. Returned concrete can be used for site paving and production of other products, such as 
concrete blocks, either for resale or disposal. 


4. Returned concrete can be discharged at a location in the concrete plant for processing. The 
hardened discharged concrete can be subsequently crushed for reuse as base for pavements or 
fill for other construction. The separation of the crushed material can produce different 
products for use. In general, the finer crushed product is difficult to manage and dispose. This 
could be material finer than 2 inches and associated fines that provide a significant challenge 
for the ready mixed concrete producer to dispose of.  


 
Option 1 is probably done on a small scale and is not always practicable because of restrictions by 
concrete specifications.  Option 2 is limited to larger volume plants in metropolitan areas and requires 
a significant capital investment, followed by attention to proper practice.  Option 3 is limited by 
several factors – there is only so much area in a plant that can be paved and the volume of block 
production depends on local market conditions and opportunities. 
 
Option 4 has significant potential in the USA and it is reasonable to assume that this can be used to 
manage about 60% of all returned concrete.  With some assumptions, one can estimate that the 
quantity of crushed returned concrete material generated by the ready mixed concrete industry is on the 
order of 30 millions tons/year with most of it likely being diverted to landfills.  If all of this material 
can be beneficially used in concrete as aggregates at an estimated cost of $10/ton (cost of virgin 
aggregates plus reduced cost of land filling) it would represent the recuperation of a total cost impact 
in the range of $300 million/year for the ready mixed concrete industry’s bottom line.  Additionally, 
this will significantly benefit sustainable building initiatives by enhancing the considerable benefits 
provided by the use of concrete as a construction material. This research project addresses the use of 
crushed returned concrete, referred to in this report as Crushed Concrete Aggregate (CCA), as a 
portion of the aggregate component in new concrete. 
 
Demolishing old concrete structures, crushing the concrete and using the crushed materials as 
aggregates is not new and has been researched to some extent.  This material is generally referred as 
Recycled Concrete Aggregates (RCA).  However, RCA is different from CCA as construction debris 
tends to have a high level of contamination (rebar, oils, deicing salts, etc.).  CCA on the other hand is 
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prepared from concrete that has never been in service and thus likely to contain much lower levels of 
contamination.  It is the contention of the principal investigators in this research study that published 
research on reuse of CCA is not extensive.   
 
The main objective of this research study is to develop technical data that will support the use of CCA 
from returned concrete by the industry and to provide guidance on a methodology for appropriate use 
of the material. The technical data developed can be used to support revisions to current industry 
standards and permit the use of returned concrete as crushed aggregates.  Such a step can help the 
ready mixed concrete industry to save an estimated $300 million/year in operating costs.  In addition, it 
will reduce landfill space by as much 845 – 10-feet high football fields every year. 
 
Literature Review 
 
Since much of the published literature is on the use of crushed concrete from existing concrete 
structures, this literature review is intended as a summary of these studies, but will pertain to the use of 
crushed concrete aggregate (CCA) as well. 
 
Properties of Recycled Concrete Aggregates 
Recycled concrete aggregates (RCA) have higher water absorption rates than virgin aggregates.  
Higher absorption rates are indicative of higher volume fractions of old cement mortar adhering to the 
virgin aggregate particles in the original concrete1-3.  ASTM C 33, Specification for Concrete 
Aggregates, includes a requirement of an abrasion loss (by ASTM C 535) of less than 50% for 
aggregates used in concrete construction and less than 40% for crushed stone used in pavements4.  
According to the ACI 555 Committee Report4, all RCA except that made from the poorest quality 
recycled concrete, can be expected to meet these abrasion loss requirements.  The abrasion property of 
the aggregates controls the abrasion resistance of the concrete, a property that is important for 
warehouse floors, and concrete pavements.  The relative density of RCA is 5%-10% lower than that of 
virgin aggregates (VA)5.  This is because of bricks in demolished construction waste6 and/or the lower 
density of the cement mortar that remains adhered to the aggregates4,6,7.   
 
Effects of RCA on Fresh Concrete Properties 
Studies have shown that as RCA content in concrete mixtures increases, their workability decreases.  
One study found that in order to produce similar workability as VA concrete 5% more mixing water 
was required when using just the coarse fraction of recycled concrete aggregates (coarse RCA) and up 
to 15% more mixing water when using both the coarse and fine fractions of RCA8-11.  Issues of 
workability are largely tied to the inclusion of recycled fines in RCA.  For that reason, it is 
recommended that fine recycled concrete aggregate (FRCA) levels remain at or below 30% of total 
fine aggregate content12.  Entrapped air contents of non-air entrained concrete containing RCA were up 
to 0.6% higher and varied more than air contents of non-air entrained control mixtures4. The density 
(unit weight) of concrete made using RCA were found to be within 85%-95% of the VA concrete4.  
Finishability of concrete containing RCA is generally adversely affected5.   
 
Effects of RCA on Hardened Concrete Properties 
Compressive strength of concrete containing RCA is dependent upon the strength of the original 
concrete from which the RCA was made.  Concrete’s compressive strength gradually decreases as the 
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amount of FRCA increases.  The reduction is reported to be between 5% and 24% when just coarse 
RCA was used and between 15%-40% when all of the RCA (including the fine fraction) was used.  
Strength reduction becomes more significant when the FRCA content surpasses 60% of the total fine 
aggregate13.  RCA concrete has around the same or 10% less flexural strength than concrete containing 
VA4.  However, some studies have found that with the incorporation of FRCA the reduction in flexural 
strength can be as much as 10%-40%5. 
 
A research program15 that evaluated the influence of RCA on concrete durability with testing such as 
chloride conductivity, oxygen permeability and water sorptivity concluded that concrete durability 
became adversely affected with increases in the quantities of RCA and, as expected, the durability 
improved with the age of curing.  This phenomenon was explained by the fact that cracks and fissures 
created in RCA during processing render the aggregate susceptible to ease of permeation, diffusion and 
absorption of fluids.  Interestingly, the use of RCA resulted in a reduction in the leaching of calcium 
ions from the concrete16. 
 
Creep of concrete is proportional to the content of paste or mortar in it.  To that end, it is 
understandable that RCA undergoes increased creep because it can contain about 70% more paste 
volume than concrete made with virgin aggregate, with the exact amount dependent upon the amount 
of RCA replacing the VA, and paste volume in the RCA and the new concrete15.  Researchers have 
observed creep to be 30%-60% greater in concrete manufactured using RCA compared to concrete 
with VA5.  Like creep, increased shrinkage rates are also related to increases in cement paste 
contents17.  One study found that while RCA shrinkage rates are still dependent on the amount of 
recycled aggregates used, the 1 year values are comparable to that of concrete containing VA13.  Other 
studies have shown more differentiation in drying shrinkage values.  One study showed that concrete 
made with RCA resulted in 70%-100% greater shrinkage.  The same study also reported that concrete 
made using coarse RCA along with natural sand increased shrinkage by only 20%-50%4.  
 
The measure carbonation depth, mostly below 5 mm, increases with the amount of recycled aggregate 
content13.  However, the carbonation rate when using RCA made from carbonated concrete were 65% 
higher than control groups4.  One study indicated higher rate of corrosion when RCA is used in 
concrete.  This effect can be mitigated by reducing the w/c ratio4.  In ASTM C 1202, which tests 
chloride-ion penetration, concrete using RCA could be regarded as having moderate resistance if the 
FRCA is below 60%13. 
 
Concrete containing RCA can have good freeze/thaw resistance provided the concrete is adequately air 
entrained12.  However, in one of the studies where no air entrainment was used it was shown to be less 
resistant to cycles of freezing and thawing than concrete made with VA7. The study suggested that 
RCA can contribute to concrete’s freeze-thaw damage by expelling water into surrounding cement 
paste during the freezing process.  Furthermore, if it has unsound particles, they would be deteriorated 
by the repeated freezing/thawing action7.   
 
Effects on Mixture Proportioning and Production 
At the mixture design stage it can be assumed that the w/c for a required compressive strength will be 
the same for concrete containing RCA as that for conventional concrete when coarse RCA is used with 
natural sand4.  The optimum ratio of fine to coarse aggregate is the same for concrete containing RCA 
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as it is for concrete made with VA.  Minnesota DOT limits the allowable amount of FRCA to 25% or 
30% of total fine aggregate.  Many aspects of production of concrete containing RCA are similar to 
that of conventional concrete; however, extra care must be taken and the following differences are 
noted4. 


- To off-set the high water absorption it is required to presoak RCA.      
- Removing materials smaller than No. 8 sieve (approx 2 mm) prior to production will improve 


concrete performance (some recommend eliminating the use of FRCA). 
- Trial mixtures are mandatory to evaluate the effects on water demand, slump and slump loss, 


strength, etc. 
 
One study reported that dry mixing of RCA before adding other concrete mixture constituents resulted 
in higher compressive strength, tensile strength, and modulus of elasticity.  It was theorized that during 
the dry mixing the shape of the RCA is improved; old mortar on the surface of the RCA’s particles is 
removed; and lastly, fine particles of old cement are released, thus contributing to cement hydration8.  
However, this procedure is impractical to be used at a ready mixed concrete plant.  Another study 
suggested a new mixing technique which they termed as the Two Stage Mixing Approach (TSMA) 
which was shown to enhance compressive strength and other properties.  In the first stage only half of 
the required water is added to the concrete mixture.  By adding only half the water, a thick layer of 
cement slurry is created on the surface, which then permeates the porous, old cement mortar, filling 
cracks and voids. The mixing process is completed in the second stage by adding the remaining water 
to the mixture, creating a strengthened interfacial zone, which ultimately leads to improved 
performance1. The applicability of this in conventional production of ready mixed concrete is also 
questionable. 
 
FHWA Experience with RCA 
In the US, transportation agencies, including the Federal Highway Administration (FHWA), have 
evaluated the reuse of crushed concrete from construction demolition, such as concrete pavements that 
have completed their service life.  Old concrete pavements are broken up, the aggregates separated as 
coarse and fine aggregates, and reused in the construction of new concrete pavements.  The product is 
also crushed in place to serve as a base material.  The RCA is typically reused as a pavement base 
layer.  Very few roadway projects have used the material as an aggregate component in the concrete 
pavement layer due to concerns of the quality of concrete for this application.  An FHWA report10,18,19 
mentions that as many as 38 state DOTs are recycling crushed concrete as aggregate base and 12 state 
DOTs are recycling concrete as aggregate for portland cement concrete (PCC).  Even though 12 states 
surveyed have reported use of RCA in PCC, it is not known how much it is being used.  Further, the 
use is limited to paving, i.e. non-structural concrete. 
 
Experimental Study 
 
With the exception of Task 1, this research program was conducted at the NRMCA Research 
Laboratory.  The experimental program is divided into five tasks. 
 
Task 1. Preparation of CCA at a Ready Mixed Concrete Plant 
The CCA was prepared at Virginia Concrete’s Edsall plant.  Three different concrete mixtures with 
target 28 day strengths of nominal 1000 psi, 3000 psi and 5000 psi were produced at the ready mixed 
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concrete plant on January 20, 2006.  All mixtures were non-air entrained; portland cement only 
mixtures contained a small dosage of a Type A water reducer.  A small amount of integral color was 
added to each concrete mixture to allow for identification of the different grades.  The concrete was 
discharged on the ground using a normal process for discharging returned concrete.  The concrete 
mixtures were tested for slump, air content, temperature, density (unit weight), and compressive 
strengths at various ages.  The compressive strength cylinders were subjected to two curing conditions: 
lab moist curing; field curing near the location where the concrete had been discharged.  It was felt that 
the latter strengths were more representative of the concrete that was crushed to make CCA.   
 
The mixture proportions and test results are provided in Table 1.  The volume of paste divided by the 
volume of total aggregate varies from 31% to 43% with increasing values obtained for the higher 
strength concrete mixtures due to the higher cement content.  Paste volume refers to the volume of 
cement, water and air used in the concrete mixture.  CCA produced by crushing this concrete will have 
high absorption, lower strength and durability because it contains paste.  The paste specific gravity 
varied between 1.43 and 1.74 with increasing values obtained for the higher strength concrete mixtures 
due to the higher cement contents.  This would suggest that CCA, particularly the finer fraction of 
CCA, will tend to have lower specific gravity due to the high paste content in that fraction.  The actual 
56 day field cured strengths of the different classes were averaged at 1320 psi, 3630 psi, and 6480 psi.  
However, the different classes of CCA will continue to be referred to as 1000 psi, 3000 psi, and 5000 
psi primarily for ease of notation.  The discharged concrete was left undisturbed for 110 days, after 
which the concrete was processed through a crusher to produce the CCA. Figure 1 shows a picture of 
the crusher used to make the CCA.  The CCA was transported and stored at the NRMCA Research 
Laboratory for the subsequent parts of the study.  Figure 2 shows the CCA stored in the laboratory.  
The grey CCA is made from the 1000 psi concrete, the red CCA from 3000 psi concrete, and the black 
CCA from 5000 psi concrete. 
 
Three different strength classes of CCA were included in this study to evaluate the effects of this factor 
on the properties of the resulting concrete. Typically, CCA results from returned concrete with 
different design strength levels that may have been through varied levels of retempering.  It is 
important to study the effect of initial strength of the concrete that is crushed on the performance of 
new concrete containing CCA.  Furthermore, it was felt that if a noticeable difference in performance 
existed then recommendations could be developed so that the producer can make attempts to separate 
CCA based on the strength levels of the returned concrete.  This could help toward more efficient 
utilization of CCA. 
 
In addition to the CCA prepared in a controlled manner specifically for this study, CCA generated and 
stockpiled at the concrete producer’s yard from normal practice was also evaluated.  There was no 
control on the concrete discharged to produce this CCA. This CCA is referred to as Pile 1 in this 
report.  This evaluation provides a means of comparing the portions of the study using the controlled 
CCA to that generated from normal practice.  As might be expected in typical operations, the 
characteristics of the returned concrete from which the CCA in Pile 1 are unknown, which is one factor 
that cannot be quantified in this portion of the study.  The ready mixed concrete producer is interested 
to know how much of this material can be used to still produce concrete with acceptable performance.   
 
Task 2. Characterization of CCA from Returned Concrete 
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Using a large capacity sieve shaker shown in Figure 3 CCA of all three concrete grades and Pile 1 
were separated into coarse and fine fractions. Aggregate tests required by ASTM C 33, Specification 
for Concrete Aggregates, were conducted.  Other quality tests typically performed on concrete 
aggregates were conducted as well.  These tests are essential to understand the performance of CCA in 
concrete and are discussed in the section under Testing. 
 
Task 3. Experimental Study of CCA in New Concrete – Phase I 
Several non-air entrained concrete mixtures were prepared with CCA and tested on the following 
criteria: 
 


1. Control mixture using virgin coarse and fine aggregates. 
2. Use CCA in “as received” state at different replacement levels for virgin aggregate. 
3. Use coarse fraction of CCA (to replace virgin coarse aggregate) and a portion of the fine 


fraction of the CCA to replace virgin fine aggregate at different replacement levels. 
 
Task 4. Effect of CCA on Freeze-Thaw Resistance of Concrete – Phase II 
Phase II of the study was conducted primarily to evaluate the effect of CCA on air entrainment dosage, 
and freeze-thaw durability.  Several air entrained concrete mixtures were prepared with CCA and 
tested under ASTM C 666. 
 
Task 5. Slump Retention Study – Phase III 
An important aspect is the slump retention capabilities of concrete mixtures considering delivery time 
and ambient conditions. This portion of the study evaluated the slump retention or slump loss 
characteristics of limited conditions with the use of CCA.   
 
More details are discussed in the section under Testing. 
 
Materials 
 
The following materials were used in the study. Lot number references are for cataloging purposes at 
the NRMCA Research Laboratory. 
 


• ASTM Type I Portland Cement, Lot # 8056 
• ASTM C 260 tall oil air entraining admixture, Lot # 7941 
• ASTM C 494 Type F naphthalene sulfonate high range water reducing admixture, Lot # 7975 
• ASTM C 33 Virgin natural sand, Lot # 8044 
• ASTM C 33 Virgin crushed trap rock sand, Lot # 8058 (used only for ASR tests) 
• ASTM C 33 No. 57 Virgin crushed trap rock coarse aggregate, Lot # 8043 
• Crushed concrete aggregate (1000 psi gray), Lot # 8049 
• Crushed concrete aggregate (3000 psi red), Lot # 8047 
• Crushed concrete aggregate (5000 psi black), Lot # 8048 
• Crushed concrete aggregate (Pile 1), Lot # 8059 


 
The aggregate characterization details are provided in the section under Testing.   
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Aggregate Testing Results and Discussions 
 
Using a large capacity sieve shaker shown in Figure 3 CCA was separated into coarse and fine 
fractions on the 4.75-mm (No. 4) sieve.  The percentage of the coarse fraction (by volume and by 
mass) in each CCA is shown in Table 2.  It can be seen that coarse fraction (by volume) is 61% for the 
1000 psi CCA, and about 70% for the other two CCAs made for this project.  In comparison, Pile 1 
CCA gave a very low coarse fraction of 47%.  Two possible reasons for this were surmised upon 
discussing this with the concrete producer: 1. It is likely that the returned concrete in the normal 
practice had higher water content due to retempering prior to discharge. 2. It is likely that the returned 
concrete was disturbed and arranged in rows (but not crushed into CCA) the next day.  Both of these 
steps can make the resulting CCA weaker and help explain the lower amount of Coarse CCA in Pile 1.   
 
Once the CCA was separated into coarse and fine CCA with the help of a large sieve shaker, the 
Coarse fraction (which was in 4 different sieve sizes) was recombined in a 3.5 cu. ft. concrete mixer 
for about 15 minutes to make it homogeneous.  This portion was used for all the aggregate tests for the 
“Coarse Fraction” whereas all the material passing the No. 4 (4.75 mm) sieve was used for the 
aggregate tests for the “Fine Fraction”.  The following aggregate tests were conducted: 


 
• ASTM C127-04 Specific Gravity, Absorption of Coarse Aggregate, 3 samples 
• ASTM C128-04a Specific Gravity, and Absorption of Fine Aggregate, 3 samples 
• ASTM C136-05 Sieve Analysis of Fine and Coarse Aggregates, 3 samples 
• ASTM C117-04 Materials Finer than 75-μm (No. 200) Sieve, 3 samples 
• ASTM C29/C29M-97(2003) Unit Weight and Voids in Aggregate, 3 samples 
• ASTM C131-03 LA Abrasion, 3 samples 
• ASTM C40-04 Organic Impurities in Fine Aggregates for Concrete, 3 samples 
• ASTM C1252-03 Uncompacted Void Content of Fine Aggregate, 3 samples 
• ASTM C88-05 Sodium Sulfate Soundness, 2 samples 
• ASTM D2419-02 Sand Equivalent Value of Soils and Fine Aggregate, 3 samples 


 
While the control aggregates and the 1000 psi and 3000 psi CCA were tested for all properties the 
5000 psi and Pile 1 CCA were tested only for those properties that are essential for establishing 
concrete mixture proportions. 
 
All aggregate test results are provided in Tables 3, 4, and 5.   
 
The sieve analysis of the coarse and fine fractions of the different CCAs are reported in Table 3. Based 
on the sieve analysis, the nominal maximum size of the virgin coarse aggregate and Coarse CCA is 1-
inch, except for the 5000 psi Coarse CCA which is at 1 ½  inches. The fineness modulus of the control 
coarse aggregate and all Coarse CCA except the 5000 psi Coarse CCA is about 7.0.  The 5000 psi 
Coarse CCA is 7.28 indicating that it has less fines.  It is believed that the processing of the coarse 
CCA (15 minute blending in a 3.5 cu. ft. concrete mixer) removes a part of the mortar adhering to the 
coarse CCA resulting in the generation of some minus No. 4 material.  This is confirmed because the 
greater the initial strength of the returned concrete the lower the measured amount of minus No. 4 
material thus confirming that the stronger material does not break down so easily.  The amounts of 
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minus No. 4 material in each of the coarse CCA were 12% for the 1000 psi; 9% for the 3000 psi; 3% 
for the 5000 psi; 14% for the Pile 1. 
 
Coarse CCA Test Results and Discussions 
 
Table 4 summarizes the measured properties of the different types of coarse CCA as well as the virgin 
coarse aggregate.   
 
Coarse CCA had higher LA abrasion loss as compared to the virgin coarse aggregate (about 25% vs. 
13%).  However, these values are still lower than the 50% loss limit in ASTM C 33.   
 
The SSD specific gravity of Coarse CCA is lower as compared to the virgin coarse aggregate (about 
2.55 compared to 2.92).  The absorption of Coarse CCA is higher than the virgin coarse aggregate 
(4.3% to 5.9% compared to 0.9%).  Pile 1 had higher absorption (5.9%) than that of the controlled 
coarse CCA (about 4.3%).  The higher absorption and lower specific gravity of the coarse CCA as 
compared to the virgin coarse aggregate is due to the lower specific gravity paste (1.43 to 1.74 of CCA 
prepared by Table 1) adhering to the surface of the CCA.  Further, it is possible that Pile 1 CCA had 
been prepared with returned concrete that had been air entrained or had much higher paste volume and 
this might explain the higher absorption of Pile 1 as compared to the other CCA.   
 
The percent passing the No. 200 sieve for the coarse CCA was generally higher than that for the virgin 
coarse aggregate (0.32% to 1.66% compared to 0.38%) but is still lower than the 1.5% limit in ASTM 
C 33.  The lowest value (0.32%) was for the 5000 psi coarse CCA and the highest value (1.66%) was 
for the Pile 1 CCA.   
 
The dry rodded unit weight of the coarse CCA was slightly lower as compared to the control coarse 
aggregate (89.3 to 97.1 lb/ft3 compared to 105.6 lb/ft3).  This is due to the lower specific gravity of the 
CCA.   
 
Sodium sulfate soundness test results indicate that the Coarse CCA has higher mass loss compared to 
the virgin coarse aggregate (8.24% to 22.84% compared to 0.46%).  The 3000 psi CCA had a lower 
mass loss (8.24%) than the 1000 psi CCA and met the performance requirement of ASTM C 33 which 
is 12%.  The sulfate soundness test is conducted to evaluate the weathering potential of concrete 
aggregate and is often correlated to the durability of the aggregate under cycles of freezing and 
thawing. The implication of the sulfate soundness test to CCA is questionable because it is not clear 
whether the same mechanism is relevant or if other mechanisms such as sulfate attack might also result 
in a high mass loss in the test.  
 
A higher compressive strength of the returned concrete does lead to a coarse CCA with a lower 
percentage of finer particles (minus No. 4 fraction), lower amount of Minus 200 fines, and potentially 
improved resistance to degradation as indicated by the LA Abrasion and soundness tests.  
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Fine CCA Test Results and Discussions 
 
Table 5 summarizes the measured properties of the different types of Fine CCA as well as the virgin 
fine aggregate.  There was no indication of organic impurities for the Fine CCA and the virgin fine 
aggregate.   
 
The SSD specific gravity of fine CCA is lower compared to the virgin fine aggregate (2.11 to 2.27 
compared to 2.61).   The specific gravity of the fine CCA increased with increasing strength of the 
returned concrete.  The absorption of fine CCA is much higher compared to the virgin fine aggregate 
(10.0% to 16.3% compared to 0.95%).  The absorption of the fine fraction from Pile 1 was 16.3%.  The 
absorption of the fine CCA decreased with increasing strength of the returned concrete.  The higher 
absorption and lower specific gravity of the Fine CCA as compared to the virgin fine aggregate is due 
to the lower specific gravity paste (1.43 to 1.74 of CCA prepared by Table 1) adhering to the surface of 
the CCA.  It should be noted here that it is difficult to achieve the saturated surface dry condition of 
fine CCA and that will impact the specific gravity and absorption results.    
 
The percent passing the No. 200 sieve for the fine CCA was higher than that for the virgin fine 
aggregate (7.3% to 9.5% compared to 1.3%).  These are above the 5% or 7% limit in ASTM C 33 for 
manufactured sand.  The fineness modulus of the Fine CCA were about the same as compared to the 
virgin fine aggregate (about 2.75) except that the 5000 psi fine CCA had a much higher fineness 
modulus (3.05).   
 
The sand equivalency of the fine CCA was lower compared to the virgin fine aggregate (56% to 63% 
compared to 87%).  Sand equivalency is an indication of the relative proportions of detrimental fine 
dust or clay-like materials in fine aggregate; thus indicating that the fine CCA had a higher percentage 
of fines.   
 
The uncompacted voids content of the fine CCA  as measured by the ASTM C 1252, standard graded 
sample (Test Method A) were slightly lower as compared to the virgin aggregate (37% to 40% vs 
42%).  Generally lower voids contents indicate a more rounded and/or smooth-textured aggregate 
particles.  However, the difference between the CCA and virgin aggregate in this case is not very 
significant.   
 
Soundness test results indicate that the fine CCA has higher mass loss compared to the virgin fine 
aggregate.  Both the fine CCA’s tested exceeded the 10% limit for sodium sulfate soundness in ASTM 
C 33.   
 
A higher compressive strength of the returned concrete does lead to a fine CCA with higher fineness 
modulus, higher specific gravity, lower absorption, and potentially improved resistance to degradation 
as indicated by the soundness test. 
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Phase I 
 
Mixing Concrete 
 
A revolving drum mixer with a 2.5 cu. ft. mixing capacity was used to mix the concrete batches.  
Concrete batch size was kept at 1.5 cu. ft.  All concrete mixtures except Mixture 16 were mixed in 
accordance with ASTM C 192 with the CCA being batched along with virgin aggregate.   
 
Mixture 16 was mixed similar to the “Two Stage Mixing” approach discussed in the literature 
review1,31 to evaluate the claim in that study of improved concrete performance.  For Mixture 16, the 
coarse aggregate, CCA, and the fine aggregate were placed with 60% of mix water.  This was mixed 
for about 60 seconds.  The mixer was stopped and cement added and then mixed for 2 minutes.  This 
was followed by a rest period of 3 minutes after which the rest of the water was added and concrete 
mixed for another 2 minutes. 
 
Concrete Testing 
 
Concrete tests were, for the most part, conducted in accordance with ASTM standards. Non-
standardized tests and deviations from ASTM standards (if any) are noted when applicable.  The 
NRMCA Research Laboratory participates in proficiency sample testing of the Cement and Concrete 
Reference Laboratory (CCRL), is inspected biannually for conformance to the requirements of ASTM 
C 1077 and maintains its accreditation under the AASHTO Laboratory Accreditation Program.   
 
Fresh Concrete Tests 
 
All concrete batches were tested for slump, ASTM C 143, air content, C 231, density, C 138 and 
temperature, C 1064.  
 
Setting time was measured by the thermal method, currently being by considered by ASTM. Setting 
time test by penetration resistance as per ASTM C 403 were also performed for some mixtures for 
comparisons. For the setting time of concrete by the thermal method, a representative sample of fresh 
concrete was placed in a container approximately to the depth of 6 in.  After consolidating the concrete 
by rodding, the sides of the container was tapped gently to level the surface of the concrete.  The 
container was then placed into an insulating cavity in which a thermocouple was embedded at the 
bottom to monitor the temperature change of the concrete specimen as a function of time.  For selected 
mixtures the sieved mortar for the setting time test (ASTM C 403) was transferred to a 70ºF, 50% 
relative humidity room where they were stored and penetration resistance measured until the concrete 
attained final set.  
 
Hardened Concrete Tests 
 
Compressive strength tests for concrete mixtures were conducted in accordance with ASTM C 39 at an 
age of 7, 28, and 90 days.  Specimen size used was 4 x 8 inch cylindrical specimens.  Test specimens 
were transferred to the 100% humidity room as soon as they were made, demolded at 24 hours and 
cured until the test age.  Neoprene caps in accordance with ASTM C 1231 of 70 durometer hardness 
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were used to cap the test specimens.  Strength test results reported are the average of 2 test cylinders 
tested at the same age.  
 
Length change of concrete due to drying shrinkage was tested by ASTM C 157.  Prismatic specimens 3 
x 3 x 11 inches with embedded studs were used to measure the length change, using a gage length of 
10 inches between the insides of the studs. The test specimens were moist cured for 7 days and were 
then stored at 70 ºF with a relative humidity of 50%. Length change measurements were obtained at 
various periods of air drying as indicated in the reported results.  The length change reported is the 
average of 2 specimens. These measurements were terminated after 180 days of drying. 
 
The elastic modulus of concrete was tested by ASTM C 469 at an age of 28 days.  Two 4 x 8-inch 
cylindrical specimens were prepared for the C 469 test.  Test specimens were transferred to the 100% 
humidity room as soon as they were made, demolded at 24 hours and cured until the test age. The 
results reported for modulus of elasticity are the average of 2 test cylinders tested at the same age. 
 
The rapid indication of chloride ion penetrability, also referred to as the Rapid Chloride Permeability 
(RCP) test, was conducted in accordance with ASTM C 1202.  Two 4 x 8-inch cylindrical specimens 
were prepared for the C 1202 test.  Test specimens were transferred to the 100% humidity room as 
soon as they were made, demolded at 24 hours and cured until the test age.  The top 2-inch portion of 
the test specimen as cast was used for the test.  The charge passed result reported is the average of two 
specimens tested at the same age of 90 days. 
 
In addition to the test program discussed here ASTM C 1293 ASR testing was conducted on 4 different 
concrete mixtures to evaluate whether CCA affects expansions due to alkali silica reactivity.  These 
mixtures were prepared independently according to ASTM C 1293 requirements and the test is 
completed after 1 year. 
 
Mixture Proportions 
 
A total of seventeen concrete mixtures were prepared.  The experimental variables, mixture 
proportions, adjusted for yield, and test results are provided in Table 6.  All mixtures were non-air 
entrained and the water content was adjusted to achieve a target slump of 5-7 inches.  The cement 
content was maintained at 500 lb/yd3 for all mixtures.   
 
Mixture 1 is the control mixture whose proportions were determined according to ACI 211 using 
virgin coarse and fine aggregate.   
 
Mixtures 2-6 use CCA in “as received” state at different replacement levels for virgin aggregate.  “As 
received” condition signifies that the CCA was not separated and recombined. Representative samples 
of CCA were obtained from the CCA stock pile. The CCA aggregate replaced a portion of virgin 
aggregate in the concrete mixture.  The replacement was done by weight on the coarse virgin aggregate 
based on the size distribution of the CCA determined in the preliminary separation. CCA was used as a 
third aggregate and its absolute volume was calculated from the measured specific gravity.  Finally, the 
quantity of virgin fine aggregate was adjusted to achieve the target yield. 
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Mixtures 7-10, and 12 use coarse fraction of CCA (to replace virgin coarse aggregate) with virgin fine 
aggregate.  Mixture 11 uses coarse fraction of CCA (to replace virgin coarse aggregate) and a portion 
of the fine fraction of the CCA to replace virgin fine aggregate.  For these mixtures the replacement of 
virgin aggregate by CCA was based on a volume basis. 
 
Mixtures 7-11 and Mixture 12 differed in the way by which the Coarse CCA was prepared.  
For Mixtures 7-11 the Coarse CCA was prepared exactly as discussed earlier.  Since the Coarse CCA 
contained some material passing No. 4 sieve as shown in Table 3 the material was again sieved over a 
No. 4 sieve and only the material retained on No. 4 sieve was used as Coarse CCA.  
  
For Mixture 12 the CCA in an “as received” condition was first sieved through the smaller Tylab sieve 
shaker.  This helped to separate the CCA into various size fractions.  The size fractions coarser than the 
No. 4 sieve were discharged onto the floor and mixed well with the aid of a shovel to prepare a 
homogenous coarse CCA fraction.  This processing did not break up the CCA as was observed in the 
other form of processing. 
 
The concrete mixtures were designed to evaluate the following conditions:   


• Mixture 1 was the control mixture with virgin aggregates. This mixture proportions were 
established to achieve an average strength of 4000 psi. 


• Mixture 2 and 3 used 1000 psi CCA in “as received” state at replacement levels of 300 lbs/yd3 
and 600 lbs/yd3 for virgin aggregate, respectively. 


• Mixture 4 and 6 used 3000 psi CCA in “as received” state at replacement levels of 600 lbs/yd3 
and 900 lbs/yd3 for virgin aggregate, respectively. 


• Mixture 5 used Pile 1 CCA in “as received” state at replacement level of 600 lbs/yd3 for virgin 
aggregate.   


• Mixture 7 and 8 used the coarse fraction of 1000 psi CCA to replace virgin coarse aggregate at 
different replacement of 50%, and 100%, respectively. 


• Mixture 9 and 10 used the coarse fraction of 3000 psi CCA, 5000 psi CCA, respectively to 
replace virgin coarse aggregate at 100% replacement. 


• Mixture 11 used the coarse fraction of 3000 psi CCA and the fine fraction of 3000 psi CCA to 
replace virgin coarse and fine aggregates at replacement of 100% and 25%, respectively.   


• Mixture 12 used the coarse fraction of Pile1 CCA to replace virgin coarse aggregate at 100% 
replacement. 


• Mixture 13, 14, and 17 were replicates of Mixture 1, 4, and 12 conducted on a different day to 
establish the batch-to-batch repeatability of the study. 


• Mixture 15 is a repetition of Mixture 9 except that preparation of the coarse fraction of the 
CCA was similar to that of Mixture 12 in order to study how processing of the CCA prior to its 
use can affect its performance in concrete. 


• Mixture 16 is a repetition of Mixture 4 except using a modified batching sequence for the CCA 
as discussed in the Mixing Concrete section.  


 
For alkali silica reactivity (ASR) testing four conditions were evaluated:  


• Mixture A was a control mixture containing virgin aggregates.  The aggregates were virgin 
crushed trap rock stone and virgin crushed trap rock sand that have been previously determined 
to be non-reactive in ASR. 
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• Mixture B used Pile 1 CCA in “as received” state at replacement of 600 lbs/yd3 for virgin 
aggregate. 


• Mixture C used the coarse fraction of 3000 psi CCA to replace virgin coarse aggregate at 100% 
replacement. 


• Mixture D used the fine fraction of 3000 psi CCA to replace virgin fine aggregate at 100% 
replacement.   


 
The other material and mixture proportion details were according to ASTM C 1293.  The 4 mixtures 
were cast, cured and tested separately according to ASTM C 1293. 
 
Discussion of Test Results – Phase I 
 
Fresh Concrete Properties 
 
The slump for all the mixtures ranged between 5 to 7 inches. Only Mixture 12 had a lower slump of 
3.75 inches.  The temperature of the concrete mixture was maintained between 74°F and 78°F.  The 
resultant mixing water content of these mixes is reported in Table 6.  The mixing water content 
calculation is not accurate as the CCA moisture in some mixtures was lower than SSD moisture.  
Further, for aggregates with high absorptions there is always some error in the absorption and moisture 
content determination. 
 
The mixing water content for the control mixture was 287 lbs/yd3.  When CCA was used in “as 
received” condition (Mixture 2-6) the mixing water content did not vary very much from that of the 
control mixture.  For Mixtures 7-11 which used different proportions of coarse and fine fractions of 
CCA to replace the virgin coarse and fine aggregates the water content appears to be lower.  However, 
some of these mixtures (notably #7, #8, #10) had CCA moistures at lower levels than absorption 
(between 1.38% and 1.78%) which could induce some errors in the mixing water calculations.  For 
Mixture 12 (Pile 1 CCA) the mixing water content was about 34 lbs/yd3 higher when 100% coarse 
CCA was used.  When this mixture was repeated (Mixture 17) it still yielded a high water content 
suggesting that it was not a batching error.  The high mixing water content for this mixture could be 
due to the increased fines in the Pile 1 CCA. 
 
The air content, measured by C 231, of the control mixture was 2.5%.  Most of the CCA mixtures had 
similar air contents; however, it was noticeable that as the CCA amount, more particularly the fine 
CCA amount, increased the entrapped air contents tended to be higher.  This effect is most noticeable 
in Mixtures 11 and 12.  The density of the control mixture was 152.1 lb/ft3. Concrete containing CCA 
is expected to have lower density due to the lower density of the CCA, higher water demand, and 
higher entrapped air content.  The greater the amount of CCA the more these effects matter and 
therefore the density will decrease.  When small amounts of CCA was used in “as received” condition 
(Mixtures 2-6) then the concrete density were similar to control – decreased by about 1% to 2%.  
However, when CCA was used in greater quantities (Mixtures 7-11) the decrease in density was higher 
– about 6%.  Mixture 12 had about 9% lower density which is mainly due to its much higher water 
content, higher entrapped air and the lower density of the Pile 1 Coarse CCA. 
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The initial and final setting times of the Control mixture as determined by the thermal method is 4:14 
hrs and 7 hrs respectively.   The setting times of the CCA mixtures by and large were similar to control 
in the range of 30 minutes.  However, for Mixture 9 the setting times were accelerated by more than 1 
hour.  The initial setting times measured by ASTM C 403 for the control mixture had initial and final 
setting times of 4:43 hrs and 6:32 hrs, respectively.  The C 403 setting times of the CCA mixtures 
generally tend to be lower than that of the control mixture by about 45 minutes to 1 hour.  However the 
mixtures containing the Pile 1 aggregates had much lower initial setting times – about 1.5 hours lower. 
 
Compressive Strength 
 
Compressive strength of the control mixture (Mixture 1) was 3080 psi at 7 days, and 4100 psi at 28 
days. Compressive strength of mixtures containing CCA were generally lower than the control, 
between 3% and 22% lower, at 28 days.  In general, as the quantity of CCA in the mixture was 
reduced, the reduction in strength was less.  Further, the higher the strength of the returned concrete 
from which the CCA was prepared the lower the strength reduction.  It was anticipated that when the 
strength of the returned concrete when crushed and used was equal to or higher than the strength of the 
new concrete then the CCA is unlikely to adversely affect the strength of the new concrete.  In this 
study the returned concrete used to manufacture the 3000 psi CCA had a 56 day strength of about 3500 
psi which is in the range of the design strength for the series of mixtures in this study.  Therefore, it 
was anticipated that the 3000 psi and 5000 psi CCA are unlikely to impact the strength very much as 
opposed to the 1000 psi CCA.  In the discussions below, the 28 day compressive strengths of the 
mixtures containing CCA have been compared to that of the control mixture.   
 


• For the mixtures containing 1000 psi CCA the strength was 3% (110 psi) lower when 300 
lb/yd3 was used (Mixture 2) while it was 11% (470 psi) lower when 600 lb/yd3 was used 
(Mixture 3).   


• For the mixtures containing 3000 psi CCA the strength was 10% (410 psi) lower when 600 
lb/yd3 was used (Mixture 4) while it was 5% (210 psi) lower when 900 lb/yd3 was used 
(Mixture 6).  Interestingly the higher amount of 3000 psi CCA actually yielded slightly higher 
strengths.  This is possibly explained by the discussions earlier where we stated that if the 
strength of the returned concrete was higher than the strength of the new concrete then the use 
of that CCA is unlikely to affect the strength very much. 


• For the mixture containing Pile 1 CCA the strength was 17% (690 psi) lower when 600 lb/yd3 
was used (Mixture 5).   


• For the mixtures containing 1000 psi CCA the strength was 15% (630 psi) lower when 50% 
coarse CCA was used (Mixture 7) while it was 22% (920 psi) lower when 100% coarse CCA 
was used (Mixture 8).   


• For the mixtures containing 3000 psi CCA the strength was 4% (170 psi) lower when 100% 
coarse CCA was used (Mixture 9) while it was 14% (590 psi) lower when 100% coarse CCA 
and 25% fine CCA was used (Mixture 11).   


• For the mixture containing 5000 psi CCA the strength was 8% (310 psi) lower when 100% 
coarse CCA was used (Mixture 10).   


• For the mixture containing Pile 1 CCA the strength was 34% (1410 psi) lower when 100% 
coarse CCA was used (Mixture 12).  The low strength for this mixture could be due to high 
water demand and high w/c of this mixture.   
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When 90 day compressive strength results are analyzed, the following additional conclusions can be 
drawn:   


1. As compared to the control mixture compressive strength of mixtures containing CCA was 
between 2% higher and 23% lower.   


2. The higher the strength of the concrete from which the CCA was made, the higher the resulting 
concrete strength.  This was evident when 100% coarse CCA test results were compared.   


3. The higher amount of 3000 psi CCA (Mixture 6 vs. Mixture 4) yielded higher 90 day strengths 
thus confirming the observations made based on the 28 day strength test results.   


4. Mixture containing Pile 1 CCA at 600 lbs had comparable strengths to the mixture containing 
3000 psi CCA at 600 lbs.  However, when 100% coarse Pile 1 CCA was used the strengths 
were 33% lower than that of the control mixture. 


 
Static Modulus of Elasticity 
 
The static modulus of elasticity of the control mixture (Mixture 1) was 4.7 x 106 psi at 28 days.  The 
modulus of elasticity of mixtures containing CCA was generally lower than the control, between 6% 
and 28% lower at 28 days.  Generally mixtures containing lower quantities of CCA in the mixture had 
smaller reductions in the modulus of elasticity.  Strength of the returned concrete from which the CCA 
was prepared did not seem to influence the modulus.  However, Mixture 9 (100% coarse 3000 psi 
CCA) had lower modulus as compared to Mixture 8 (100% coarse 1000 psi CCA).  Mixture 11 (100% 
coarse 3000 psi CCA plus 25% fine 3000 psi CCA) had lower modulus than Mixture 8 even though it 
had higher strengths.  The explanation is probably as follows:  Table 1 suggests that even though the 
strength of the returned concrete mixtures varied a great deal it is probably unlikely that the modulus 
varied very much.  This is because of the much higher paste contents (8% to 12% more paste volume) 
of the higher strength mixtures as compared to the lower strength mixture.  It is well known that a 
coarse aggregate such as trap rock has a much higher elastic modulus as compared to the paste.   
 
Drying Shrinkage 
 
Drying shrinkage test results following 180 days of air drying indicate that increasing amounts of any 
CCA leads to increasing length change as compared to the control mixture. However, the 1000 psi 
CCA led to smaller increase in length change as compared to the 3000 psi CCA.  This could be 
because of the lower amount of paste present in the 1000 psi CCA as compared to the 3000 psi CCA 
(Table 1).  For example 600 lbs of 1000 psi CCA is expected to contribute 19% more paste than the 
Control mixture.  In contrast, 900 lbs of 3000 psi CCA is expected to contribute 36% more paste than 
the Control mixture.  The 5000 psi CCA led to lower increase in length change (similar to the 1000 psi 
CCA mixture) inspite of its higher total paste content.  This could be due to the lower fine material 
larger than the No. 200 sieve present in the 5000 psi CCA.  However, it should be noted that even the 
3000 psi CCA led only to about 40% increase in length change over the control mixture.  Pile 1 CCA 
when used at 600 lbs/yd3 led to a very slight increase in length change.  However, when it was used at 
100% Coarse CCA the length change levels doubled! 
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Chloride Ion Penetrability 
 
The use of small amounts of CCA (300 lbs, 600 lbs) does not change the RCP values as compared to 
the control mixture.  The use of the 1000 psi CCA at 300 lbs, and 600 lbs and Pile 1 CCA at 600 lbs 
led to slightly lower RCP values whereas the use of 3000 psi CCA led to slightly higher RCP values.   
However, the use of 100% coarse CCA led to an all around increase in the RCP values with the 
chloride ion penetrability going from moderate to high.  The 1000 psi CCA, and the 5000 psi CCA had 
lower increases in RCP values as compared to the 3000 psi CCA and Pile 1 CCA mixtures. 
 
Alkali Silica Reactivity 
 
Alkali silica reactivity (ASR) test results in accordance with ASTM C 1293 are summarized in Table 
7.  The expansions of the 4 concrete mixtures are in the range of 0.022% to 0.032% after 1 year.  
While the three CCA mixtures had higher expansions than the control mixture, the values were still 
below 0.04%.  By ASTM C 1293 1 year expansions below 0.04% are indicative of aggregate that can 
be classified as non-reactive due to alkali-silica reaction.  These results are not surprising because the 
concrete from which the CCA was made contained aggregates that were not susceptible to ASR.  So 
addition of CCA might be increasing the alkali level in the system due to the additional cementitious 
paste.  So a virgin aggregate that may be on the borderline in terms of ASTM C 1293 expansion may 
lead to a CCA that fails the C 1293 expansion limit if used to make new concrete in combination with 
the virgin aggregate.  However, if the virgin aggregate expansions are significantly low as in this case 
(0.022%) then the CCA clearly can be tested to be non-reactive.  Since the use of fly ash or slag is 
common in most ready mixed concrete operations, this will provide additional protection against 
deleterious ASR and can be tested if critical to the proposed application.  
 
Repeatability 
 
Mixture 13, 14, and 17 were replicates of Mixture 1, 4 and 12 conducted on a different day to establish 
the batch-to-batch repeatability of the study.  A quick look at the water content, air content, density, 
strength (28, 90 days), elastic modulus (28 days), shrinkage (180 days), and RCP (90 days) shows that 
the mixtures are repeatable as the properties did not vary by more than the standard precision levels 
associated with the different test methods.  
 
Effect of Processing Variations 
 
Mixture 15 was conducted to evaluate how difference in preparation of the coarse CCA affected 
concrete performance.  In order to draw conclusions, it is best to compare the performance of Mixture 
15 with that of Mixture 9 both of which are identical but for the difference in preparation of the coarse 
CCA.  It can be observed that the water demand for this mixture was slightly higher (by 5 lbs/yd3) and 
the slump was lower by 1-inch.  No significant difference was observed in air content, density, 
compressive strength (90 days), and shrinkage (180 days).  RCP (90 days) test results were about 15% 
lower.  
 
Mixture 16 was conducted to see how the effect of concrete mixing sequence would affect the concrete 
performance.  In order to draw conclusions, it is best to compare the performance of Mixture 16 with 
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that of Mixture 4 both of which are identical but for the difference in concrete mixing.  No significant 
difference was observed in water content, air content, density, strength (28, 90 days), and RCP (90 
days).  Length change (180 days) values were about 20% lower. It appears that the modified mixing 
sequence did not provide any benefit relative to concrete properties. 
 
Phase II 
 
Phase II of the study was conducted primarily to evaluate the effect of CCA on air entrainment dosage, 
and freeze-thaw durability.  Since concrete containing CCA has higher paste (10% to 80%), at a given 
total air content it was felt that the freeze-thaw resistance of concrete containing CCA may be lower 
than that of concrete containing virgin aggregate.  
 
Materials, Mixing, Mixture Proportions, and Testing 
 
The same materials were used as in Phase I.  In addition, an ASTM C 494 Type F High range water 
reducer (HRWR) and an ASTM C 260 air entraining admixture were used.   
 
Mixing was similar to Phase I with the following changes.  Air entraining admixture was added on top 
of the fine aggregate followed by the addition of the mixing water.  HRWR was added only after the 
concrete had been mixed for about 2 minutes and a slump of about ½-in. had been ascertained visually.  
The use of HRWR meant that the concrete was mixed for an additional 2 minutes over the 3-3-2 
mixing cycle per ASTM C 192. 
 
A total of four concrete mixtures were cast.  The experimental variables, yield adjusted mixture 
proportions and test results are provided in Table 6.  The cement content was maintained at 564 lb/yd3 
for all mixtures.  All mixtures were air entrained to achieve a design air content of 6% ± 1.5%.  HRWR 
dosage was adjusted to achieve a target slump of 6 to 8 inches. 
 
The concrete mixtures were designed to evaluate the following conditions:   


• Mixture II-1 was control mixture with virgin aggregates. 
• Mixture II-2 used 1000 psi CCA in “as received” state at a replacement of 600 lbs/yd3 for 


virgin aggregate. 
• Mixture II-3 used 3000 psi CCA in “as received” state at a replacement of 600 lbs/yd3 for 


virgin aggregate. 
• Mixture II-4 used the coarse fraction of 3000 psi CCA to replace virgin coarse aggregate at 


100% replacement. 
 
All concrete batches were tested for slump, ASTM C 143, air content, C 231, density, C 138 and 
temperature, ASTM C 1064.  Compressive strength (ASTM C 39), drying shrinkage (ASTM C 157), 
and RCP tests (C 1202) for concrete mixtures were conducted in accordance with ASTM standards.  
Other details such as specimen size, curing conditions are similar to Phase I. 
 
Freeze-thaw durability testing was conducted according to ASTM C 666 Procedure A – Rapid 
Freezing and Thawing in Water.  Specimen dimensions were identical to that of the drying shrinkage 
test (C 157) specimens.  Specimens were introduced into the freeze-thaw chamber after 56 days of 
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moist curing.  Two specimens were tested for each mixture.  Dynamic modulus of elasticity, length 
change, and mass change were recorded periodically until the specimens had been subjected to 300 
freeze-thaw cycles.   
 
Discussion of Test Results - Phase II 
 
The slump for all the mixtures ranged between 6 to 7.5 inches. The temperature of the concrete 
mixture was maintained between 69°F and 70°F.  HRWR dosages for the control mixture (II-1) and 
coarse CCA mixture (II-4) are similar.  HRWR dosages for the mixtures which used CCA in the “as 
received” condition was 17% and 58% higher with the higher dosage required for the 3000 psi CCA. 
 
The air content, measured by C 231, varied between 4.8% and 8.5%.  For similar air contents as the 
control mixture it was estimated that slightly higher air entraining admixture dosages (20% to 30%) 
will be required when the CCA is used in the “as received” condition (Mixtures II-2, II-3).  However, 
when coarse CCA was used (Mixture II-4) no increase in air entraining admixture dosage was 
required.  The density of the control mixture was 148.9 lb/ft3. Concrete containing CCA is expected to 
have lower density due to the lower density of the CCA.  When small amounts of CCA was used in “as 
received” condition (Mixtures II-2, II-3) concrete density decreased by about 1% to 2% as compared to 
the control mixture.  However, when CCA was used in greater quantities (Mixtures II-4) the decrease 
in density was higher – about 9%.  A portion of that lower density is attributed to the higher air content 
of Mixture II-4. 
 
Compared to the control mixture, the use of 3000 psi CCA at 600 lb/yd3 did not lead to any strength 
reductions while the use of 1000 psi CCA at 600 lb/yd3 led to about 10% strength reduction.  The use 
of coarse 3000 psi CCA (Mixture II-4) led to about 16% strength reductions although half of that could 
be attributed to the much higher air content.  The use of CCA led to increased length change due to 
drying shrinkage.  After 180 days of drying the average length change values increased by 15% to 51% 
with the higher values reported when 100% Coarse CCA was used.  The 90 day RCP values suggested 
that all four concrete mixtures had moderate chloride ion penetrability with the 100% Coarse CCA 
mixture having the highest RCP values. 
 
Observations on the ASTM C 666 test results after freeze-thaw cycles: 


1. Control Mixture – Both specimens had a durability factor in excess of 90% (average 92%), 
average mass loss of 0.52% and negligible length change.  No visible signs of deterioration 
could be noted apart from some minor surface scaling (Figure 4). 


2. 1000 psi CCA at 600 lb/yd3 – Both specimens failed, i.e. their relative dynamic modulus of 
elasticity went below 60% in less than 300 cycles.  Specimen 1 failed in 107 cycles whereas 
Specimen 2 failed in 190 cycles.  Average mass loss was only 0.18% and average length 
change was 0.14%.  It was obvious that the specimens had cracked up significantly particularly 
near the ends (Figure 5). 


3. 3000 psi CCA at 600 lb/yd3 – Both specimens failed, i.e. their relative dynamic modulus of 
elasticity went below 60% in less than 300 cycles.  Specimen 1 failed in 243 cycles where as 
Specimen 2 failed in 300 cycles.  Average mass loss was only 0.73% and average length 
change was 0.03%.  No visible signs of deterioration however could be noted (Figure 6). 
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4. 3000 psi CCA at 100% Coarse CCA – Both specimens had a durability factor in excess of 88% 
(average 89%), average mass loss of 1.23% and negligible length change.  The higher mass loss 
was due to noticeable amount of surface scaling that was observed (Figure 7). 


 
Both concrete mixtures containing 600 lb/yd3 of CCA in the “as received” condition had poorer freeze-
thaw durability.  The mixture containing 3000 psi 100% coarse CCA had good freeze-thaw durability.  
These results seem to be consistent with the aggregate sulfate soundness (ASTM C 88) test results, 
which is normally an indicator test for freeze-thaw durability of aggregate.  In that test 3000 psi coarse 
CCA passed the sulfate soundness test where as both the 1000 psi and 3000 psi fine CCA failed the 
sulfate soundness test. This suggests that the inclusion of fine CCA which occurs in the “as received” 
condition may lead to poorer freeze-thaw performance.  However, it should be noted that both the 
concrete mixtures containing CCA in the “as received” condition had lower measured air contents 
(about 1 to 2%) where as the mixture containing 3000 psi 100% coarse CCA had higher air content 
(about 2%) as compared to the control mixture.  This was not done on purpose but this may be 
suggesting that CCA mixture needs to have higher air contents to have similar freeze-thaw 
performance as control mixtures.  A different but related point is that the original concrete from which 
the CCA was prepared was non-air entrained.  Most likely in a freeze-thaw environment the original 
concrete is likely to have air entrainment and it is possible that CCA made from such returned concrete 
may have better freeze-thaw resistance. 
 
Based on the freeze-thaw test results it would appear that the use of 3000 psi 100% coarse CCA should 
be acceptable even in concrete applications that are exposed to freeze-thaw environment.  However, 
concrete containing CCA in the “as received” condition must be further evaluated for its freeze-thaw 
resistance if that is critical to the application.  Evaluation might be based on determination of service 
records of test sections (if such exist), or freeze-thaw testing in accordance with ASTM C 666. ASTM 
C 666, Procedure A, used in this study is a very severe test and appropriate for concrete flatwork that 
will be continuously moist in service with anticipated use of deicing chemicals. Exterior members that 
are not continuously moist in service, such as vertical members, will not be subject to this very severe 
exposure and may not require the level of caution expressed in this report.    
 
Phase III 
 
An important aspect is the slump retention capabilities of concrete mixtures considering delivery time 
and ambient conditions. This portion of the study evaluated the slump retention or slump loss 
characteristics of limited conditions with the use of CCA.  The same materials were used as in Phase I.     
Mixing was similar to Phase I.   
 
A total of four concrete mixtures were cast.  The batch size was 0.7 ft3. The experimental variables, 
yield adjusted mixture proportions and test results are provided in Table 9.  The cement content was 
maintained at 550 lb/yd3 for all mixtures.  Water content was adjusted to achieve a target slump of 6 to 
8 inches. 
 
The concrete mixtures were designed to evaluate the following conditions:   


• Mixture SL-1 was the control mixture with virgin aggregates. 
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• Mixture SL-2 used 1000 psi CCA in “as received” state at a replacement of 300 lbs/yd3 for 
virgin aggregate.  The CCA was kept moist prior to batching. 


• Mixture SL-3 used the coarse fraction of 3000 psi CCA to replace virgin coarse aggregate at 
100% replacement.  The CCA was kept moist prior to batching. 


• Mixture SL-4 used the coarse fraction of 3000 psi CCA to replace virgin coarse aggregate at 
100% replacement.  The CCA was batched in a dry condition.  The total moisture measured 
was 0.61% while the absorption was 4.31%.  This condition was included to evaluate the effect 
of using CCA in a dry condition on the slump retention.  


 
All concrete batches were tested for slump, ASTM C 143, air content, C 231, density, C 138 and 
temperature, ASTM C 1064.   
 
The slump retention study was conducted as follows:  
Concrete batches were mixed to target an initial slump (Slump 1) of 6 to 7.5 inches.  After the initial 
mixing, a portion of the concrete was discharged from the mixer and tested for slump (Slump 1), unit 
weight, air content, and temperature. Two 4x8 concrete cylinders were cast from this portion to be 
tested after 14 days of moist curing according to ASTM C 39.   
 
After the initial sample of concrete, the mixer was set at an agitating speed (4 revolutions per minute as 
opposed to the normal mixing speed of 19 revolutions per minute) for about 30 minutes.  Following 
this the mixer was set at the normal mixing speed for 2 minutes after which a concrete sample was 
obtained and the concrete slump measured (Slump 2).  The difference in the slump at 30 minutes and 
the initial slump is the slump loss as a percentage of the initial slump reported in Table 9.  After this 
step, additional water was added to the remaining concrete followed by mixing for 2 minutes to obtain 
close to the initial slump.  The concrete was discharged from the mixer and the slump of the concrete 
was tested (Slump 3).  This was intended to simulate what occurs in actual practice where water might 
be added at the job site to increase slump to required or specified levels.  Two 4 x 8-inch concrete 
cylinders were cast to be tested after 14 days of moist curing.  The resulting strength on retempering 
the concrete after 30 minutes represents the impact of slump loss of concrete over a typical delivery 
period as a result of jobsite addition of water to obtain the required slump for placing concrete.  
 
Discussion of Test Results - Phase III 
 
The original slump (Slump 1) for all the mixtures ranged between 6.5 to 7.5 inches. The temperature of 
the concrete mixture was maintained between 73°F and 75°F.  The air content, measured by C 231, 
varied between 2.5% and 3.2% and the density varied between 142.5 lb/ft3 and 151.7 lb/ft3.  The slump 
loss of the control mixture SL-1 over the 30 minute period was 12%.  The highest slump loss of 43% 
was observed for Mixture SL-2 which contained CCA in the “as received” state and batched in a moist 
condition.  The slump loss for Mixture SL-3 which contained the coarse 3000 psi CCA at 100% was in 
the same range as that of the control mixture. The slump loss for Mixture SL-4 in which the coarse 
3000 psi CCA was used in the dry state was higher at 33%.  Based on these results, it is recommended 
that CCA stockpiles should be sprinkled prior to batching to avoid significant slump loss, especially if 
larger quantities are used. Even with maintaining CCA in a moist condition, significant slump loss was 
observed with the “as received” 1000 psi CCA, presumably due to the increased quantity of fines. 
Slump retention of concrete is an operational issue that the concrete producer faces on a daily basis and 







RMC REF Report: Crushed Returned Concrete as Aggregates for New Concrete 


21 


should evaluate whether the level is excessive for the conditions and the market he is furnishing to. 
This will determine the appropriate methods, such as holdback of water or the use of admixtures, to 
address this and still obtain the required slump and strength at the point of discharge on a project. In 
this study simulating a 30 minute delivery time with 75°F concrete, the addition of 12 to 18 lb/yd3 of 
water was adequate to bring the slump back to required or specified levels. This extra water addition 
resulted in a negligible loss in strength measured at 14 days. Mixture SL-2 which had the largest slump 
loss resulted in a strength reduction due to water addition of approximately 500 psi or 12% of the 
strength following initial mixing. 
 
Appropriate Test to Measure Air Content of Concrete Containing CCA 
 
In this project, the air content of concrete containing CCA was determined using the ASTM C 231 
Type B pressure meter.  Considering the lower relative density and absorption of the CCA, there was 
concern whether the pressure method for measuring air content was appropriate. The pressure method 
measures entrained air in the concrete and that of pores in aggregates not saturated with water. For this 
reason, the method includes an aggregate correction factor that is subtracted from the measured air 
content to obtain the air content in the paste fraction of the concrete. With natural aggregates with a 
high absorption (higher aggregate correction factor) or for lightweight aggregate the volumetric 
method, ASTM C 173, is more applicable for measuring the air content in fresh concrete as it measures 
only the air contained in the mortar and is not affected by the air that may be present inside porous 
aggregate particles.  ASTM C 231 does not state any limit for the aggregate correction factor for which 
the method would not be applicable. Coarse CCA has a relative density exceeding 2.50 with absorption 
of about 4% and it is assumed that ASTM C 231 could be used to measure the air content of containing 
just the coarse fraction of CCA.  Fine CCA has a relative density in the range of 2.20 and so when 
CCA is used in the “as received” condition the resultant relative density of the aggregate is about 2.3 
with absorption of about 6%.   
 
The measured air content by the C 231 and the gravimetric air content calculated by ASTM C 138 are 
compared in Table 10 for all the concrete mixtures prepared in this study.  The air content determined 
by the gravimetric approach should be accurate as long as the batch weights, material’s relative density 
and C 138 measurements are accurate.  Gravimetric air contents also are not affected by the air that 
may be present inside porous aggregate particles.  So, in the absence of the C 173 tests they serve as a 
good check for the accuracy of the air content as measured by the pressure meter.  Table 10 indicates 
that with the exception of two mixtures the air contents measured by the pressure meter correlate to 
within 1% of that determined by the gravimetric method.  In particular, the four air entrained Stage II 
mixtures which are reflected by the prefix II, the correlation is extremely good with the maximum 
difference being 0.34%.  Further, the aggregate correction factors have been measured for aggregate 
proportions used in several of these mixtures and listed in Table 11.  The virgin aggregate had very 
low aggregate correction factor, about 0.10%.  The CCA also had very low values, less than 0.40%.  
Light weight aggregates generally show much higher aggregate correction factors. From these 
evaluations, it appears that the pressure meter test is appropriate to measure the air content of concrete 
containing CCA.  If the choice of method is a concern, one might chose to run ASTM C 231 and C 173 
in parallel for concrete using CCA. If the results compare well, air content measurements can be made 
by C 231. 
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Guidance to the Producer 
 
One purpose of this study is to provide guidance to ready mixed concrete producers on options for use 
of crushed returned concrete as aggregate in concrete. There should be a balance between operational 
considerations and quality of concrete produced and associated economics for a specific plant or 
market area. 
 
The questions that the ready mixed concrete producer should consider: Should the returned concrete be 
separated by strength classes?  Should there be a process set up to separate crushed material into fine 
and coarse fractions or use the material as processed?  What classes of concrete or market segments 
will the CCA be used in?  These decisions will depend on factors at the specific plant and location – 
quantity of returned concrete, availability of space, availability of processing equipment, market served 
by the plant and alternative options for managing returned concrete.   
 
To evaluate the economics of using CCA some assumptions are made here: 


• The 28 day compressive strength is assumed to be the controlling factor relative to a control 
mixture with virgin aggregate. 


• To increase concrete strength by 200 psi will cost approximately $1/yd3 in material costs – use 
of admixtures and/or additional cement.  


• Cost savings from the use of CCA can be due to two reasons – cost of virgin aggregates being 
replaced and cost savings from transportation and disposal fees of returned concrete.  


• The cost of producing the CCA will involve some cost such as the use of a crusher and 
associated energy costs.  


• It is assumed the net cost savings to the producer is at $8/ton of CCA used.   
• An additional cost will be applicable if the producer chooses to separate the CCA into coarse 


and fine fractions. This cost is assumed to be $2/ton.  
 
Based on the cost assumptions and the measured 28 day strengths of the different mixtures, the cost 
savings of the different CCA mixtures that would yield the same 28 day strength as the control is 
calculated and reported in Table 6, below the reported strengths.  From that the following scenarios are 
possible: 
 


1. If the CCA is not separated by strength classes it is generally of no consequence to concrete 
performance if the use of CCA is limited to a level of 300 lbs per cubic yard (about 10% by 
weight of the total aggregate quantity).  This assumes that the CCA would be of the lowest 
strength grade – i.e. 1000 psi CCA. In this scenario, the cost savings to the producer is in the 
range of $0.66/yd3.  If the quantity is increased to a level of 600 lbs/cubic yard the cost savings 
disappear due to reduced compressive strength and the need to make mixture adjustments to 
compensate for that.   


2. If CCA is not separated by strength classes but is separated into coarse and finer fraction the 
optimum option is to replace 100% virgin coarse aggregate with coarse CCA.  This will 
provide a cost savings of $0.31 per cubic yard, which is less than the first scenario. This also 
assumes that the coarse CCA is at the lowest strength grade evaluated in this study at 1000 psi. 


3. If CCA is separated by strength classes the quantity of “as received” CCA can be increased to 
900 lbs per cubic yard, assuming that strength classes exceeding 3000 psi will be used for 
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producing CCA.  This will require training drivers to divert returned concrete of classes of 
concrete exceeding 3000 psi to an assigned area and ensuring that excessive water is not used 
to wash out concrete in this section. After discharging returned concrete, the trucks can be 
washed out in the appropriate wash-out pit system. The concrete might be crushed after about 
14 days, i.e. after the returned material has achieved a minimum strength level. The savings 
estimated for this scenario is in the range of $2.52/yd3 by using 900 lbs of CCA in “as 
received” condition to replace virgin coarse and fine aggregate. There will still be lower grade 
returned concrete that will have to be managed. 


4. If the CCA was separated by strength classes and additionally separated into coarse and finer 
fraction, based on the results of this study, up to 100% coarse CCA can be used to replace 
virgin coarse aggregate.  It is assumed that strength classes exceeding 3000 psi will be used for 
producing CCA. By taking all the precautions mentioned in Scenario #3 the estimated cost 
savings to the producer is in the range of $3.98 per cubic yard. Disposal of fine CCA will still 
need to be managed. It might be an option to use the fine CCA in a limited manner for some 
applications, such as for flowable fill. 


 
The appropriate option for the ready mixed concrete producer is strongly dependant on the local costs 
for processing and disposal of returned concrete.  If the disposal costs are higher than assumed above, 
a net cost savings for using CCA can be as high as $18/ton. Using this number, the estimated cost 
savings to the producer will be in the range of $3.00, $8.50, $6.98, and $12.03/yd3 for the above 4 
scenarios, respectively.  At this point, it becomes more cost effective for the producer to consider 
separating the CCA into the coarse and fine fractions before trying to separate them into different 
strength classes.  In some instances where the concrete specifications require maximum w/cm and/or 
minimum cementitious content, etc., the strengths attained by the producer will be much higher than 
the specified strength.  In such situations the producer need not attempt to adjust for the reduced 
strength of the CCA mixtures which means that the cost savings due to the use of CCA will be even 
higher that that suggested here.   
 
In all of these considerations only strength is given priority.  Even though appropriate mixture 
adjustments can be made to account for lower strengths due to the use of CCA other performance 
criteria such as shrinkage, modulus, durability, etc., may also need to be evaluated if these are pertinent 
for the applications for which the concrete is furnished.  Other concrete mixture adjustments may be 
required so that the concrete meets the performance criteria if the producer chooses to use CCA for 
these types of projects.  Using CCA to ensure achieving other performance criteria may or may not 
entail higher costs.  For example, if some durability aspect of concrete containing CCA is reduced then 
it can be adjusted by the increased use of supplementary cementitious materials that may not result in 
any cost increase.  However, if shrinkage is much higher, mixture adjustment options may result in 
increasing the material costs.  Under any case the producer should test the concrete containing CCA 
for all performance properties so that it can be assured that the concrete meets the performance criteria 
for that application.   
 
The following steps or options are recommended for the concrete producer interested in using CCA in 
concrete: 
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Step 1 
To start with, it is recommended that the producer limit their use of CCA to no more than 300 lbs/yd3 
in an “as received” condition.  The producer should evaluate the effect of this on his concrete mixtures 
to verify that it works with his materials and processes. No attempt need to be made in trying to 
separate the returned concrete into strength classes or into coarse and fine fractions.  In this project as 
compared to the control mixture the use of 1000 psi CCA at 300 lbs/yd3 led to negligible change in 
water demand, setting time, density, shrinkage, 6% lower elastic modulus, and 15% lower RCP values. 
 
Step 2 
The next step is for the producer to separate CCA into different strength classes by diverting returned 
concrete to different areas at the plant.  In most instances this step should prove cost effective 
compared to trying to separate the CCA into coarse and finer fractions.  Nevertheless the producer can 
attempt to do an experimental study like that presented here to test the performance of the CCA that is 
produced in his plant.  Based on their performance and cost structure the producer can take the 
appropriate decision of whether to separate the returned concrete into different strength classes or 
separate the CCA into coarse and finer fractions.  At a minimum, lower grade concrete that has been 
retempered with large quantities of water should be diverted away from the crushing process.  In this 
example, it was found that the producer can attempt to have all the CCA with a specified strength of 
3000 psi or higher to be discharged into a area designated for processing CCA.  While discharging the 
concrete, the truck driver should take precautions in avoiding use of water to clean the concrete truck.  
One option is to discharge the concrete and wash out the truck at the wash out pit.  Another operational 
issue would be to leave the discharged concrete undisturbed for a period of at least 14 days.  With 
appropriate testing and evaluation, it is anticipated that CCA made from this stockpile could be used at 
a level of 900 lbs/yd3.  In this project as compared to the control mixture the use of 3000 psi CCA at 
900 lbs/yd3 led to negligible change in water demand, about 30-60 minutes lower initial setting times, 
3% lower density, 8% lower modulus, 41% higher shrinkage, 21% higher RCP values, and most likely 
poorer freeze-thaw durability. 
 
Step 3 
The final step will be for the producer to separate CCA into different strength classes and additionally 
separate the CCA into coarse and fine fractions.  In this scenario, the producer can divert all returned 
concrete with a specified strength of 3000 psi or higher to be discharged into a designated area to 
produce CCA.  The producer can use 100% of the coarser fraction of this CCA to replace virgin coarse 
aggregate.  This is approximately 1600 lbs/yd3 of CCA.  In this project, the use of 100% Coarse 3000 
psi CCA led to negligible change in water demand, about 60 minutes lower setting times, 6% lower 
density, 25% lower modulus, 36% higher shrinkage, 77% higher RCP values, acceptable freeze-thaw 
durability but increased scaling. The fine fraction of CCA can be used in limited quantities or for some 
applications like flowable fill. Another consideration with this option is the available market for higher 
strength coarse CCA for use as fill material as this might prove to be a profitable use for the concrete 
producer. 
 
In all situations, the producer should conduct a laboratory and field study and develop performance 
data on strength and other criteria such as shrinkage, durability, etc., for the CCA mixtures.  Concrete 
containing CCA should not be used in applications where such concrete will not be able to meet other 
performance criteria such as shrinkage, creep, modulus, permeability, freeze-thaw durability, etc., 
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unless it can be documented that concrete containing CCA meets all the required performance criteria 
in such applications.  The CCA stockpile should be kept moist by the use of sprinklers as the CCA 
should ideally be maintained at a level greater than the saturated surface dry condition.  It is also 
recommended that CCA characterization studies such as absorption, and relative density (specific 
gravity) should be conducted on a weekly basis. 
 
CCA and Sustainable Development 
 
As mentioned earlier it is estimated the beneficial use of CCA can reduce landfill space by as much as 
845 – 10’ high football fields every year.  Nowadays, there is a significant interest in sustainable 
development.  The use of CCA in concrete significantly contributes to concepts incorporated in 
sustainable construction initiatives. The use of CCA as concrete aggregate results in the recycling of a 
post-industrial waste material that would otherwise be diverted to landfill and also conserves the use of 
and energy associated with the mining of virgin natural aggregates, which are in limited supply. The 
use of CCA in conjunction with the use of fly ash, slag or silica fume and recycled water considerably 
increases the volume percentage of recycled content in a concrete mixture.   
 
In the US, the US Green Building Council (USGBC) through its Leadership in Energy and 
Environmental Design (LEED) Green Building Rating System fosters sustainable construction of 
buildings.  Other sustainable development initiatives, such as the Green Highway Initiative, Green 
Globes and those adopted by local jurisdictions are also in place. Under the USGBC, building projects 
are awarded Silver, Gold, or Platinum certification depending on the number of credits they achieve.  
The use of CCA could help attain LEED Credit points under the Construction Waste Management 
under Materials and Resources (MR-C2).  The wording could be as follows40 – “Three percent by 
volume of all concrete for this project was returned to the ready mixed concrete production facilities 
used for this project.  Of that amount, 100% was diverted from landfills by crushing the returned 
concrete and reusing that as crushed concrete aggregate in concrete furnished for the project”.  In 
addition, if CCA is purchased similar to fly ash and slag it could qualify for the recycled materials 
credit as well40. 
 
Experience in Europe and US 
 
European countries have generally been more advanced in terms of sustainable development, 
particularly related to the use of recycled concrete aggregate (RCA not just CCA) in concrete.  In 
2004, there was an International RILEM Conference on the Use of Recycled Materials in Buildings 
and Structures" in Barcelona.  A final report on the use of Recycled Materials by RILEM Technical 
Committee 198-URM41 has also been published.  The report concludes that the use of 20 % of crushed 
concrete aggregates in structural concrete is now an extended practice in many European countries.  
Only concrete aggregates ≥ 4 mm (according to ASTM C 125 coarse aggregates are generally >4.75 
mm in size) are used.  When only crushed concrete aggregate ≥ 4 mm is used and it amounts to not 
more than about 20 % of the natural aggregate, the mechanical properties remain the same. At higher 
percentages it is necessary to check through experiments the changes in the mechanical and durability 
related properties, as well as shrinkage and creep.  The fraction ≤ 4 mm generally contains a too high 
percentage of fines ≤ 0.063 mm (approximately equivalent to minus No. 200) and this adversely affects 
workability, shrinkage and creep. 
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In the USA, Congress, through transportation infrastructure appropriations, has supported the Recycled 
Materials Resource Center (RMRC) at the University of New Hampshire to perform research and 
outreach to reduce barriers to recycling in a highway environment42.  The RMRC has done stellar work 
aimed at promoting the use of RCA in concrete.  They have conducted research, numerous surveys and 
developed the “Standard Specification for Reclaimed Concrete Aggregate for Use as Coarse Aggregate 
in Portland Cement Concrete”43. 
 
CCA and ASTM C 33 Specification for Concrete Aggregates 
 
Section 9.1 of ASTM C 33 states “Coarse aggregate shall consist of gravel, crushed gravel, crushed 
stone, air-cooled slag, or crushed hydraulic-cement concrete or a combination thereof, conforming to 
the requirements of this specification.”  In this study, aggregate test results indicate that the coarse 
CCA meets ASTM C 33 specifications except in the case of 1000 psi coarse CCA, which did not meet 
the soundness test results.  ASTM C 33 does include a provision (Section 11.3 in the 2003 version) that 
permits the use of an aggregate that does not meet one or more of its criteria if there is satisfactory 
service record or proven to have relevant concrete properties for the intended application.  
 
Section 5.1 of ASTM C 33-03 states “Fine aggregate shall consist of natural sand, manufactured sand, 
or a combination thereof.”  ASTM C 125 defines manufactured sand as “fine aggregate produced by 
crushing rock, gravel, iron-blast furnace slag, or hydraulic-cement concrete.”  In this study, aggregate 
test results indicate that fine CCA meets C 33 specifications with two exceptions:  1. Material finer 
than the No. 200 sieve is slightly higher than the 5% to 7% limit allowed; 2. Soundness test limits are 
exceeded.  ASTM C 33 Section 6.3 permits the use of an aggregate that does not comply with the 
grading limits with the documentation of service record or performance tests. Soundness limits might 
only be pertinent to exterior concrete subject to freezing and thawing cycles and the use of fine CCA 
use might be appropriate for other applications.  If the application will be exposed to a freeze-thaw 
environment, Section 8.3 states that even if the soundness test results are not met the fine aggregate 
shall be regarded as meeting the requirements if the supplier demonstrates it gives satisfactory results 
in concrete subjected to freezing and thawing test (ASTM C 666).  
 
ASTM C 33 requires the testing of aggregates for clay lumps and friable particles, coal/lignite, and 
chert.  These tests were not conducted in this study.  Before using CCA the producer should consider 
conducting all the tests that document compliance with ASTM C 33 or other requirements of the 
project specification.  
 
Guidance to the Engineer 
 
The ACI 318 Building Code for Structural Concrete (Section 3.3.1) and ACI 301 Reference 
Specification for Structural Concrete require that concrete aggregates shall conform to ASTM C 33.  
This specification is also referenced in ASTM C 94 and in AIA MasterSpec that is the basis of master 
specifications in most design firms. It is clear from the above discussions that CCA meets ASTM C 33.  
This should permit the use of CCA in most concrete applications unless the design professional 
chooses a more conservative approach in limiting its use to non-structural or less critical applications 
related to loads or durability.  
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Based on the results of this study, it seems that the use of CCA can be permitted for most applications 
to a limit of 10% by weight of the total aggregate. Engineers who feel uncomfortable with this can 
request additional data on service record or test results that will do “no harm” to the concrete. The 
concrete produced should still meet all the performance requirements for that application.   
 
In light of the European experience, for structural concrete applications coarse CCA should be allowed 
to be used at 10% by weight of total aggregate.   
 
In non-structural applications provided the concrete producer does further processing such as isolating 
the returned concrete>3000 psi, the producer could be allowed to use CCA in the “as received” 
condition up to 30% by weight of total aggregate.  In non-structural applications, if the concrete 
producer just used the coarse fraction of the CCA the producer could be allowed to replace all of the 
virgin coarse aggregate with coarse fraction of CCA.   
 
In all of the above situations the concrete produced should still meet all the performance requirements 
for that application.  For increased acceptance of CCA, it is suggested that the ASTM C 94 Standard 
Specification for Ready Mixed Concrete include a recommended provision that crushed concrete 
aggregate can be used to a limit of 10% of the total aggregate weight. 
 
Summary 
 
The main findings in this research study can be summarized as follows: 
 


1. Use of CCA significantly benefits sustainable development by reducing the necessity of 
landfilling returned concrete and conserves the use of increasingly scarce good quality virgin 
aggregate.  Use of CCA can also potentially help reduce $300 Million in annual operator costs 
by the US ready mixed concrete industry. 


2. A detailed literature search and bibliography on the effect of recycled concrete aggregate on 
concrete performance has been conducted as part of this study. Most of the literature is related 
to the use of crushed concrete from existing structures and not of crushed concrete from 
returned concrete which was the main focus of this project. 


3. Compared to virgin aggregate, CCA has lower specific gravity, higher absorption, higher 
percentage of minus 200 fines, and lower aggregate weathering potential as measured by the 
sulfate soundness test.  Both the coarse and fine fraction of CCA meet most of the ASTM C 33 
requirements for aggregates.  However, not all CCA (particularly the finer fraction of CCA) 
meet the percentage of minus 200 fines, and sulfate soundness test.  ASTM C 33 permits the 
use of CCA in concrete. 


4. Mixing water content of concrete containing CCA was not substantially different from that of 
concrete containing virgin aggregates.  However, concrete containing 100% coarse Pile 1 CCA, 
representing crushed concrete from a concrete plant with no control, had much higher mixing 
water content. 


5. The compressive strength and elastic modulus of concrete containing CCA is lower than that of 
the control concrete.  However, the decrease in strength is not substantial and the strength drop 
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can be compensated for by normal mixture adjustments to achieve the desired strength.  
However, concrete containing 100% coarse Pile 1 CCA had significantly lower strengths. 


6. The three concrete mixtures that were repeated on a different day showed that the batching, 
mixing and testing is repeatable. 


7. The addition of CCA tends to increase the average length change due to drying shrinkage 
slightly.  The use of large amounts of Coarse CCA increased the RCP values. 


8. The use of 600 lbs/yd3 of “as received” CCA reduced the concrete’s freeze-thaw durability.  
However, the use of 100% coarse 3000 psi CCA did not reduce freeze-thaw durability even 
though it did increase surface scaling of the test specimens.  The use of 3000 psi 100% coarse 
CCA to replace virgin coarse aggregate should be admissible even in concrete applications that 
are exposed to freeze-thaw environment.  However, concrete containing CCA in the “as 
received” condition should be evaluated for its freeze-thaw resistance prior to its use. 


9. If CCA is used in the “as received” condition, slump loss due to the fine fraction of the CCA 
tends to be an issue.  When coarse CCA is used slump loss is negligible particularly if the CCA 
is kept in a moist condition prior to batching. 


10. The pressure meter (C 231) is adequate to measure the air content of concrete containing CCA 
accurately.  If deemed necessary comparative testing with C 231 and C 173 can be conducted 
and if the results agree then C 231 can be continued to be used. 


11. The use of 20 % of crushed coarse concrete aggregates in structural concrete is now a  practice 
accepted by Codes in many European countries. 


12. Based on the results of this study, the use of “as received” CCA up to 10% by weight of the 
total aggregate should be permitted in most concrete applications.  The concrete produced 
should still meet all the performance requirements for that application.  In light of the European 
experience, for structural concrete applications coarse CCA should be allowed to be used at 
10% by weight of total aggregate.  Greater amounts of CCA could be allowed in non-structural 
applications provided the concrete producer does the processing requirements (using >3000 psi 
returned concrete to make CCA or just using the coarse fraction of CCA for example).  For 
increased acceptance of CCA it is suggested that the ASTM C 94 Standard Specification for 
Ready Mixed Concrete include these provisions.   


13. Cost calculations suggest that the concrete producer can achieve considerable savings by using 
CCA from reduced use of virgin materials and reduced disposal costs.  The concrete producer 
should test the concrete containing CCA for a wide range of properties that are important for 
the application.  If CCA will be used the producer should adopt quality control measures while 
producing the CCA.  The CCA pile should be kept moist as the CCA should ideally be 
maintained at a level greater than the saturated surface dry condition.  CCA characterization 
studies such as absorption, and relative density (specific gravity) are recommended on a weekly 
frequency.   
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Table 1. Mixture proportions and Test results of Concrete from which CCA was Prepared 
  1000 psi 3000 psi 5000 psi 


Material, lb/yd3       
Cement 282 423 600 
Fine aggregate 1625 1645 1453 
Coarse aggregate (No. 57) 1800 1800 1850 
Water 267 283 283 
Type A Water Reducer (oz/cwt.) 3 3 3 
Vol. of Paste ( incl. air) / Vol. of Aggregate, % 31 39 43 
Specific Gravity of Paste (calculated) 1.43 1.45 1.74 
Fresh Concrete Properties       
Slump, in. 5.25 4.5 4.75 
Air, % 1.7 4.2 2 
Temperature, °F 75 74 76 
Density, lb/ft3 147.4 146.6 151.7 
Hardened Concrete Properties     
Compressive Strength, psi (Lab cure)     
7 days 810 2,290 4,950 
28 days 1,330 3,200 6,800 
56 days 1,640 3,390 7,410 
Compressive Strength, psi (Field cure)   
7 days 610 1,990 4,160 
28 days 890 2,530 5,260 
56 days 1,320 3,630 6,480 
117 days 1,320  3,800 7,630 


All strengths are average of 2 cylinders.  Concrete was crushed at 110 days and CCA prepared 
 
Table 2. Percent of plus No. 4 materials in each case 


CCA Coarse 1000psi 3000psi 5000psi Pile1 
Aggregate gray (%) red (%) black (%) (%) 


By Mass 66.6 73.5 72.6 53.6 
By Volume 61.2 70.0 68.8 46.5 


 
Table 3. Properties of Aggregate Used in Study 


Percent Passing 
Coarse Aggregate Fine Aggregate Sieve Size 


Control 
No.57 


1000 psi 
Gray 


3000 psi 
Red 


5000 psi 
Black Pile 1 Control 


Sand 
1000 psi 


Gray 
3000 psi 


Red 
5000 psi 


Black Pile 1 


2 1/2 100 100 100 100 100 100 100 100 100 100 
2 100 100 100 100 100 100 100 100 100 100 


1 1/2 100 100 100 100 100 100 100 100 100 100 
1 99 95 90 83 88 100 100 100 100 100 


3/4 87 78 75 64 68 100 100 100 100 100 
1/2 48 45 50 36 40 100 100 100 100 100 
3/8 17 28 34 21 27 100 100 100 100 100 


No. 4 2 12 9 3 14 99 100 100 100 100 
No. 8 0 0 0 0 0 83 80 81 72 83 


No. 16 0 0 0 0 0 69 63 63 52 67 
No. 30 0 0 0 0 0 51 47 45 37 48 
No. 50 0 0 0 0 0 19 25 25 22 24 
No. 100 0 0 0 0 0 4 12 14 12 11 
No. 200 0 0 0 0 0 2 7 9 8 7 


FM 6.95 6.87 6.92 7.28 7.03 2.75 2.73 2.71 3.05 2.67 
1000 psi-gray, and 3000 psi-red sieve analysis were average of three samples whereas the rest were average of two samples. 
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Table 4. Coarse Aggregate Characterization Test results 
 


Coarse Aggregate 1000 psi 3000 psi 5000 psi Pile 1 Control 
 Gray Red Black  No. 57 


LA Abrasion 23.6 26.4     13.1 
(%) 24.5 25.9     13.4 


ASTM C131 23.4 25.8       
Average 23.8 26.0     13.2 


Specific Gravity 2.56 2.54 2.57 2.56 2.91 
(SSD) 2.55 2.55 2.59 2.55 2.92 


ASTM C127 2.56 2.52 2.59     
Average 2.56 2.54 2.58 2.56 2.92 


Absorption 4.43 4.30 4.45 5.61 0.86 
(%) 4.45 4.19 4.20 6.13 0.86 


  4.32 4.44 4.30     
Average 4.40 4.31 4.32 5.87 0.86 


Minus 200 1.01 0.64  0.28 1.86 0.39 
(%) 1.14 0.62  0.36 1.46 0.36 


ASTM C117 1.22 0.70      
Average 1.13 0.65  0.32 1.66 0.37 


Fineness Modulus 6.86 6.94  7.32  6.93 6.99 
ASTM C136 6.89 6.86  7.25  7.12 6.92 


  6.86 6.95       
Average 6.87 6.92  7.28  7.03 6.95 


Dry Rodded Unit Weight 97.5 89.3 93.7   105.4 
(pcf) 96.7 89.5 93.3   105.8 


ASTM C29 97.1 89.3 93.7   105.6 
Average 97.1 89.3 93.6   105.6 


Soundness 21.37 6.54   0.51 
(%) 24.31 9.93   0.41 


ASTM C88      
Average 22.84 8.24   0.46 
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Table 5. Fine Aggregate Characterization Test results 
 


Fine Aggregate 1000 psi 3000 psi 5000 psi NA Control 
 Gray Red Black Pile1 Sand 


Organic Impurity 1 1    1 
ASTM C40 1 1    1 


  1 1      
Average 1 1    1 


Specific Gravity 2.15 2.23 2.26 2.09 2.61 
(SSD) 2.16 2.27 2.26 2.14 2.61 


ASTM C128 2.21 2.26 2.29     
Average 2.17 2.25 2.27 2.11 2.61 


Absorption 11.52 10.44 9.94 17.03 0.98 
(%) 12.06 10.06 10.33 15.56 0.92 


  12.13 10.24 9.81     
Average 11.90 10.25 10.03 16.30 0.95 


 Minus 200 7.04 9.31 7.73   1.51 
(%) 7.33 9.67 7.56   1.29 


ASTM C117 7.57 9.52      
Average 7.31 9.50 7.64   1.40 


Fineness Modulus 2.74 2.74 3.03 2.69 2.74 
ASTM C136 2.73 2.69 3.07 2.65 2.76 


  2.72 2.69      
Average 2.73 2.71 3.05 2.67 2.75 


Sand Equivalency 54.8 61.4    85.4 
(%) 53.2 62.1    87.0 


ASTM D2419 57.6 61.8      
Average 56.0 63.0    87.0 


Uncompacted Void  37.0 40.1    41.7 
Contents (%) 36.9 40.4    41.7 
ASTM C1252 37.1 40.3      


Average 37.0 40.3    41.7 
Soundness 32.23 16.46   2.72 


(%) 30.15 16.09   2.71 
ASTM C88      


Average 31.19 16.28   2.72 
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Table 6. Details of Stage I Mixtures  
 


 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
CCA Type 0 1000 1000 3000 Pile1 3000 1000 1000 3000 5000 3000 Pile1 0 3000 3000 3000 Pile1 


CCA, lbs/yd3 0 300 600 600 600 900 NA NA NA NA NA NA 0 600 NA 600 NA 
CCA, coarse, % 0 NA NA NA NA NA 50 100 100 100 100 100 0 NA 100 NA 100 
CCA, fine, % 0 NA NA NA NA NA 0 0 0 0 25 0 0 NA 0 NA 0 
Calculated Batch Quantities, lb/yd3 
Cement 495 503 495 498 494 496 497 498 493 490 498 471 490 496 502 498 480 
Virgin Coarse 1921 1750 1524 1491 1599 1266 964 0 0 0 0 0 1900 1485 0 1498 0 
CCA (as recd.) 0 302 594 597 593 892 -  -  -  -  -  -  0 595 0 600 - 
Coarse CCA  - - -  -  -  -  817 1637 1610 1628 1627 1529 0 0 1637 0 1560 
Virgin Fine 1373 1192 1051 1109 949 970 1378 1380 1405 1396 1036 1317 1370 1119 1395 1127 1331 
Fine CCA 0 0 0 0 0 0 0 0 0 0 273 0 0 0 0 0 0 
Mixing Water  287 280 292 288 287 292 274 258 289 277 294 321 284 287 294 290 329 
Fresh Concrete Properties 
Slump, in. 6 6 6.5* 6 5 6* 6.25 6 6 6 7 3.75 6.25 6.5 5 7 6.25 
Air, % 2.5 2.1 2.4 2.1 2.3 2.7 2.8 3.1 2.8 3 3.5 3.8 3.2 2.5 2.2 1.8 3 
Density, lb/ft3 152.1 150.9 148.9 149.7 148.5 147.7 147.7 142.9 143.7 143.5 142.1 138.5 150.9 149.7 144.9 150.9 140.9 


Temperature, 0F 75 75 76 77 75 75 75 74 75 74 73 74 77 78 72 73 68 
Initial Set Time** 4:14 4:03 4:04 3:52 3:48 3:44 3:42 4:01 3:00 - 4:11 4:00 4:02 3:52 - - - 
Final Set Time** 7:00 6:44 5:54 6:30 4:41 5:52 6:32 6:16 6:24 - 5:42 4:51 6:46 6:25 - - - 
Initial Set Time***  - - - - 3:09 - 4:34 3:54 3:58 - 3:45 3:16 4:43 4:05 - - - 
Final Set Time*** - - - - 4:41 - 6:19 5:40 5:45 - 5:29 4:37 6:32 5:44 - - - 
Hardened Concrete Properties 
Compressive Strength, psi 
7 days 3080 2910 2410 2800 2590 2800 2640 2460 2730 2740 2520 2140 2980 2610 - - - 
28 days 4100 3990 3630 3690 3410 3890 3470 3180 3930 3790 3510 2690 3930 3760  3900 2840 
90 days 4740 4670 3790 4450 4530 4720 4330 3630 4270 4810 4110 3190 5350 4570 4220 4390 3360 
28 d, % control 100 97.3 88.5 90 83.2 94.9 84.6 77.6 95.9 92.4 85.6 65.6 95.9 91.7 85.1 95.1 67.4 
Cost Saving, $/yd3  0.66 0.03 0.34 -1.08 2.52 -0.7 0.31 3.98 3.33 2.75 -2.47      


Elastic Modulus (Ec), x106 psi 
28 days 4.69 4.42 3.91 4.09 4.20 4.29 4.42 3.87 3.5 3.87 3.36 3.28 4.69 4.39 - - - 
28 d, % control 100 94.2 83.4 87.2 89.6 91.5 94.2 82.5 74.6 82.5 71.6 69.9 100 93.6 - - - 
Length Change (Drying Shrinkage), % 
28 days 0.012 0.013 0.021 0.022 0.022 0.026 0.017 0.020 0.029 0.021 0.029 0.044 0.025 0.026 0.028 0.021 0.019 


90 days 0.031 0.035 0.042 0.043 0.040 0.048 0.033 0.040 0.049 0.041 0.051 0.072 0.042 0.049 0.047 0.036 0.051 


6 months 0.036 0.040 0.049 0.053 0.047 0.057 0.040 0.046 0.055 0.048 0.058 0.083 0.045 0.051 0.051 0.041 0.061 


180 d, % control 88.9 98.8 121.0 130.9 116.0 140.7 98.8 113.6 135.8 118.5 143.2 204.9 111.1 125.9 125.9 101.2 150.6 


RCP, Coulombs 


90 days 3618 2970 2984 3936 3232 4276 5402 5187 6248 4729 7231 6201 3424 3316 5036 3683 6033 
* slump sheared slightly, ** Thermal Method, *** ASTM C 403 
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Table 7. ASTM C 1293 Test Result 
 


Mix No. Description ASTM C1293 Expansion %, Age – 12 
months 


A No.57 Virgin Coarse (Lot 8043) + Virgin Crushed Fine (Lot 8058) 0.022 


B No.57 Virgin Coarse + 600 lbs/yd3 Pile1 CCA + Virgin Crushed Fine 0.027 


C Coarse fraction of 3000 psi CCA + Virgin Crushed Fine 0.032 


D No.57 Virgin Coarse + Fine fraction of 3000 psi CCA 0.028 
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Table 8. Details of Stage II Mixtures  
 
 II-1 II-2 II-3 II-4 
CCA Type 0 1000 3000 3000 
CCA, lbs/yd3 0 600 600 NA 
CCA, coarse, % 0 NA NA 100 
Calculated Batch Quantities, lb/yd3 
Cement 566 575 570 550 
Virgin Coarse Agg. (No. 57) 1945 1570 1514 0 
CCA (as received) 0 612 607 - 
Coarse fraction of CCA - - - 1591 
Virgin Fine Aggregate 1225 906 957 1190 
Mixing Water  255 260 259 248 
AE admixture – oz/cwt 0.4 0.4 0.5 0.5 
Type F admixture – oz/cwt 10 11.7 15.8 10 
Fresh Concrete Properties 
Slump, in. 7.50 7.00 6.25 6.00 
Air, % 6.4 4.8 5.6 8.5 
Density, lb/ft3 148.9 147.7 146.9 135.5 
Temperature, 0F 70 69 70 69 
Hardened Concrete Properties 
Compressive Strength, psi 
7 days 3980 3650 4090 3530 
28 days 5100 4510 5030 4290 
90 days 6040 5280 6120 5030 
28 d, % of control 100 88.4 98.6 84.1 
Length Change (Drying Shrinkage), % 
28 days 0.020 0.028 0.025 0.038 
90 days 0.034 0.046 0.043 0.058 
6 months 0.041 0.050 0.047 0.062 
180 d, % of control 100 122.0 114.6 151.2 
RCP, Coulombs 
90 d @ moist cure 2261 3044 2510 3821 
Freeze and Thaw after 300 cycles 
Durability Factor, % 92 13* 9 89 
Length Change, % -0.01 0.14 0.03 -0.01 
Mass Loss, % 0.52 0.18 0.73 1.23 
* Test was terminated at 226 F/T cycles due to the specimen failure.  
 
 







RMC REF Report: Crushed Returned Concrete as Aggregates for New Concrete 


39 


 
Table 9. Details of Mixtures designed to Study Slump Retention 
 


  SL-1 SL-2 SL-3 SL-4 


CCA Type 0 1000 3000 3000 


CCA, lbs/yd3 0 300 NA NA 


CCA, coarse, % 0 NA 100 100 


CCA, fine, % 0 NA NA NA 
Calculated Batch Quantities, lb/yd3 


Cement 541 545 542 544 


Virgin Coarse Agg. (No. 57) 1808 1723 0 0 


CCA (as received) 0 297 - - 


Coarse fraction of CCA - - 1609 1613 


Virgin Fine Aggregate 1314 1189 1317 1320 


Mixing Water  303 294 296 287 


Fresh Concrete Properties 


Slump, in. 6.50 7.00 7.25 6.75 


Density, lb/ft3 151.7 151.7 142.5 142.5 


Air, % 2.7 2.5 3.2 3 


Temperature, 0F 74 73 75 73 
Slump Retention Study 
Slump, inch 


Slump1 6.50 7.00 7.25 6.75 


Slump2 5.75 4.00 6.00 4.50 


Slump3 6.00 7.00 6.50 7.50 


Slump loss, % of slump1 11.5% 42.9% 17.2% 33.3% 
Water Adjustment, lbs/yd3 


Slump2 → Slump3 13.9 17.2 12.0 16.8 
Hardened Concrete Properties 
Compressive Strength at 14 days, psi 


Sampled with Slump1 4340 4340 4100 3870 


Sampled with Slump3 4240 3840 4020 3960 
 
Mixture SL-4 was identical to Mixture SL-3 except that the CCA was in a dry condition as opposed to a moist condition for Mixture SL-
3 
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Table 10. Air Test Results - Pressure Meter Air (C 231) vs. Gravimetric Air  (C 138)   
 


 Mix ID Air (C 231) Air (C 138) Diff. of C231 
  % % % 
1 2.50 2.70 -0.20 
2 2.10 2.76 -0.66 
3 2.40 2.51 -0.11 
4 2.10 2.28 -0.18 
5 2.30 2.63 -0.33 
6 2.70 2.39 0.31 
7 2.80 3.18 -0.38 
8 3.10 3.98 -0.88 
9 2.80 2.10 0.70 
10 3.00 3.34 -0.34 
11 3.50 1.80 1.70 
12 3.80 4.49 -0.69 
13 3.20 3.49 -0.29 
14 2.50 2.31 0.19 
15 2.20 1.18 1.02 
16 1.80 1.50 0.30 
17 3.00 2.79 0.21 


II-1 6.40 6.19 0.21 
II-2 4.80 4.61 0.19 
II-3 5.60 5.32 0.28 
II-4 8.50 8.84 -0.34 
SL-1 2.70 2.53 0.17 
SL-2 2.50 1.90 0.60 
SL-3 3.20 2.74 0.46 
SL-4 3.00 3.10 -0.10 


 
 
 
Table 11. Aggregate Correction Factor Test Results 
 


Mix No. Description ACF+ #1 ACF+ #2 


1 No.57 Virgin Coarse + Virgin Fine  0.10 0.10 
2 No.57 Virgin Coarse + 300 lbs/yd3 1000 psi CCA + Virgin Fine 0.15 0.15 
3 No.57 Virgin Coarse + 600 lbs/yd3 1000 psi CCA + Virgin Fine 0.20 0.20 
4 No.57 Virgin Coarse + 600 lbs/yd3 Pile1 CCA + Virgin Fine 0.30 0.30 
5 No.57 Virgin Coarse + 900 lbs/yd3 3000 psi CCA + Virgin Fine 0.30 0.30 
6 No.57 Virgin Coarse + 50% Coarse fraction of 1000 psi CCA + Virgin Fine 0.18 0.20 
7 Coarse fraction of 3000 psi CCA + Virgin Fine 0.30 0.40 
8 No.57 Virgin Coarse + 600 lbs/yd3 1000 psi CCA* + Virgin Fine 0.30 0.30 


+ ACF = Aggregate Correction Factor, 
* 1000 psi CCA was oven dried for 1 hour 
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Figure 1. Crusher Used to Produce CCA at the Concrete Plant 
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Figure 2. CCA Stored at NRMCA Research Laboratory (Red=3000 psi, Black=5000 psi, Gray=1000 psi) 


 
Figure 3. Large Capacity Sieve Shaker 
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Figure 4. Control Mixture After 300 Freeze-thaw Cycles  


 


 
Figure 5. 1000 psi CCA at 600 lb/yd3 Mixture After 300 Freeze-thaw Cycles 
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Figure 6. 3000 psi CCA at 600 lb/yd3 Mixture After 300 Freeze-thaw Cycles 


 


 
Figure 7. 3000 psi CCA at 100% Coarse Mixture After 300 Freeze-thaw Cycles 
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Executive Summary 


 This report is one of three on the subject of Portland cement pervious pavements 


and reports on the construction practices and maintenance of the pervious concrete system to 


achieve a hydraulic effectiveness.  Field sites for existing pervious concrete parking were located 


in Florida, Georgia, and South Carolina.  It is hoped that by developing more standardized 


installation methods, and documentation of infiltration performance, wider acceptance of 


Portland cement pervious pavement can be achieved.      


Objectives for selecting the sites were to evaluate the clogging potential of existing 


pervious concrete systems, to analyze rehabilitation techniques and develop installation 


specifications for the construction of Portland cement pervious concrete specific to the 


geographic site locations.  Initially, infiltration rate data were collected for a pervious concrete 


system in a field laboratory with test cells containing typical Florida sandy soil conditions and 


groundwater elevations.  Next, these field laboratory data were compared to actual data from 


multiple paving sites of long service life (6-20 years) in the three States.   


Eight existing parking lots were evaluated to determine the infiltration rates of pervious 


concrete systems that received relatively no maintenance.  Infiltration rates were measured using 


an embedded single-ring infiltrometer developed specifically for testing pervious concrete in an 


in-situ state.  The average infiltration rates of the pervious concrete that was properly constructed 


at the investigated sites ranged from 0.4 to 227.2 inches per hour.  A constant head was used for 


comparative purposes.   


A total of 30 pervious concrete cores were extracted and evaluated for infiltration rates 


after various rehabilitation techniques were performed to improve the infiltration capability of 


the concrete.  The techniques were pressure washing, vacuum sweeping and a combination of the 
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two methods.  By evaluating the effectiveness of these rehabilitation techniques, 


recommendations have been developed for a maintenance schedule for pervious concrete 


installations.  For properly installed sites, it was found that the three methods of maintenance 


investigated in this study typically resulted in a 200% or greater increase over the original 


infiltration rates of the pervious concrete cores.  It is therefore recommended that as a general 


rule of thumb one or a combination of these rejuvenation techniques should be performed, 


however, with some sites pressure washing may result in the release of pollution to the receiving 


waters and thus vacuum sweeping is preferred or recommended choice. 


Construction specifications were suggested for Portland cement pervious concrete 


pavement in regional conditions typical to the States of Florida, Georgia, and South Carolina 


based on current construction practices and updated as a result of this research.   It should be 


stressed that contractor qualifications by certification is one of the most important practices 


related to the installation of pervious concrete.  
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CHAPTER ONE: INTRODUCTION  


1.1:  Introduction 


Porous concrete is a unique cement-based product whose porous structure permits free 


passage of water through the concrete and into the soil without compromising the concrete’s 


durability or integrity.  Also referred to as enhanced porosity concrete, pervious concrete, 


Portland cement pervious pavement and pervious pavement, porous concrete is a subset of a 


broader family of pervious pavements including porous asphalt, and various grids and paver 


systems.  Portland cement pervious concrete is the primary interest within this report. 


Portland cement pervious concrete is a discontinuous mixture of coarse aggregate, 


hydraulic cement and other cementitious materials, admixtures and water.  The porosity of the 


pervious pavements is provided by emitting all or most of the fine aggregates.  Typically, 


Portland cement pervious concrete has a void content in the 15 to 25 percent range, which 


imparts the necessary percolation characteristics to the concrete.  In 2001 the American Concrete 


Institute (ACI) formed committee 522, “Pervious Concrete” to develop and maintain standards 


for the design, construction, maintenance, and rehabilitation of pervious concrete such as 


Portland cement pervious concrete.  This recent interest in porous materials as a substitution for 


impervious surfaces can be attributed to desirable benefits of stormwater retention and structural 


features of conventional pavement which Portland cement pervious concrete offers.    


Highly urbanized areas have a drastic impact on the ratio of impervious to pervious 


surface areas within a region and increase the volume of stormwater in surface discharge.  By 


substituting impervious pavement with pervious paving surfaces water is given access to filter 
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through the pavement and parent soil, allowing for potential filtration of pollutants in the 


stormwater.  The U.S. EPA has published a Porous Pavement fact sheet (EPA, 1999) that lists 


the advantages of pervious pavements as follows: 


• Water treatment by pollutant removal 


• Less need for curbing and storm sewers 


• Improved road safety because of better skid resistance 


• Recharge to local aquifers 


  The disadvantages of pervious pavements include restricted use in cold regions, arid 


regions or regions with high wind erosion rates, and areas of sole-source aquifers (Pratt, 1997).  


In addition, the use of porous concrete is highly constrained, requiring deep permeable soils, 


restricted traffic, and adjacent land uses.  Although Portland cement pervious concrete has seen 


increased use in recent years, there is still very limited practical documented experience with the 


material.  Also, porous pavement sites have had a high failure rate, approximately 75 percent 


according to the EPA, which has been attributed to poor design, inadequate construction 


techniques, low permeability soil, heavy vehicular traffic and poor maintenance (EPA, 1999).  


Failure is determined when the pervious pavement can no longer function as a stormwater 


retention material due to clogging or as conventional pavement due to structural failure. 


In response to the high failure rates and limited practical experience with porous concrete 


and with new regulations pending on “post equal pre” volume budgets for stormwater 


management, a current and updated assessment of the performance of pervious pavements has 


been conducted within this report.  Specifically, an investigation has been undertaken which 


addresses the development of installation practices for the proper construction and maintenance 


of Portland cement pervious concrete.  Addressed in this report is the field and laboratory 
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investigations performed to analyze the effectiveness of current construction methodologies and 


the clogging potential of installed pervious concrete systems to analyze rehabilitation techniques. 


1.2:  Background  


Extreme urban growth has been a problem in the United States for decades and 


environmental problems associated with urban land development have grown significantly 


serious.  Specifically, the hydrology of a developing area is severely impacted by the increase in 


impervious surface areas from roofs, roads and parking areas.  These structures and storm sewers 


increase the total volume of runoff and increase peak stream flows that lead to downstream 


flooding, stream instability and endanger water quality (Field & Singer, 1982).   


      With the realization of the effects of urbanization on the hydrological environment 


many communities and agencies, such as the EPA, passed laws encouraging land developers to 


practice stormwater management on their properties.  Today, state and municipal governments as 


well as Water Management Districts (WMD) have a great interest in finding solutions for excess 


stormwater runoff and the associated water quality issues. 


Common approaches to stormwater management focus primarily on detaining and 


retaining excess runoff on the site.  Another alternative approach is to reduce the amount of 


impervious surfaces added to a site and, by doing so, reduce the generation of excess runoff.  The 


installation of porous concrete in parking or low traffic roadways is one of the techniques 


utilizing this non-generation approach. 


Today, probably the most extensive use of this type of stormwater management has been 


in Tokyo, where it is estimated that some 494,000 m2 of porous pavement have been constructed 
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since 1984 (Pratt, 1997).  The main incentive for the use of porous pavements in Tokyo was the 


need to reduce the peak flows in the urban channelized rivers, where flooding in the densely 


populated areas was causing enormous damage and was a threat to life.  In addition to providing 


significant decreases in river flows, other benefits such as the raising of groundwater levels, 


reduction of ground settlement, conservation of urban ecology (especially trees), and moderation 


of temperatures in the urban districts by local evaporative cooling has been generated by 


adopting this stormwater management technique (Pratt, 1997). 


Another more recent study on porous pavements was conducted in Rezé, France where a 


comparison of the pollutant loading of runoff waters either collected at the outlet of a porous 


pavement with reservoir structure or coming from a nearby catchment drained by a conventional 


separate sewerage system was done to determine the impact of the reservoir structure on the 


quality of both runoff water and soil.  Data were collected that included approximately forty rain 


events during a four-year water quality survey at the experimental site (Legret & Colandini, 


1999).  It was determined during this study that the quality of water is significantly improved by 


the passage through the porous pavement with a significant reduction in the pollution loads (SS, 


Pb, Cu, Cd, and Zn).  (Legret & Colandini, 1999) Also, further samples taken from both the 


porous pavement and the soil underneath showed that metallic pollutants are mainly retained in 


the porous asphalt and that the soil under the structure did not present any significant 


contamination after the eight-year period during which the pavement was in operation (Legret & 


Colandini, 1999). 


These examples of porous pavement use in Tokyo, and Rezé, demonstrate how porous 


pavements can be an effective means of reducing the runoff rates, volumes, and water quality 
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degradation resulting from urbanization, or other land use changes.  Although utilizing a 


pervious pavement material, neither of these cases made use of Portland cement pervious 


concrete, the porous material used in this study. 


The earliest report of Portland cement pervious concrete installation in the United States 


was during the early 1970’s in Clearwater, Ft. Myers, Naples and Sarasota, Florida  (FCPA, 


1990).  The sandy soil conditions under the pervious pavement made these locations ideally 


suited for its application.  Multiple concrete cores and field evaluations were conducted on these 


sites throughout Florida, Georgia, and South Carolina to evaluate the permeability, infiltration 


rate and durability of the Portland cement pervious concrete after years of service.  The sites 


evaluated ranged from four to eight years of service life with very little maintenance. It was 


found that most of the sites evaluated experienced minor raveling in isolated areas and decreased 


permeability, approximately 40% reduction of original permeability, within the porous concrete.  


The subgrade conditions encountered did not appear to have changed significantly after years of 


service with very little decrease in permeability (FCPA, 1990). The test results of the pavement 


sections showed that under actual field service conditions Portland cement pervious concrete 


continued to demonstrate its ability to function as a stormwater system while also providing a 


structural pavement for traffic loadings.  However, these data are limited and dated and there is a 


strong need for current and updated investigations of the long-term performance of Portland 


cement pervious concrete. 


In addition to reducing runoff volume and rate and pollutant loads in stormwater, porous 


concrete is also an effective source for surface water storage and transmission.  Conventional 


stormwater and environmental considerations include either wet or dry retention areas or an 


exfiltration installation.  Although widely used, these systems require extensive land 
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requirements, concentrate pollutants, require expensive maintenance, functionally deteriorate and 


are expensive.  Generally, Portland cement pervious pavement is a viable option to satisfy the 


stormwater quality regulations in any area with favorable soil conditions.  A designer can utilize 


the storage and filtration capacity above the water table of the natural soil or fill materials plus 


the pavement as stormwater retention storage (FCPA, 1990).  This method of storage is 


considered a layered storage method, with each layer above the seasonal high water table 


elevation having a measurable storage capacity (FCPA, 1990).  Similar to a conventional 


retention pond, the Portland cement pervious pavement must provide the reservoir capacity to 


store the first one-half inch of untreated runoff and recover that volume within a 72 hour time 


period following a storm (FCPA, 1990). Currently a consistent statewide policy has not been 


established in reference to credit for storage volume within the voids in the pavement and coarse 


aggregate base.  However, in an attempt to provide an estimate of credit, Josh Spence with the 


University of Central Florida, created a mass balance model to be used for simulation of the 


hydrologic and hydraulic function of pervious concrete sections.  The purpose of the model is to 


predict runoff and recharge volumes for different rainfall conditions and hydraulic properties of 


the concrete and the soil (Spence, 2006).  Further analysis of the effect of ground water elevation 


and soil type on the storage capacity of Portland cement pervious concrete design sections is 


needed to develop a statewide policy for credit towards porous concrete storage volume.   


The field derived hydraulic data were used to simulate infiltration volumes and rainfall 


excess given a year of rainfall as used in a mass balance operated from a spreadsheet.  The 


results can be used for assessing stormwater management credit. 


         The typical cross-section of a porous concrete system depicted in the EPA Porous 


Pavement fact sheet involves four layers: porous concrete layer, filter layer, stone reservoir layer 
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and filter fabric (EPA, 1999).  The porous concrete layer consists of an open-graded concrete 


mixture usually ranging from a depth of 4 to 8 inches.  To provide a smooth riding surface and to 


enhance handling and placement, a coarse aggregate of 3/8-inch maximum size is normally used.  


The filter layer consists of a crushed stone, which serves to stabilize the porous asphalt layer and 


can be combined with the reservoir layer using suitable stone.  The reservoir layer is a gravel 


base, which provides temporary storage while runoff infiltrates into underlying permeable soils 


and is typically made up of washed, bank-run gravel or limestone fragments of 1.5 to 3 inches in 


diameter with a void space of about 30% (EPA, 1999).  The depth of this layer depends on the 


desired storage volume, which is a function of the soil infiltration rate and void spaces.  The 


layer should be designed to drain completely in a minimum of 12 hours or a maximum of 72 


hours, while 24 hours is recommended. (EPA, 1999)  The filter fabric lines the sides of the 


reservoir to inhibit soil migration into the reservoir that can cause a reduced storage capacity.  


Special care must be taken during construction to avoid undue compaction of the underlying 


soils, which could affect the soils’ infiltration capability.  In Figure 1, a typical porous pavement 


cross section is shown.     


 


Figure 1: Typical Porous Pavement Cross Section (EPA, 1999) 
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Various modifications or additions to the standard design have been implemented to pass 


flows and volumes in excess of the storage capacity or to increase the storage capacity of porous 


concrete sections.  The placement of a perforated pipe near the top of the reservoir layer allows 


the passage of excess flows after the reservoir is filled.  Also, the addition of a sand layer and 


perforated pipe beneath the stone layer can allow for filtration of the infiltrated water.  Native 


sandy soils can have naturally high permeability, and pervious concrete may be placed directly 


on top of the native soil once the site has been stripped and leveled without the need for a 


reservoir layer (Offenberg, 2005). 


 Porous concrete systems are typically used in low-traffic areas, such as, parking pads in 


parking lots, residential street parking lanes, recreational trails, golf cart and pedestrian paths and 


emergency vehicle and fire access lanes.  Heavy vehicle traffic use must be limited to ensure 


raveling or structural failure does not occur in the porous pavement surface, which may fail 


under constant exposure to heavy vehicle traffic.  The slopes of these installations should be flat 


or gentle to facilitate infiltration versus runoff and the EPA recommends a four-foot minimum 


clearance from the bottom of the system to the water table if infiltration is to be relied on to 


remove the stored water volume (EPA, 1999). Figure 2 shows a typical porous concrete 


installation. 


Given suitable site conditions, Portland cement pervious concrete can reduce the need for 


stormwater drainage systems and retention ponds required for impermeable pavements by 


stormwater regulations.  This has the advantage of generally lowering installation costs and 


allows for increased utilization of commercial properties.  Also, a further benefit of substitution 


of pervious surfaces for impervious ones is the acquisition of credit based on the volume of the 


stormwater that can be stored and allowed to replenish the aquifer.  Currently in the St. Johns 
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River WMD, credit is not given for Portland cement pervious concrete without current and 


updated investigations of the material that address the design cross-section profile including 


materials and dimensions for use in sandy type soils and the location of the groundwater table 


(Register, 2004). 


 


Figure 2: Typical Porous Concrete Installation 


1.3:  Current State of the Art 


The most recent design procedures and specifications for Portland cement pervious 


concrete can be found in the Portland Cement Pervious Pavement Manual (FCPA, 1990) or the 


EPA Storm Water Technology Fact Sheet for Porous Pavement (EPA, 1999).  These documents 


contain general guidelines for the use of porous pavements that are based on limited performance 
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data gathered from various test locations.  Both documents express a need for further 


investigation to better understand the long-term performance of pervious concrete.  


The Portland Cement Pervious Pavement Manual, produced by the Florida Concrete and 


Products Association, provides guidance on the use of Portland cement pervious concrete and 


attempts to make the benefits of pervious pavement available for wider use through explaining 


what it is, how best to put it together and how to obtain a satisfactory end product.  Details of 


subgrade preparation are discussed therein as well as recommended design procedures.  


Suggestions on determination of infiltration rates of stormwater are given, as are 


recommendations on making effective use of Portland cement pervious pavement if unfavorable 


site conditions are encountered.   


Due to the physical characteristics of pervious concrete, the Portland Cement Pervious 


Pavement Manual recommends the use of modified apparatus and procedures when evaluating 


site locations.  When determining permeability of the subgrade rather than using the standard 


percolation testing in accordance to septic drain field evaluation, it is advised to use a surface 


permeability test, such as a double ring infiltrometer, after the subgrade has been compacted to 


specifications.  In regards to evaluating the permeability of the pervious pavement the manual 


suggests that until such time that the various methods of making and testing of the Portland 


cement mixture have been defined and these results are reproducible at a reasonable standard 


deviation, it is recommended that the specification be based on a proportional mix design.  Non-


standardized testing, such as that presented in this report, is one of the primary reasons why 


further investigations, such as follows at the end of this report, are needed to produce a standard 


method of evaluating porous pavements.  Eventually, the goal is to allow a credit to be provided 


for this type of installation. 
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The Portland Cement Pervious Pavement Manual also provides design procedures for 


pervious pavement installations.  In relation to the geometric design it is noted that due to the 


void structure of a pervious concrete mixture it not only allows vertical transmission of water, 


but will also permit horizontal flow.  Since the vertical rate of flow is directly related to the 


permeability of the subgrade and the thickness and void ratio of the pavement, it is advised to 


maintain a level profile grade, which will allow as much time as possible for the subgrade to 


absorb and transmit water to the lower strata and reduce the horizontal flow rate.  Additionally, 


after compaction subgrade soils have much less vertical water transmission than lateral 


transmission by a ratio of as much as 1:10.  This is why a reservoir layer can be necessary to 


increase the rate of absorption of water into the subgrade (FCPA, 1990). The manual states that, 


to date, most research and testing data for pervious concrete relates to building construction 


applications and limited research is specifically related to pavements.  Also, there is limited 


research relative to subgrade reactions and the recommendations stated in the manual are based 


on a limited number of projects in Florida that have shown good performance.  This limited 


research is why further study is needed to evaluate the drainage capabilities of pervious concrete 


in relation to water table elevation, parent soil type and pavement thickness.           


 Some field studies on Portland cement pervious concrete are also presented in the 


Portland Cement Pervious Pavement Manual, which, along with laboratory studies of pervious 


concrete, are the basis of the design recommendations presented in that manual.  The 


investigations and studies included in the FCPA manual encompassed the following: 


• Development of field test procedures 


• Pavement’s long-term durability, significant signs of distress, and effect of 


materials or placing methods on performance 
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• Subgrade conditions relative to permeability and density after years of water 


intrusion 


• Degree of infiltration (clogging) of the pavement 


• Field permeability relationships of pavement, subgrade or subbase, and grass sod 


• Unit weight determinations of pavement samples 


• Cylinder molding and testing relationships 


Since permeability and durability were the prime factors in the evaluation of the Portland 


cement pervious concrete, the field investigations were conducted at pavements installed with 


many years of service.  Five locations within Florida, two in Georgia, and one in South Carolina 


were selected to study Portland cement pervious pavement’s ability to perform under field 


conditions.  It was found from these locations that there was no significant reduction in the 


subgrade’s permeability and that there was a very small amount of clogging in the porous 


concrete after many years of service.  Although the projects studied in this investigation 


presented favorable results, the locations were limited and the effect of the subgrades and 


subbases on the Portland cement pervious concrete was not fully investigated. 


The EPA Storm Water Technology Fact Sheet for Porous Pavement presents the general 


applicability, advantages, disadvantages, and design criteria for porous pavements.  The design 


criteria presented in this report are the basic guidelines most pervious pavement systems are 


based on, but are general for all types of pervious pavements and are not specific for any one 


type.  These guidelines are based on very few field locations and may not pertain to any specific 


location.  For these reasons, material and geographical specific guidelines are needed to 


accurately develop design section specifications.  The EPA Fact Sheet also states that more 
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information is needed on whether porous pavement can maintain its porosity over a long period 


of time, particularly with resurfacing needs and snow removal. 


In 2001, the American Concrete Institute formed committee 522, “Pervious Concrete” to 


develop and maintain standards for the design, construction, maintenance, and rehabilitation of 


pervious concrete.  This committee is currently drafting a document entitled, “Report on 


Pervious Concrete” but has yet to release this material.  Interest like this has increased the 


demand for more accurate and conclusive data on Portland cement pervious concrete.       


The Southwest Florida Water Management District recently conducted an investigation 


on infiltration opportunities in parking lot designs that will reduce runoff and pollution.  The 


experimental design was for a parking lot that allowed for the testing of three paving surfaces as 


well as basins with and without swales, creating four treatment types with two replicates.  The 


three treatment types included asphalt paving with no swale, asphalt paving with a swale and 


porous paving.  Water quality and sediment samples were collected and runoff measurements 


taken and compared.  It was concluded from this analysis that basins with porous pavement had 


the greatest runoff reduction and also showed the best percent removal of pollutant loads.  This 


study, like the investigation in Rezé, focused primarily on the runoff reduction and water quality 


improvement capabilities of pervious pavement and not on the design criteria for the design 


section.     


Due to state and municipal governments, as well as water management interests in 


finding solutions for excess stormwater runoff and the associated water quality issues, a current 


evaluation of the performance of pervious pavements is greatly needed.  In this report, issues 


such as materials and dimensions for use in sandy type soils and the rehabilitation of clogged 
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pavements will be evaluated and the necessary information to produce a design section for 


pervious pavements. 


1.4:  Chapter Summary 


In summary, presented in this chapter are the composition and applications of Portland 


cement pervious concrete and how the installation of this material can decrease stormwater 


runoff rates and volumes.   Some benefits for the use of Portland cement pervious concrete are:  


sediment removal, less need for curbing and storm sewers, improved road safety because of 


better skid resistance, and recharge to local aquifers.  A typical pervious pavement design 


section, based on EPA design recommendations, is described along with the corresponding 


layers and their functions within this typical design section.   


Within the current state of the art section of this chapter, the latest studies and documents 


pertaining to porous concrete were evaluated and reviewed.  Specifically, the Portland Cement 


Pervious Pavement Manual by the Florida Concrete & Products Association, which presents the 


latest design and testing procedures for Portland cement pervious concrete, and the EPA Storm 


Water Technology Fact Sheet for porous pavements were presented.  These documents present 


field data and design criteria for pervious pavement sections but do not fully cover the effects of 


the soil type or water table elevation on the infiltration rates through the permeable pavement.  


These studies have limited field sites and further study is needed to determine whether porous 


pavement can maintain its porosity over a long period of time.  Also found in this section are the 


results of field studies that evaluated porous pavements efficiency in pollutant removal and 


stormwater runoff reduction.  In both studies, namely the one in Southwest Florida and in 







 15


France, it was found that pervious pavements are very efficient in the removal of pollutants, 


especially suspended solids, and is also able to significantly reduce stormwater runoff volumes 


and rates.  This chapter depicts the strong need for a current and updated investigation of 


Portland cement pervious concrete that addresses the construction specifications and 


maintenance of pervious concrete. 


1.5:  Roadmap 


This report is comprised of six chapters. In the first chapter an introduction to the topic 


and background information on Portland cement pervious concrete is presented.  Also, reviews 


are presented for current research efforts to study the application and affects of pervious concrete 


systems.  In Chapter 2 the purpose and expected contributions of this research are defined.  


Proposed in Chapter 3 are the field exploration methodology and the laboratory modeling 


approach.  It also includes the design outline of the in-situ testing apparatus.  Chapter 4 presents 


the results of the field tests and a description of each of the investigated field sites.  The results of 


the associated laboratory testing and infiltration remediation testing are also presented and 


discussed in this chapter.  Included in Chapter 5 are the recommended pervious concrete 


construction specifications and recommended maintenance and inspection program.  The 


conclusions and recommendations for future research are presented in Chapter 6. 
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CHAPTER TWO: PROBLEM DEFINITION 


2.1:  Problem Statement 


Currently, a consistent statewide policy has not been established in reference to credit for 


storage volume within the voids in Portland cement pervious concrete and the coarse aggregate 


base.  To gain widespread acceptance for use, answers and information are needed pertaining to 


the design cross-section profile and whether porous pavement can maintain its porosity over a 


long period of time.  By modeling a pervious concrete system in the laboratory with tanks that 


simulate soil conditions and groundwater elevations typical of sandy soils and combining these 


data with field data from multiple sites of long service life, a specific construction methodology 


can be developed.  These results can then be evaluated to develop current construction 


specifications for pervious concrete use in specific soil conditions, including, contractor 


qualifications, details on materials and mix design, construction guidelines, post construction 


guidelines, and testing and inspection guidelines.   


In addition, an in-situ testing method for measuring infiltration rates of pervious concrete 


parking lots was also developed to measure hydraulic operational efficiency and to gather data 


for utilization in comparing the effectiveness of various infiltration rehabilitation techniques on 


clogged pervious concrete.  The field data will also be utilized to compare the effectiveness of 


vacuum sweeping and pressure washing on clogged pervious concrete cores.  This information is 


to be used in developing general maintenance schedule recommendations. 
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2.2:  Research Contributions 


 By investigating existing pervious concrete pavement systems in Florida, Georgia, and 


South Carolina and reviewing previous construction specifications, a more accurate construction 


methodology can be developed for specific soil characteristics.  With more accurate design 


cross-sections, the reservoir layer can be more accurately evaluated and reduced to eliminate 


unnecessary soil excavation.  Credit can be given for storage volume within the voids in Portland 


cement pervious concrete and the coarse aggregate base once statewide-accepted standards for 


the design cross-section have been determined. 


 The various sandy type soils encountered during the field investigation will be analyzed 


to better understand the infiltration capabilities of the parent soils.  By observing the infiltration 


and flow of stormwater into the parent soil, conclusions can be drawn on the soil types’ affect on 


the depth of the reservoir layer necessary for a given type of soil.  This will allow for more 


accurate design sections for less permeable soils, which will reduce the chance of flooding 


during high volume and intensity rain events.   


 Cores obtained from the field investigation performed at eight sites within Florida, 


Georgia and South Carolina are initially tested for infiltration capability in the laboratory and 


then rehabilitated using various testing methods including, vacuum sweeping and pressure 


washing.  By comparing infiltration rates of the pervious concrete cores prior to rehabilitation 


and after, conclusions can be drawn on the effectiveness of these techniques.  Once the 


effectiveness of these techniques has been established a more accurate maintenance schedule can 


be developed for pervious concrete sites. 
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 The most important contribution made by this research will be the widespread acceptance 


of Portland cement pervious concrete as an answer to the stormwater runoff problem associated 


with urban development.  With the increased use of pervious pavement land developers will be 


able to reduce the size of retention areas and in doing so increase the amount of developable land 


on their property.  Finally, this research will greatly contribute to the reduction of costs 


associated with porous pavement use by making it possible to more accurately predict a 


maintenance schedule for the porous pavement and by making it possible to gain credit for 


porous pavement use.  If proven effective in performance, this is a much less costly water storage 


device than the conventional retention pond.     


2.3:  Research Limitations 


The research presented in this paper is limited to information originated from sites with 


the southeastern United States.  Soil information was limited to the sandy type parent soils due to 


the inability of the embedded single-ring test to function with highly impermeable soils and 


systems with a gravel reservoirs.  The effects of snow and freezing are not considered in this 


research since they are rare cases in the geographic area covered by this study.  Also, the 


research conducted in this report considered only Portland cement pervious concrete and no 


other type of pervious pavement. 
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CHAPTER THREE: METHODOLOGY 


3.1:  Laboratory Investigation 


In preparation of the field investigation, it was necessary to develop a testing method to 


assess the conditions of in-situ pervious concrete at the selected field sites.  Data collected from 


field testing was applied in the development of the construction specifications for pervious 


concrete and was also used to assess the infiltration capability of pervious concrete after it had 


been in operation for several years.  This information was also used in comparison to infiltration 


rates of the pervious concrete after various rehabilitation techniques had been applied.   


A field test site for experimentation on the University of Central Florida campus was 


constructed at the Stormwater Management Academy Field Laboratory.  Two test cells were 


designed as self-contained systems that were impermeable on all sides except for the surface.  


Each test cell was built six feet square and four-and-one-half feet deep from the surface of the 


pavement and was constructed side-by-side into the face of an existing berm.  The design 


included an underdrain system for the removal of water and monitoring the water level in the test 


cells.   


The test cells were constructed with plywood and lined with an impermeable rubber liner.  


The fill soil used in the cells was a Type A hydrologic soil classified as a fine sand or A-3 soil 


using the AASHTO soil classification system.  The soil was compacted in 8 inch lifts to a 


minimum of 92% of the Standard Proctor maximum unit weight of 104 lb/ft3.  The soil had a 


hydraulic conductivity of approximately 12 inches per hour as determined by permeability 


testing prior to compaction.  After compaction, the infiltration rate was approximately two inches 
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per hour as determined by application of a double-ring infiltrometers test (ASTM D 3385-94).  


One cell contains a five-inch deep reservoir of 3/8 to ½ inch coarse aggregate, and both cells have 


a five- inch thick pervious concrete slab.  Depicted in Figure 3 is the installation of the pervious 


concrete in the test cells as well as a double-ring infiltrometer test being performed on the 


compacted subsoil. 


 


Figure 3: Stormwater Academy Porous Concrete Test Cell Installation 


Test cells were used to conduct the initial evaluation of various in-situ testing methods 


which included the use of double-ring and single-ring infiltration tests that were potential 


methods of evaluating the flow rates into pervious concrete in the field investigation portion of 


this study.  The test cells could not be used for the additional purpose as a system to evaluate 


mass balance in a pervious concrete system due to leakage.  
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A double-ring infiltrometer (ASTM D3385-03) was the first method evaluated to 


calculate the in-situ infiltration rate of the porous concrete, a procedure used in similar pervious 


concrete field investigations (Bean, 2005).  The double-ring infiltrometer is a cylindrical or 


square metal frame with no bottom so that the water is directed downward as shown in Figure 4.  


The walls of the infiltrometer reduce the effect of lateral infiltration.  There is no standard 


dimensions for infiltrometers but studies have found that the larger the diameter, the lower the 


error (Minton, 2002). 


 


Figure 4: Double-Ring Infiltrometer (Minton, 2002) 
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Water is placed in both the inner and outer rings, but the measurement is made only of 


the water flow to the inner ring.  The rate at which water must be added to maintain the water 


level at the height of the infiltrometer is measured.  This rate defines the infiltration rate at the 


water depth of the test.  The standard test method for the infiltration rate of soils in the field 


using double-ring infiltrometer, ASTM D3385-03(ASTM, 2003), states that this test method is 


difficult to use or the resultant data may be unreliable, or both, in very pervious soils.  Since 


Portland cement pervious concrete is both very pervious and does not allow the double-ring 


infiltrometer to be inserted into the material, it allows preferential lateral flow as shown in Figure 


5.   


 


Figure 5: Double Ring Test on Pervious Concrete 


Infiltration tests performed on the surface of the concrete using the double-ring 


infiltrometer produced highly unrealistic results due to the lateral flow in the pervious concrete, 


which limited the ability of the water to infiltrate into the subsoil.  It was determined a modified 


Low Permeability 
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High Permeability 
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method of the double-ring infiltrometer, which would isolate the pervious concrete and subsoil 


causing one-dimensional flow, would be required to realistically measure the in-situ performance 


of pervious concrete. 


 To allow infiltration of the subsoil, and thus one dimensional flow, would require the 


embedment of a device similar to the double-ring infiltrometer into the subsoil of the pervious 


concrete system.  As testing in the field was to be performed in an in-situ state it would be 


necessary to develop a more destructive method of testing to reach the subsoil.  By cutting a 


circular section of concrete using a concrete coring machine, a ring similar to those used in a 


standard double-ring infiltrometer test could be driven into the parent soil material.  It was 


necessary to test a large enough portion of a pervious concrete site to be considered a 


“representative area” while limiting the area of destructive testing, a 12-inch diameter core bit 


was chosen.  A 12-inch bit creates an 11 5/8-inch diameter concrete core with a 3/16-inch 


circular cut.   


The ring crafted to embed through the pervious concrete and into the subsoil was a 20-


inch long rolled steel tube with an inner diameter of 11 5/8 inches and 11-gauge thickness as 


shown in Figure 6.  The tube was designed to be inserted around the concrete core and embedded 


into the underlying soil.  This single-ring infiltrometer encourages one-dimensional flow through 


the interface of the pervious concrete and the soil by limiting the ability of water to travel 


laterally through the pervious concrete and the soil.  Thus the concrete and subsoil are considered 


as one integrated ‘system’. 
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Figure 6: Single-Ring Infiltrometer 


The single-ring infiltrometer utilizes the same testing procedure as the double-ring, as 


outlined in ASTM D3385-03 “Standard Test Method for Infiltration Rate of Soils in Field Using 


Double-Ring Infiltrometer” with the modification of its embedment and the use of a single ring. 


A specific head (three inches) was maintained, water was added at specified time intervals, and 


the amount of water added at each time interval was recorded.  The tests were stopped after at 


least two consecutive time periods recorded approximately equal additions of water. 


The embedment depth was determined by finding the necessary depth to maintain one-


dimensional flow at the interface and the need for a sufficient length of the tube to remain above 


the surface of the pavement to allow for a specific head to be maintained and also to allow for 


removal of the tube after embedment.  After several evaluations of different embedment depths 


by comparing infiltration rates measured by the single-ring infiltrometer to those measured by 


the double-ring infiltrometer at the standard embedment depth, it was determined that the 14 


inches beneath the surface of the concrete (typically 8 inches of embedment into the subsoil) 


produced equivalent infiltration rates to the double-ring infiltrometer.  This allowed 6 inches of 


tube above the surface to be utilized for maintaining a specified head during the test.   
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Single-ring infiltrometer trial tests were conducted on the test cells at durations between 


20 and 45 minutes to reach a constant infiltration rate.  It was determined from these trials that 


during a test of equivalent duration approximately two inches of water infiltrated the subsoil.  


Assuming a porosity of 0.35, typical of the regional soils, the wetting front from of the infiltrated 


water would not have passed the depth of the embedded tube during the course of the test.  This 


assures that approximately one dimensional flow was occurring at the soil-concrete interface.  It 


was assumed that the soils local to the test areas would be typical of the proposed field sites. 


Finally, during testing at the Stormwater Management Academy Field Lab, a method for 


the extraction of the embedded single-ring infiltrometer was developed.  Since the ring was 


embedded using compaction force it became lodged securely and could not be removed easily.  


In order to extract the embedded apparatus ½-inch holes were drilled in the steel tube, 


approximately one inch from the top of the tube.  The holes were threaded with a U-bolt attached 


to a chain and the chain was wrapped around a two foot long, two-inch by two-inch hollow-body 


steel section.  The steel section was propped across two hydraulic jacks, which were then used to 


hydraulically lift the infiltrometer out of the ground.   


3.2:  Field Investigation Methodology 


Several pervious concrete sites in the Central Florida area and surrounding states were 


tested to measure infiltration rates using the embedded Single-Ring Infiltrometer Test. These 


sites ranged from 6 to 20 service years and are located in and around the cities of Orlando and 


Tallahassee, Florida; in Atlanta and Guyton, Georgia; and in Greenville, South Carolina.  The 


sites are functional parking lots, and one landfill, that are currently in operation and are in 
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various conditions in terms of maintenance, clogging and raveling.  The location and year of 


construction for each field site is listed below: 


• Site 1: Sun Ray Store-Away Storage Facility: Lake Mary, Florida [1991]. 


• Site 2: Strang Communication Office:  Lake Mary, Florida [1992]. 


• Site 3: Murphy Veterinarian Clinic: Sanford, Florida [1987]. 


• Site 4: FDEP Office: Tallahassee, Florida [1985].  


• Site 5: Florida Concrete & Products Association Office: Orlando, Florida [1999]. 


• Site 6: Southface Institute: Atlanta, Georgia [1996]. 


• Site 7: Cleveland Park: Greenville, South Carolina [1995] 


• Site 8: Effingham County Landfill: Guyton Georgia [1999]. 


A standardized procedure was developed and followed in the field to determine the 


infiltration rates of the pervious concrete.  The step-by-step procedure is outlined below: 


1. The pervious concrete surface is cored in three evenly spaced locations utilizing a 12 


inch outside diameter, diamond tipped concrete core bit.  The drilling process takes 


between 10 and 30 minutes per concrete core depending on the type of aggregate used 


in the concrete mix and depth of the concrete slab.  The coring rig and the core bit are 


shown in Figure 7.   
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Figure 7: Coring Rig, Core Bit, Single-Ring Infiltrometer, and Generator 


The core samples are left in place after drilling for in-situ infiltration testing.  When 


necessary, the cores were extracted and grinded along the sides to remove 


irregularities formed during the coring process to allow the single-ring infiltrometer 


to fit around the core.  A four-inch angle grinder with a masonry disk was utilized for 


this task. Figure 8 shows the 12 inch core placed next to the location it was removed 


from in the pavement. It is clear that the pavement system at this site does not have a 


drainage layer of gravel. This configuration is typical for pavements on soils with 


high permeability values. 







 28


 


Figure 8: Pervious Concrete Pavement Core 


2. Once the single-ring infiltrometer can pass into the cut made by the coring rig, the 


infiltrometer is embedded into the subsoil by applying a downward force.  The 


infiltrometer is typically installed using a hand-tamper making sure to mark the 


infiltrometer before embedment to ensure the infiltrometer is installed to the proper 


depth.  


3. After the single-ring infiltrometer is embedded to the proper depth, a bead of 


plumber’s putty is placed around the inside circumference of the infiltrometer to 


prevent side-wall leakage. 


4. Infiltration rates of the three cored locations are measured using the embedded 


Single-ring Infiltrometer Test as discussed in the previous section.  Figure 9 shows a 


test in progress with the infiltrometer in the embedded state. 
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Figure 9: Pervious Concrete Pavement Core Test 


5. Pervious concrete cores are then extracted using the two hydraulic jacks to be 


returned to the Stormwater Management Academy (SMA) laboratory to be tested 


individually, for the infiltration rate of the pervious concrete and the effectiveness of 


various rehabilitation techniques. 


6. An additional infiltration test is performed on the bare soil beneath on of the core 


locations to determine a soil infiltration rate using the same method for the concrete 


and subsoil system. 
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7. The field unit weight of the subsoil is then determined using the Sand Cone Method 


as outlined in ASTM D 1556 “Standard Test Method for Density and Unit Weight of 


Soil in Place by the Sand-Cone Method”.  Figure 10 shows a sand cone test in 


progress. 


 


Figure 10: Performing Sand Cone Test 


8. A soil profile beneath the pervious concrete surface is generated utilizing a hand-


operated bucket auger.  Soil samples are obtained at locations of soil-type change 


down to the depth of the water table.  These soil samples are later analyzed for 


permeability, void ratio, and grain sizes using the methods outlined in ASTM D 


2434-68 and ASTM C 136-04. 
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9. Water table depths are recorded for use in modeling studies planned for the pervious 


concrete system. 


10. The subsoil shall be replaced and the pervious concrete is repaired using the original 


specifications at the locations where it was cored.  An example of this patching is 


depicted in Figure 11.  


 


Figure 11: Repair of Concrete Core Area 


Soil samples gathered in the field were sieved and categorized and selectively tested for 


permeability.  Also, the cores obtained in the field were individually tested for permeability and 


unit weight.  Permeability tests on cores were conducted by wrapping the cores tightly in six 


millimeter plastic and securing the plastic along the entire length of the core with duct tape. The 


wrapped core is elevated on wooden blocks and the infiltrometer is fitted over it.  The gaps 


between the core and the infiltrometer are filled with plumber’s putty to limit flow to the pores in 
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the concrete.  The infiltrometer is filled to a specific head of water and the setup is checked for 


leaks prior to the beginning of the test.  The infiltration of the cores is then tested utilizing the 


same techniques as described above for the embedded test.  See Figure 12 for laboratory test 


setup.  The concrete cores average thickness and weight are measured in order to approximate 


the individual cores unit weights. 


3.3:  Infiltration Rehabilitation Methodology 


A major concern and limiting factor in pervious concrete systems is the potential for the 


pervious concrete to clog during operation.  Several clogging rehabilitation techniques have been 


recommended, including, pressure washing and vacuum sweeping.  Current literature from the 


Mississippi Concrete Industries Association predicts recovery of 80 to 90 percent infiltration 


capability of pervious concrete specimens after rehabilitation techniques have been performed. In 


order to verify these predictions the effectiveness of these two techniques was analyzed using the 


cores obtained in the field test investigation portion of this research.  Techniques investigated in 


this study include: 


• Vacuum Sweeping 


• Pressure Cleaning 


• Combination of both Vacuum Sweeping and Pressure Cleaning 


The ultimate objective of this study is to develop a standardized inspection and maintenance 


schedule. The standardized laboratory testing process for investigating the improvement in 


pavement infiltration performance due to these rehabilitation techniques is described below. 
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1. The 12 inch pervious concrete cores were first wrapped in a 6 mil impermeable poly 


film and this material was then secured to the core by wrapping it in a layer of duct 


tape.  This was done to limit flow through the concrete core to one-dimensional 


vertical flow.  


2. Initial infiltration rates of each of the cores were determined by the following steps: 


a. Elevate the core to allow water to freely flow from the bottom of the core 


b. Attach the Single-Ring Infiltrometer to the core 


c. Apply plumbers putty to the inside and outside edge of the Single-Ring 


Infiltrometer where it meets the pervious concrete to eliminate flow down the 


side of the cores as shown in Figure 12. 


 


Figure 12: Laboratory Core Infiltration Schematic (Spence, 2006) 
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d. Apply water to the core to achieve an approximately eight-inch head. 


3. Infiltration rate of the water through the core was monitored by maintaining a 


constant head on the core when flow rates were low enough.  If flow rates were too 


high the infiltration rate was determined by monitoring the falling head. 


4. Each of the cores obtained at each field site (typically three at each site) had one of 


the following rehabilitation techniques performed: 


a. Pressure washed using a 3000 psi gas pressure washer 


b. Vacuum sweep using a 6.5 hp wet/dry vacuum and sweeper 


c. Pressure washing then followed by vacuum sweeping 


5. Sediment removed during the rehabilitation was collected for further analysis 


including determining the grain-size distribution.  


6. Rehabilitated infiltration rates of each of the cores were determined by the steps 


outlined above for determination of the initial infiltration rates. 


In addition to the outlined procedure for the analysis of the effectiveness of various 


infiltration rehabilitation techniques, it was also necessary to determine the limit of pressure and 


distance applied in the use of a pressure washer.  By testing typical pressures and distances used 


in pressure cleaning, a limit was found to limit raveling of the pervious concrete.  By validating 


the use of these rehabilitation methods and determining the effectiveness in recovering 


infiltration capability in pervious concrete, maintenance recommendations and scheduling can be 


developed.  This is discussed further in Chapters 4 and 5.  
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CHAPTER FOUR: RESULTS AND DISCUSSION  


4.1:  UCF Stormwater Management Academy Field Laboratory Results 


Preliminary evaluation of in-situ, infiltration measurement techniques were performed at 


the UCF Stormwater Academy Field Laboratory.  Typical methodology for testing in-situ 


infiltration rates of surficial soils includes the use of a double-ring infiltrometer.  As this study 


calls for the measure of the infiltration rate of both the pervious concrete and the subsoil as a 


system, an apparatus was developed that limited the destruction of the in-situ pervious concrete.  


The embedded single-ring infiltrometer developed required analysis to ensure that infiltration 


rates produced using this in-situ test were comparable to those obtained with the standard 


double-ring infiltrometer.  Several soil infiltration rates were measured at the UCF Stormwater 


Academy Field Laboratory using both the double-ring and single-ring infiltrometers in relatively 


identical soil conditions and for about 5 inches of rainfall.  The results of these tests are 


presented in Table 1. 


Table 1:  Comparison of Single-Ring and Double-Ring measured infiltration rates 


Measured Infiltration Rate (in/hr) 
Single-Ring 


Infiltrometer 
Double-Ring 
Infiltrometer 


20.41 21.15 
23.51 23.34 
20.52 21.40 


  


The measured infiltration rates from the comparison of the single-ring and double-ring 


infiltrometer tests were found to be comparable.   Two additional parameters needed to be 
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specified to confirm the accuracy of the single-ring infiltrometer results.  The hydraulic head 


applied during the test was determined by performing a single-ring infiltrometer test, allowing 


the flow rate to reach equilibrium, and then adjusting the hydraulic head in a range of 4 to 8 


inches above the pervious concrete surface.  A head of 1 inch was also used and the rate 


decreased by about 50% but there was still no significant differences between the double and 


single ring infiltration rate measurements.  Finally, the test duration was evaluated by allowing a 


single test to run for an extended duration.  A graph of the results of this test is depicted in Figure 


13.  
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Figure 13: Single-Ring Infiltrometer Duration Analysis 
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 It can be concluded from the single-ring infiltrometer duration analysis that little variance 


was recorded in the measured infiltration rate after two consecutive infiltration rates were 


measured.  A termination criterion of a minimum test duration of fifteen minutes that can be 


stopped after two consecutive infiltration rates are recorded is therefore specified for future tests. 


With the validation of the single-ring infiltrometer testing method several infiltration tests 


were performed using the test cells constructed at the UCF Stormwater Academy Field 


Laboratory.  The properties of the soil used in the test cells were measured prior to testing and 


are summarized in Table 2. 


Table 2: Summary of Test Cell Soil Properties 


Soil Property Value 
% Passing No. 200 Sieve: 1.3 % 


AASHTO Soil Classification: A-3 
Hydrologic Soil Classification A 


Void Ratio, e 0.74 
Porosity, n 0.43 


Maximum Dry Unit Weight 104.7 lb/ft3 
Optimum Moisture Content 14.3% 
Measured Dry Unit Weight 98.28 lb/ft3 


Infiltration Rate 2.61 in/hr 
 


The pervious concrete section in the test cell was cored in two locations to allow testing 


of the pavement system.  Each of these core locations were tested using the embedded single-


ring infiltrometer on four separate occasions.  Various recharge times were permitted between 


tests to evaluate the impact of soil saturation on the measured infiltration rates.  Each of the tests 


was performed with a head of 8 inches and duration of 45 minutes.  These tests are summarized 


in Table 3 and depicted in Figure 14.    
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Table 3: Summary of Pervious Concrete System Infiltration Rates 


Core Test Date Infiltration Rate (in/hr) 
A 1/19/05 2.40 
B 1/19/05 2.41 
A 1/20/05 1.16 
B 1/20/05 1.21 
A 1/21/05 1.03 
B 1/21/05 1.45 
A 1/25/05 1.48 
B 1/25/05 1.45 


 


Infiltration Rate vs. Time


0


0.5


1


1.5


2


2.5


3


19-Jan 20-Jan 21-Jan 25-Jan


In
fil


tr
at


io
n 


R
at


e 
(in


/h
r)


Core A


Core B


 


Figure 14: Visual Summary of Pervious Concrete System Infiltration Rates 


 Several trends are depicted in the results of the preliminary single-ring infiltrometer tests.  


The pervious concrete and subsoil system displays infiltration rates of nearly the same magnitude 


as the subsoil prior to the pervious concrete placement (2.61 in/hr).  Also, infiltration rates from 


the single-ring infiltrometer tests performed on the pervious concrete and subsoil system 


decrease when the subsoil is still saturated from previous testing due to reduced storage capacity 
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and ease of migration.  With these conclusions and validation of the single-ring infiltrometer 


measurements various field sites were visited to evaluate pervious concrete systems with long 


service life. 


4.2:  Field Site Investigations 


 Pervious concrete sites in Florida, Georgia, and South Carolina area were tested to 


measure infiltration rates using the embedded single-ring infiltrometer test.  A total of eight field 


sites were investigated, four of which were located in the Central Florida area: Sunray Store-


Away, Strang Communication, Murphy Veterinarian Clinic, and the Florida Concrete and 


Products Association (FCPA) Office.  The four other sites included locations in Tallahassee, 


Florida (Florida Department of Environmental Protection (FDEP) Office), Atlanta, Georgia 


(Southface Institute), Guyton, Georgia (Effingham County Landfill); and Greenville, South 


Carolina (Cleveland Park).  These sites ranged from 6 to 20 years of service.   


Sites are typically functional parking lots, with the exception of the landfill site, and are 


currently in operation and in various conditions in terms of maintenance, clogging and raveling.  


Each field site was investigated for infiltration rates of the existing pervious concrete and the soil 


properties of the subsoil.  In addition the cores obtained in the field are utilized in evaluating the 


effectiveness of various rehabilitation techniques in a lab environment.   


4.2.1:  Sun Ray Store-Away Storage Facility 


Located in Lake Mary, Florida and constructed in 1999, the Sun Ray Store-Away Storage 


Facility is 0.7 acre storage facility subjected to a variety of loads.  Pervious concrete is utilized in 
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the roadway system around the 823 storage units and in the 62 parking spaces available for large 


vehicle storage.  Pervious concrete thickness across this site ranged from 5.1 to 6.9 inches.  


Damage to this pervious concrete system is limited to the area in the vicinity of the front gate and 


in the area of the garbage dumpster.  The cracking encountered at the front gate can be attributed 


to the fact that all traffic entering into the facility passes over the area causing additional loading.  


The cracking encountered in the dumpster area can be attributed to the extreme impact-type 


loads caused by the garbage truck when emptying the dumpster. Figure 15 is an approximate 


schematic drawing for this site. 


 


Figure 15: Sun Ray Store-Away Storage Parking Lot Schematic (Not to scale) (Mulligan, 2005) 


 The field investigation at this site included the collection of six cores and soil samples at 


two of the core locations.  The single-ring infiltrometer was used to determine in-situ infiltration 


rates of the pervious concrete and subsoil system and the subsoil and pervious concrete cores 
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separately.  Table 4 summarizes the results of the soil analyses and Table 5 summarizes the 


results of the pervious concrete infiltration rates measured in the field and laboratory.   


Table 4: Summary of Sun Ray Store-Away soil parameters 


Soil Sample Location Soil Parameter 
Core A-1 Core A-6 


Sample Depth (ft) 0-2.1 2.1-2.5 5-6 0.5-1.7 3.5-4.3 4.3-4.7 
Moisture Content (%) 12 15 4 13 13 27 
Percent Passing -200 Sieve (%) 1 3 1 1 3 15 
Soil Classification (AASHTO) A-3 A-3 A-3 A-3 A-3 A-3 
Permeability Test Sample Depth: 0-2.1’ Sample Depth: 5.7-6.5’ 
Dry Density (lb/ft3) 98.41 96.01 
Void Ratio, e 0.68 0.72 
Porosity, n 0.40 0.42 
Infiltration rate, (in/hr) 21.34 17.76 


 


Table 5: Summary of Sun Ray Store-Away infiltration rates and unit weights 


Core 
No. 


Field System 
Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr) 


Laboratory 
Core 


Infiltration 
Rate 


(in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


A-1 -- 34.50 627 5.1 34 102 
A-2 17.77 -- 34.5 5.1 38 114 
A-3 17.72 -- 20.2 5.5 41 114 
A-4 10.50 -- 3.7 6.9 52 115 
A-5 -- 14.76 4.8 5.8 45 119 
A-6 10.41 -- 3 6.0 47 120 


  


The subsoil characteristic to the pervious concrete internal roadway system at the Sun 


Ray Store-Away Facility exhibited infiltration rates typical of type A hydrologic soils.  


Infiltration rates of the subsoil ranged from 14.76 to 34.5 in/hr in the field and laboratory 


permeability tests confirmed these rates.  Core infiltration rates exhibited a wide range of 
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infiltration rates measured in the laboratory that ranged from a high of 627 to a low of 3 in/hr.  


Instances where the system infiltration rates are higher than the individual core infiltration rates 


measured in the lab is due to infiltration along the sidewall of the cores that occurred in the field 


but was restricted in the lab producing false high infiltration rates in the field.  The cores 


performed in the area of cores 1, 2 and 3 exhibited higher infiltration rates than other areas.  This 


result was anticipated as the pervious concrete surface in that area was after visual determination 


in better condition; this area is shown in Figure 16.         


 


Figure 16: Sun Ray Store-Away Pervious Pavement at Core Locations 1, 2 & 3 


4.2.2:  Strang Communication Office 


Located in Lake Mary, Florida the Strang Communication Office is a 0.3 acre parking lot 


for a 200 employee office building that was constructed in 1992.  There are 71 parking stalls in 
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three rows in this lot that are made using pervious concrete the remaining stalls consist of 


asphalt.  The pervious concrete is limited to the stalls themselves and the areas directly behind 


each stall.  Pervious concrete thickness across this site ranged from 7.0 to 7.1 inches. 


This pervious parking lot exhibited minimal damage to the surface, although, significant 


raveling has taken place in one location on the site.  Raveling is the deterioration of the concrete 


due to repeated loads over time on an area. The nine spaces located in the northwest area of the 


pervious concrete are raveling at the entrance to each stall.  Also, a small amount of raveling at 


the entrance to the parking row on the west was also noted. Algae and leaf debris staining are 


also present over a majority of the pervious concrete parking lot.  Figure 17 shows the location of 


the raveling and algae in this parking area.  Depicted in Figure 18 is a picture of this site.  


 


Figure 17: Strang Communication Office (Not to scale) (Mulligan, 2005) 
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Figure 18: Strang Communication Office Parking Lot 


 The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  The single-ring infiltrometer was used to determine in-situ 


infiltration rates of the pervious concrete and subsoil system and the subsoil and pervious 


concrete cores separately.  Table 6 summarizes the results of the soil analyses and Table 7 


summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   
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Table 6: Summary of Strang Communication Office soil parameters 


Soil Sample Location Soil Parameter 
Core B-1 Core B-2 


Sample Depth (ft) 3-4 5.5-6 0-2.5 6.3-6.5 
Moisture Content (%) 3 5 13 16 
Percent Passing -200 Sieve (%) 1 1 1 19 
Soil Classification (AASHTO) A-3 A-3 A-3 A-2-4 
Permeability Test Sample Depth: 0-3’ Sample Depth: 2.5-4’ 
Dry Density (lb/ft3) 100.66 97.29 
Void Ratio, e 0.64 0.70 
Porosity, n 0.39 0.41 
Infiltration rate, (in/hr) 11.27 23.99 
Atteberg Limit Test Sample Depth: 4.7-5.5’ Sample Depth: 6.3-6.5’ 
Liquid Limit (%) 24.2 22.2 
Plastic Limit  (%) 23.2 21.1 
Plastic Index 1 1 
Soil Classification (AASHTO) A-2-4 A-2-4 


 


Table 7: Summary of Strang Communication Office infiltration rates and unit weights 


Core 
No. 


Field 
System 


Infiltration 
Rate 


(in/hr) 


Field Soil 
Infiltration 


Rate 
(in/hr) 


Laboratory 
Core 


Infiltration 
Rate 


(in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


B-1 -- 5.41 1.4 7.1 57 123 
B-2 17.29 -- 5.6 7.0 51 111 
B-3 10.60 -- 7.1 7.1 49 105 


  


The subsoil characteristic to the pervious concrete parking lot at the Strang 


Communication Office exhibited infiltration rates typical of type A hydrologic soils.  However, 


silty sands were encountered at depths ranging from 4.7 to 6.5 feet below ground surface.  These 


soil types are anticipated to exhibit reduced infiltration rates due to the high fines content.  


Infiltration rates of the subsoil ranged from 5.41 to 23.99 in/hr. in the field and laboratory 


permeability tests.  Instances where the system infiltration rates are higher than the individual 
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core infiltration rates measured in the lab is due to infiltration along the sidewall of the cores that 


occurred in the field but was restricted in the lab producing false high infiltration rates in the 


field.  Core infiltration rates exhibited infiltration rates measured in the laboratory that ranged 


from 1.4 to 7.1 in/hr.  This result indicates that the pervious concrete surface is acting as the 


limiting factor at this pervious concrete installation. 


4.2.3:  Murphy Veterinarian Clinic 


Located in Sanford, Florida the Murphy Veterinarian Clinic is a 13 stall pervious 


concrete parking lot that was constructed in 1987.  Located on the west end of the parking lot is a 


dumpster that is connected to the roadway by an asphalt drive to limit the heavy loads caused by 


garbage trucks.  In addition a 15-foot strip of conventional concrete has been placed along the 


east edge of the pervious pavement that connects to the roadway to limit the impact of entering 


and exiting traffic.  Pervious concrete thickness across this site ranged from 5.9 to 6.1 inches.  


The pervious concrete is in good condition with minimal structural damage to the surface of the 


pavement.  Figure 19 depicts a general schematic layout of the site. 
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Figure 19: Murphy Veterinarian Clinic Parking Lot Schematic (Not to scale) (Mulligan, 2005) 


 The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  The single-ring infiltrometer was used to determine in-situ 


infiltration rates of the pervious concrete and subsoil system and the subsoil and pervious 


concrete cores separately.  The results of the soil analyses and the pervious concrete infiltration 


rates measured in the field and laboratory are presented in Tables 8 and 9 respectively.   


Table 8: Summary of Murphy Vet Clinic soil parameters 


Soil Sample Location Soil Parameter 
Core C-1 Core C-3 


Sample Depth (ft) 0-0.5 1-1.5 1.5-2.7 4.7-5 3.1-3.5 4-4.3 
Moisture Content (%) 7 22 18 32 23 24 
Percent Passing -200 Sieve (%) 2 2 2 6 3 4 
Soil Classification (AASHTO) A-3 A-3 A-3 A-3 A-3 A-3 
Permeability Test C-1: 0-2.1’ C-3: 0-3.1’ C-3: 4.5-5’ 
Dry Density (lb/ft3) 94.52 94.01 92.99 
Void Ratio, e 0.75 0.76 0.78 
Porosity, n 0.43 0.43 0.44 
Infiltration rate, (in/hr) 6.25 7.91 3.41 


1


1


2 


3
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Table 9: Summary of Murphy Vet Clinic Infiltration Rates and Unit Weights 


Core 
No. 


Field 
System 


Infiltration 
Rate 


(in/hr) 


Field Soil 
Infiltration 


Rate 
(in/hr) 


Laboratory 
Core 


Infiltration 
Rate 


(in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


C-1 -- -- 2.3 6.0 45 115 
C-2 -- 15.78 19.7 6.1 42 105 
C-3 -- 27.21 24.0 5.9 42 109 


  


The subsoil characteristic to the pervious concrete parking lot at the Murphy Veterinarian 


Clinic exhibited infiltration rates typical of type A hydrologic soils.  Infiltration rates of the 


subsoil ranged from 15.78 to 27.21 in/hr. in the field and 3.41 to 7.91 in/hr. in the laboratory 


permeability tests.  The difference in infiltration rate is believed to be due to the higher level of 


compaction of the laboratory soil samples.  Field system infiltration rates were not measured due 


to the lack of access to a power source at the field site, which limited the ability to grind the sides 


of the pervious concrete cores to allow the single-ring infiltrometer to fit around the core.  Core 


infiltration rates exhibited infiltration rates measured in the laboratory that ranged from 2.3 to 24 


in/hr.  This result indicates that the pervious concrete surface is acting as the limiting factor at 


this pervious concrete installation.  Figure 20 depicts a subsoil infiltration test being performed at 


the field site. 
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Figure 20: Murphy Veterinarian Clinic Core Test 


4.2.4:  FDEP Office 


Located in Tallahassee, Florida the Florida Department of Environmental Protection 


building has two pervious concrete loading areas that were constructed in 1985.  At one of these 


loading areas a portion of the original pervious concrete was replaced in 1995, as indicated on 


Figure 21.  Pervious concrete thickness across this site ranged from 5 to 8.9 inches.  The 


pervious concrete exhibits little structural damage, however, a portion of the concrete is visibly 


sealed allowing no water to infiltrate the surface.  A sample of these visibly sealed areas was 


taken to document the density of the concrete to further verify that the installation resulted in a 
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sealed concrete.  Site infiltration tests were also done on these suspected concrete areas to further 


document the impervious nature of the concrete.  These areas of concrete have no pores, possibly 


due to an excess of water used in the initial construction.  This sealed state is primarily found in 


the area of pervious concrete that was replaced.   


 


Figure 21: Florida Department of Environmental Protection Parking Lot Schematic (Not to 


Scale) 


The field investigation at this site included the collection of six cores and soil samples at 


three of the core locations.  The single-ring infiltrometer was used to determine in-situ 


infiltration rates of the pervious concrete and subsoil system and the subsoil and pervious 


concrete cores separately.  Table 10 summarizes the results of the soil analyses and Table 11 


summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   
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Table 10: Summary of FDEP Office Soil Parameters 


Soil Sample Location Soil Parameter 
Core D-2 Core D-4 Core D-6 


Sample Depth (ft) 0-1 1-1.8 3.5 0-0.5 1 
Moisture Content (%) 14 9 21 15 17 
Percent Passing -200 Sieve (%) 2 26 -- -- -- 
Soil Classification (AASHTO) A-3 A-2-6 A-2-6 A-2-4 A-2-6 
Permeability Test D-6: 0-0.5’ D-4: 3.5’ 
Dry Density (lb/ft3) 104.64 88.22 
Void Ratio, e 0.58 0.87 
Porosity, n 0.37 0.47 
Infiltration rate, (in/hr) 10.85 0.09 
Atteberg Limit Test D-4: 1-1.8’ D-6: 1’ 
Liquid Limit (%) 30 26 
Plastic Limit  (%) 12 13 
Plastic Index 17 13 


 


Table 11: Summary of FDEP Office infiltration rates and unit weights 


 


The subsoil characteristic to the pervious concrete loading areas at the FDEP Building 


exhibited infiltration rates typical of type A hydrologic soils in the areas of cores D-1, D-2 and 


D-3 and infiltration rates typical of type D hydrologic soils in the areas of cores D-4, D-5 and D-


6.  Infiltration rates of the subsoil ranged from 0 to 20.1 in/hr. in the field and laboratory 


permeability tests confirmed these rates.  Core infiltration rates measured in the laboratory 


Core 
No. 


Field 
System 


Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr)


Laboratory 
Core 


Infiltration 
Rate (in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core Unit 
Weight 
(lb/ft3) 


D-1 -- 20.1 0 5.6 51 139 
D-2 -- 11.23 0 5.0 48 147 
D-3 0.17 -- 1.3 6.1 49 123 
D-4 0.29 -- 4.8 8.9 71 122 
D-5 -- 0 1 5.9 52 135 
D-6 1.78 -- 5.2 8.1 65 123 







 52


ranged from 0 to 5.2 in/hr.  The cores performed in the area of cores 4, 5 and 6 exhibited higher 


infiltration rates than other areas.  This result was anticipated as the condition of the pervious 


concrete surface in the other areas was compromised due to poor construction practices.  Higher 


than typical unit weights are also indicative of poor construction practices.  Low infiltration rates 


of the subsoil in the areas of Cores 4 through 6 was due to a layer of poorly draining, orange clay 


encountered directly beneath the pervious concrete.  Figure 22 depicts the coring operation 


performed at this site. 


 


Figure 22: FDEP Parking Lot Core Test 
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4.2.5:  Florida Concrete & Products Association Office 


Located in Orlando, Florida, the Florida Concrete and Products Association Office, 


constructed in 1999, includes 13 parking stalls.  The driveway and seven parking stalls located 


on the south side of the parking lot are constructed of asphalt, which drains onto the remaining 


six pervious concrete parking stalls.  Pervious concrete thickness across this site ranged from 6.8 


to 7.6 inches.  The site is in good condition with minimal structural damage, including minor 


cracks throughout the area.  However, a significant amount of algae was noted along the north 


edge of the parking spaces and also along the eastern edge.   Figure 23 depicts a general 


schematic of the parking area. 


 


Figure 23: Florida Concrete & Products Association Parking Lot Schematic (Not to Scale) 


(Mulligan, 2005) 
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The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  The single-ring infiltrometer was used to determine in-situ 


infiltration rates of the pervious concrete and subsoil system and the subsoil and pervious 


concrete cores separately.  Table 12 summarizes the results of the soil analyses and Table 13 


summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   


Table 12: Summary of FCPA Office soil parameters 


Soil Sample Location Soil Parameter 
Core E-1 Core E-2 


Sample Depth (ft) 0-0.8 2-4.5 4.5-5.5 0-1 2.5-4.2 5.5-5.6 
Moisture Content (%) 19 7 15 12 7 21 
Percent Passing -200 Sieve (%) -- 5 4 4 -- 6 
Soil Classification (AASHTO) A-3 A-3 A-3 A-3 A-3 A-3 
Permeability Test Sample Depth: 0-0.8’ Sample Depth: 2.4-4.2’ 
Dry Density (lb/ft3) 96.38 98.96 
Void Ratio, e 0.72 0.67 
Porosity, n 0.42 0.40 
Infiltration rate, (in/hr) 1.89 7.29 


 


Table 13: Summary of FCPA Office infiltration rates and unit weights 


Core 
No. 


Field System 
Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr) 


Laboratory 
Core 


Infiltration 
Rate (in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


E-1 -- 8.54 4.3 7.6 54 109 
E-2 -- -- 5.8 7.0 48 105 
E-3 -- 9.07 1.8 6.8 55 124 


  


The subsoil characteristic to the pervious concrete parking lot at the FCP&A Building 


exhibited infiltration rates typical of type B hydrologic soils.  Infiltration rates of the subsoil 
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ranged from 8.54 to 9.07 in/hr. in the field and laboratory permeability tests confirmed these 


rates.  Core infiltration rates measured in the laboratory ranged from 1.8 to 5.8 in/hr.  Field 


system infiltration rates were not measured due to the lack of access to a power source on the 


site, which limited the ability to grind the sides of the pervious concrete cores to allow the single-


ring infiltrometer to fit around the core.  This result indicates that the pervious concrete surface is 


acting as the limiting factor at this pervious concrete installation.  A photograph depicting the 


condition of the pervious concrete in this area is shown in Figure 24. 


 


Figure 24: FCP&A Parking Lot 
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4.2.6:  Southface Institute 


Located in Atlanta, Georgia the Southface Office has a small parking lot constructed in 


1996 by the Southface Energy Institute, an organization focused on promoting sustainable 


development.  The pervious concrete surface is a small driveway with three parking spaces with 


a dumpster on site.  Pervious concrete thickness across this site ranged from 7.9 to 8.5 inches.  


The pervious concrete surface is in good structural condition with very little visible surface 


clogging.  An approximately six inch gravel reservoir underlies the pervious concrete surface 


followed by a layer of fat clay.  Figure 25 depicts a general schematic of the parking area. 


 


Figure 25: Southface Institute Parking Lot Schematic (Not to Scale) 


The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  Table 14 summarizes the results of the soil analyses and Table 15 
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summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   


Table 14: Summary of Southface Institute soil parameters 


Soil Sample Location Soil Parameter 
Core AT-1 Core AT-3 


Sample Depth (ft) 0-0.5 0.5-1.5 0-0.6 0.6-1.5 
Moisture Content (%) 19 28 13 35 
Percent Passing -200 Sieve (%) 3 25 4 72 
Soil Classification (AASHTO) A-1-a A-2-4 A-1 A-7-6 
Permeability Test Sample Depth: 0.5-1.5’ Sample Depth: 0-0.6’ 
Dry Density (lb/ft3) 101 120 
Void Ratio, e 0.6 0.48 
Porosity, n 0.38 0.32 
Infiltration rate, (in/hr) 0.1 450 
Atteberg Limit Test AT-1: 0.5-1.5’ AT-3: 0.6-1.5’ 
Liquid Limit (%) Non-Plastic 86 
Plastic Limit  (%) Non-Plastic 36 
Plastic Index Non-Plastic 50 


 


Table 15: Summary of Southface Institute infiltration rates and unit weights 


Core 
No. 


Field System 
Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr) 


Laboratory 
Core 


Infiltration 
Rate (in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


AT-1 -- -- 188 8.4 56 102 
AT-2 -- -- 2.3 7.9 58 112 
AT-3 -- -- 0 8.5 70 126 


  


The subsoil characteristic to the pervious concrete parking lot at the Southface Institute 


Building exhibited infiltration rates typical of type D hydrologic soils.  The infiltration rate of the 


subsoil was determined to be approximately 0.1 in/hr. in the laboratory permeability tests.  Core 


infiltration rates measured in the laboratory exhibited a wide range of infiltration rates from 0 to 
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188 in/hr.  This wide range of infiltration rates can be contributed to varying surficial pore sizes  


and unit weights in pervious concrete due to poor construction techniques.  Field system 


infiltration rates were not measured due to the presence of a gravel reservoir, which the single-


ring infiltrometer is unable to penetrate.  These results indicate that the subsoil is acting as the 


limiting factor at this pervious concrete installation, however a gravel reservoir has added storage 


to the site to allow a longer recharge time.  Laboratory tests indicate the gravel reservoir has a 


porosity of approximately 0.32 or a storage capacity of approximately 2 inches of water.  


Photographs depicting the condition of the pervious concrete in this area are shown in Figures 


26, 27 and 28. 


 


Figure 26: Southface Institute Parking Lot  
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Figure 27: Southface Institute Gravel Subbase  


 


Figure 28: Southface Institute Parking Lot  
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4.2.7:  Cleveland Park 


Located in Greenville, South Carolina at Cleveland Park this approximately 1 acre 


parking lot was constructed in 1995.  The pervious concrete surface is a ten-foot strip located at 


the edge row of parking stalls that collects the runoff from approximately one third of the asphalt 


surface.  The remainder of the site drains to storm drains installed at the site.  Pervious concrete 


thickness across this site ranged from 6.8 to 8.9 inches.  The pervious concrete surface is in good 


structural condition with some visible surface clogging.  A majority of the surface clogging can 


be attributed to the occasional flooding of the nearby Reedy River, which flooded recently in the 


summers of 1996 and 2004.  An approximately six inch gravel reservoir underlies the pervious 


concrete surface followed by a layer of sand.  Figure 29 depicts a general schematic of the 


parking area. 


 


Figure 29: Cleveland Park Parking Lot Schematic (Not to Scale) 
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The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  Table 16 summarizes the results of the soil analyses and Table 17 


summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   


Table 16: Summary of Cleveland Park soil parameters 


Soil Sample Location Soil Parameter 
Core SC-2 


Sample Depth (ft) 0-1 1-2.5 
Moisture Content (%) 8 12 
Percent Passing -200 Sieve (%) 3 9 
Soil Classification (AASHTO) A-1-a A-3 
Constant Head Permeability Test Sample Depth: 0-1’ Sample Depth: 1-2.5’ 
Dry Density (lb/ft3) 118.3 105.6 
Void Ratio, e 0.47 0.72 
Porosity, n 0.32 0.42 
Infiltration rate, (in/hr) 143 2.3 


 


Table 17: Summary of Cleveland Park infiltration rates and unit weights 


Core 
No. 


Field System 
Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr) 


Laboratory 
Core 


Infiltration 
Rate (in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


SC-1 -- -- 86.2 6.8 51 115 
SC-2 -- -- 0 7.5 62 126 
SC-3 -- -- 84.7 8.9 62 106 


  


The subsoil characteristic to the pervious concrete parking lot at the Cleveland Park 


parking lot exhibited infiltration rates typical of type B hydrologic soils.  The infiltration rate of 


the subsoil was determined to be 2.3 in/hr. in the laboratory permeability tests.  Core infiltration 


rates measured in the laboratory ranged from 0 to 86.2 in/hr.  The measured infiltration rate of 
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zero that was measured was due to a lack of voids present in the concrete due to poor 


construction techniques as verified by the comparatively high unit weight of the core.  Field 


system infiltration rates were not measured due to the presence of a gravel reservoir, which the 


single-ring infiltrometer is unable to penetrate.  These results indicate that the subsoil is acting as 


the limiting factor at this pervious concrete installation, however, a gravel reservoir has added 


storage to the site to allow a longer recharge time. Laboratory tests indicate the gravel reservoir 


has a porosity of approximately 0.32 or a storage capacity of approximately 2 inches of water.  


Photographs depicting the condition of the pervious concrete in this area are shown in Figures 


30, 31 and 32. 


 


Figure 30: Cleveland Park Parking Lot  
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Figure 31: Cleveland Park Parking Lot Pavement  


 


Figure 32: Cleveland Park Parking Lot Reservoir  
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4.2.8:  Effingham County Landfill 


Located in Guyton, Georgia in the Effingham County Landfill this approximately 0.6 


acre concrete slab was constructed in 1999.  The slab is primarily made of pervious concrete, 


except for a 50-foot by 50-foot square area of standard concrete surface in the center.  This 


pervious concrete slab is used for storage and separation of trash into dumpsters.  Despite the 


daily use of a front-end loader on the surface of this concrete the pavement remains in good 


structural condition with only minimal cracking.  Pervious concrete thickness across this site 


ranged from 5.8 to 6.3 inches.  An approximately six inch gravel reservoir underlies the pervious 


concrete surface followed by a layer of sand.  Figure 33 depicts a general schematic of the 


parking area. 


 


Figure 33: Effingham County Landfill Parking Lot Schematic (Not to Scale) 
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The field investigation at this site included the collection of three cores and soil samples 


at two of the core locations.  Table 18 summarizes the results of the soil analyses and Table 19 


summarizes the results of the pervious concrete infiltration rates measured in the field and 


laboratory.   


Table 18: Summary of Effingham County Landfill soil parameters 


Soil Sample Location Soil Parameter 
Core LF-1 


Sample Depth (ft) 0-0.5 0.5-4.0 
Moisture Content (%) 6 7 
Percent Passing -200 Sieve (%) 1 3 
Soil Classification (AASHTO) A-1-a A-3 
Constant Head Permeability Test Sample Depth: 0-0.5’ Sample Depth: 0.5-4.0’ 
Dry Density (lb/ft3) 118.3 112.3 
Void Ratio, e 0.47 0.62 
Porosity, n 0.32 0.38 
Infiltration rate, (in/hr) 169 5.6 


 


Table 19: Summary of Effingham County Landfill infiltration rates and unit weights 


Core 
No. 


Field System 
Infiltration 
Rate (in/hr) 


Field Soil 
Infiltration 
Rate (in/hr) 


Laboratory 
Core 


Infiltration 
Rate (in/hr) 


Core 
Thickness 


(in) 


Core 
Weight 


(lb) 


Core 
Unit 


Weight 
(lb/ft3) 


LF-1 -- -- 30.8 6.1 45 113 
LF-2 -- -- 11 5.8 55 145 
LF-3 -- -- 187 6.3 50 121 


  


The subsoil characteristic to the pervious concrete parking lot at the Effingham County 


Landfill exhibited infiltration rates typical of type B hydrologic soils.  The infiltration rate of the 


subsoil was determined to be 2.2 in/hr in the laboratory permeability test.  Core infiltration rates 


measured in the laboratory ranged from 11 to 187 in/hr.  This wide range of infiltration rates can 
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be attributed to varying surficial pore sizes in the pervious concrete due to poor construction 


techniques.  Field system infiltration rates were not measured due to the presence of a gravel 


reservoir, which the single-ring infiltrometer is unable to penetrate.  These results indicate that 


the subsoil is acting as the limiting factor at this pervious concrete installation, however, a gravel 


reservoir has added storage to the site to allow a longer recharge time.  Laboratory tests indicate 


the gravel reservoir has a porosity of approximately 0.32 or a storage capacity of approximately 


2 inches of water.  Photographs depicting the condition of the pervious concrete in this area are 


shown in Figures 34, 35 and 36. 


 


Figure 34: Effingham County Landfill  
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Figure 35: Effingham County Landfill Pervious Pavement  


 


Figure 36: Effingham County Landfill Reservoir  
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4.3:  Summary of Field Investigation Results 


The pervious concrete field sites investigated in this study ranged in service life from 6 to 


20 years and exhibited regionally similar structural integrity, infiltration rates, pavement cross 


sections and subsurface soils.  It can be concluded from the results of the field investigation that 


typically the pervious concrete exhibited minor structural distress at all locations investigated.  


The average infiltration rates of the pervious concrete at the investigated sites ranged from 2.1 to 


75.4 inches per hour (Table 20) and includes the zero rates for those pavements not properly 


installed.  Typically the field sites investigated in the Central Florida area exhibited subsoil 


infiltration rates that were greater than the average pervious concrete rates making the concrete 


the limiting infiltration value.  However, at the sites located in Georgia and South Carolina the 


infiltration rates of the soils were the limiting infiltration values.  The limiting factor is 


determined by comparison of the average values.  Outside of Florida, the pavement cross section 


included a gravel reservoir to allow for a greater storage since the soils were less permeable.  


Table 20: Summary of All Infiltration Rates 


Test Locations 
Average  and (Range) 


for Concrete 
Infiltration Rate (in/hr) 


Average Soil 
Rate (in/hr) 


Limiting 
Factor 


FDEP Office (1985) - Area 1 0.4 (0 – 1.3)  15.6 Concrete 
FDEP Office (1985) - Area 2 3.7 (1 – 5.2)  0 Soil 
Murphy Vet Clinic (1987) 15.3 (2.3 – 24)  21.5 Concrete 
Sunray Store Away (1991) – Area 1 227.2 (20.2 – 627)  34.5 Concrete 
Sunray Store Away (1991) – Area 2 3.8 (3 – 4.8)   14.8 Concrete 
Strang Communications (1992) 4.7 (1.4 – 7.1)  5.4 Concrete 
Cleveland Park (1995) 57 ( 0 – 86.2) 2.3 Soil 
Southface Institute (1996) 63.4 (0-188) 0.1 Soil 
FCPA Office (1999) 4 (1.8 – 5.8)  8.8 Concrete 
Effingham County Landfill (1999) 76.3 ( 11 – 187) 5.6 Soil 
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At all locations investigated in this study little to no maintenance was performed during 


the service life of the pervious pavement.  This allowed for the opportunity to investigate the loss 


of infiltration capability of the pervious pavement over time.  However, it should be noted that 


the degree of clogging of the pervious concrete is highly dependant on the location, traffic 


loading and quality of construction of the pervious concrete making any comparison of these 


sites very approximate.      


4.4:  Results of Rehabilitation Methods 


A limiting factor in pervious concrete systems is the potential for the pervious concrete to 


clog during operation.  Several clogging rehabilitation techniques have been recommended and 


are currently practiced, including, pressure washing and vacuum sweeping.  Pressure washing 


dislodges clogging particles, washing a portion offsite while forcing the remaining portion down 


through the pavement surface.  This method of pavement maintenance is historically very 


effective.  However, care should be taken not to use too much pressure, as this can cause damage 


to the pervious concrete surface.  It is recommended to test the pressure of a pressure washer on 


a small portion of pervious concrete surface before use to ensure it can safely be used on the 


concrete.  Vacuum sweeping removes clogging particles by mechanically dislodging particles 


with the sweeper and extracting them from the pavement voids.  In addition, a combination of 


these two methods is also a typical method of rehabilitating clogged pervious concrete surfaces. 


Current literature from the Mississippi Concrete Industries Association (PCA 2004) predicts 


recovery of 80 to 90 percent infiltration capability of pervious concrete specimens after 


rehabilitation techniques have been performed.  In addition, research conducted by the Florida 
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Concrete and Products Association (FCPA, 1990), indicated that brooming the surface of 


pervious concrete parking lots immediately restored over 50% of the permeability of a clogged 


pavement.  In order to verify these predictions, the effectiveness of these two techniques was 


analyzed using the cores obtained in the field test investigation portion of this research.  By 


utilizing pervious concrete cores obtained in the field from sites that have been in service for 6 to 


20 years an accurate conclusion can be drawn about the effectiveness of these two rehabilitation 


techniques.    


The pervious concrete cores recovered from the field sites investigated in this study were 


exposed to three methods of rehabilitation including vacuum sweeping, pressure washing and 


pressure washing followed by vacuum sweeping.  Vacuum sweeping was performed using a 6.5 


hp wet/dry vacuum and sweeper and the pressure washer was used at a pressure of 3000 psi.  The 


sediment removed during the rehabilitation was collected and determined to be typically a silty 


fine sand, A-2-4, with an average of 43% passing the No. 200 sieve.  Core numbers D2 and SC2 


had the appearance of being solid concrete.  Thus density tests were done and it was concluded 


that the installation process must have resulted in regular concrete being poured at these two 


sites.   There was minimal pore space recoreded.   


A summary of the results obtained from the rehabilitation laboratory tests performed are 


presented in the Table 21 and Figures 38, 39 and 40. 
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Table 21: Summary of Results of Rehabilitation Methods 


Core 
No. 


Initial 
Infiltration 
Rate (in/hr) 


Restored 
Infiltration 


Rate 
(in/hr) 


Magnitude 
of 


Infiltration 
Rate 


Increase 


Year 
Constructed


Method of 
Rehabilitation 


A-1 627 1200 2 Pressure Washed 
A-2  35 67 2 Vacuum Swept 
A-3 20 84 4 Vacuum & Pressure  
A-4  4 96 26 Pressure Washed 
A-5  5 30 6 Vacuum Swept 
A-6 3 187 62 


1991 


Vacuum & Pressure  
B-1 1 4 3 Pressure Washed 
B-2 6 29 5 Vacuum Swept 
B-3 7 180 25 


1992 


Vacuum & Pressure  
C-1 2 720 313 Pressure Washed 
C-2 20 164 8 Vacuum Swept 
C-3 24 655 27 


1987 


Vacuum & Pressure  
D-1 0 5 5 Pressure Washed 
D-2 0 0 0 Vacuum Swept 
D-3 1 5 4 Vacuum & Pressure  
D-4 5 12 2 Pressure Washed 
D-5 1 9 9 Vacuum Swept 
D-6 5 389 75 


1985 


Vacuum & Pressure  
E-1 4 400 93 Pressure Washed 
E-2 6 117 20 Vacuum Swept 
E-3 2 758 421 


1999 


Vacuum & Pressure  
At-1 188 655 3 Pressure Washed 
At-2 2 62 27 Vacuum Swept 
At-3 0 9 9 


1996 


Vacuum & Pressure  
SC-1 86 320 4 Pressure Washed 
SC-2 0 0 0 Vacuum Swept 
SC-3 85 1440 17 


1995 


Vacuum & Pressure  
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LF-1 31 343 11 Pressure Washed 
LF-2 11 35 3 Vacuum Swept 
LF-3 187 758 4 


1999 


Vacuum & Pressure  
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Figure 37: Comparison of Original and Pressure Washed and Vacuum Swept Infiltration Rates 
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Vacuum Sweeped Infiltration Rate Increase
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Figure 38: Comparison of original and Vacuum Swept Infiltration Rates 


 


Notes:   


The pervious pavement at sites D2 and SC2 were not installed properly and exhibited the density 


and zero infiltration characteristics common to regular concrete.  
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Pressure Washed Infiltration Rate Increase
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Figure 39: Comparison of Original and Pressure Washed Infiltration Rates 


When the pervious concrete was installed properly (infiltration was evident), the three 


methods of maintenance investigated in this study typically caused at least a 200% increase over 


the original infiltration rates of the pervious concrete cores.  A comparison of the effectiveness of 


the three methods investigated in this study is shown in Figure 40 below.  Based on these results 


it is concluded that pressure washing and vacuum sweeping typically resulted in an equivalent 


increase in infiltration rates and the use of both methods of maintenance resulted in the greatest 
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increase in infiltration rates.   Pressure washing however did result in the release of sediment and 


in some cases the pervious aggregate.  A site should be tested for release of particulates before 


pressure cleaning is done.  The reason for the significant increase at the FPCA site could have 


been because the particles blocking the pores were released with added maintenance or the 


continued maintenance associated with both methods.     
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CHAPTER FIVE: CONSTRUCTION SPECIFICATIONS 


5.1:  Introduction 


General specifications and recommendations for the installation of pervious concrete 


pavements have been prepared by the National Ready Mixed Concrete Association (NRMCA, 


2004), the Georgia Concrete and Products Association (GCPA, 1997), the California-Nevada 


Cement Promotion Council (CNCPC 2004) and the ACI Committee 522 (ACI522, 2006).  In the 


state of Florida, regional specific recommendations for pervious concrete were developed by the 


Florida Concrete and Products Association (FCPA, 1990).  Within this chapter, suggested are 


specifications for the installation of pervious concrete pavement in regional conditions typical to 


the geographic locations of the test sites and based on current construction practices and updates 


as a result of this research.  The preliminary specifications are summarized in the follow 


sections. 


5.1:  Contractor Qualifications 


The placement and finishing techniques for pervious concrete are different from those for 


standard concrete, and if not properly followed can severely impact the structural and hydrologic 


properties of the concrete.  It is therefore necessary to limit the placement of pervious concrete to 


only those with the necessary qualifications and past experience in the placement of pervious 


concrete.  Prior to award of contract, contractors shall provide proof of qualifications and 


experience including ACI Concrete Finisher Certifications, Pervious Concrete Finisher 


Certifications (e.g. Rinker Materials) and a sample of the product, which can include cores 
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and/or test panels.  If either the placing contractor or the producer of the pervious concrete has no 


prior experience with the material the contractor shall retain an experienced consultant to 


supervise the base preparation, production, placement, finishing and curing. 


5.2:  Materials and Mix Design 


All materials to be used for pervious concrete pavement construction shall be approved 


by the Engineer of Record based on laboratory tests or certifications of representative materials 


which will be used in the actual construction.  Cement shall comply with the latest specifications 


for Portland cement (ASTM C 150 and ASTM C 1157), or blended hydraulic cements (ASTM C 


595 and ASTM C 1157).   


Unless otherwise approved in writing by the Engineer, the quality of aggregates shall 


conform to ASTM C 33.  Aggregates may be obtained from a single source or borrow pit, or may 


be a blend of coarse and fine aggregate.  The aggregate shall be graded so as to produce an open 


void structure in the finished pavement with the necessary structural strength.   


Mineral admixtures shall conform to the requirements of ASTM C 618 (fly ash), ASTM 


C 989 (slag) and ASTM C 1240 (silica fume).  Unless specifically directed by the Engineer, total 


mineral admixtures content including the content in blended cements shall not exceed the weight 


of Portland cement in the no-fines concrete mix.  Chemical admixtures including, water reducing 


and retarding admixtures, shall conform to ASTM C 494 and must be approved by the Engineer 


prior to use.   


Water shall be clean, clear and free of acids, salts, alkalis or organic materials that may 


be injurious to the quality of the concrete.  Non-potable water may be considered as a source for 
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part or all of the water providing the mix design indicates proof that the use of such water will 


not have any deleterious effect on the strength and durability properties of the RCC.   


The proposed No-Fines mix design must be submitted to the Engineer of Record for 


approval at least one week prior to construction.  This mix design shall include details on 


aggregate gradation, cementitious materials, admixtures (if used), and required unit weight to be 


achieved. 


5.3:  Construction 


5.3.1:  Subgrade Material 


Proper preparation of the subgrade material is critical to the functionality of the pervious 


concrete system.  The top six inches shall be composed of granular or gravel, predominantly 


sandy soil.  The subgrade material should have a percolation rate of at least 1 inch per hour.  It is 


desirable for the soil to contain no more than a moderate amount of silt or clay as this may limit 


the infiltration capability of the soil.  If the placement site contains only poorly draining soils 


then a granular or gravel sub-base may be placed over the subgrade to create a reservoir system 


to retain and store runoff. 


5.3.2:  Site Preparation 


Subgrade shall be leveled to provide a uniform construction surface with a consistent 


slope not more than 5%.  It is recommended that the slope be as flat as possible (as per EPA 832-
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F-99-023).  After leveling, soils shall be compacted to a minimum density of 92% of a maximum 


dry density as determined by ASTM D 698 or AASHTO T 99.  Should fill material be required 


to bring the subgrade to the desired elevation, it shall be a clean sandy soil.  Fill shall be placed 


in eight 8-inch lifts and compacted to a minimum density of 92% of a maximum dry density as 


determined by ASTM D 698 or AASHTO T 99.  The recommended design section showing the 


curbing, subgrade preparation and pervious concrete pavement is shown in Figure 41. 


 


Figure 41: Design Section for Pervious Concrete Pavement System 


5.3.3:  Reservoir Option 


In locations where the required subgrade percolation rate can not be achieved, typically a 


reservoir system can be installed to proved additional storage and system recovery time.  The 


bottom and sides of the reservoir shall be line with filter fabric prior to placement of aggregate.  


This prevents upward piping of underlying soils.  The fabric should be placed flush with a 


COMPACT SUBGRADE TO 92% 
STANDARD PROCTOR (ASTM 
D-698) IN ACCORDANCE WITH 
GEOTECHNICAL ENGINEER’S 
RECOMMENDATIONS 
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generous overlap between rolls.  Stone aggregate should be thoroughly washed prior to 


placement.  Unwashed stone may have enough associated sediment to pose risk of clogging at 


the filter cloth interface.  Stone aggregate (#4 - #8, ASTM C 33), should be placed in the 


excavated reservoir, in lifts, and lightly compacted with plate compactors to form the base 


course.   


5.3.4:  Embedded Infiltrometer Placement 


In order to accurately test the in-situ infiltration capability of pervious concrete 


installations at any time without the use of the current destructive testing techniques, an 


embedded infiltrometer can be installed at critical locations in the pervious concrete during the 


construction process.  The embedded infiltrometer installation includes two circular sections of 


standard concrete with diameters of one and two feet and a thickness of 6 inches.  The circular 


forms may be either wood or steel and shall be installed from the surface of the pervious 


concrete to a depth of embedment of 4 inches into the subsoil.  One embedded infiltrometer 


installation should be installed for every 250,000 sf of pervious concrete installed.  The circular 


concrete sections within the infiltrometer can be used to accurately test the infiltration rates of 


the pervious concrete system with the use of a standard Double Ring Infiltrometer following the 


ASTM D3385 standard.  A schematic showing a cross section and plan view of the installation is 


shown in Figure 42.     
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Figure 42:  Design profile for Embedded Infiltrometer installation 
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5.3.5:  Forms 


Forms may be either wood or steel and shall be the depth of the pavement.  Forms shall 


have sufficient strength and stability to support pavement and mechanical equipment without 


deformation.  The edge of existing pavement may be used as a form. 


5.3.6:  Placing and Finishing 


The unique properties of pervious concrete require stricter control of the mixture 


proportioning.  Mixers shall be operated at the speed designated as mixing speed by the 


manufacturer.  The Portland cement aggregate mixture may be transported or mixed on site and 


shall be used within 45 minutes of the introduction of mix water, unless otherwise approved by 


an engineer.  Each mixer will be inspected for appearance of concrete uniformity, and water may 


be added to obtain the required mix consistency.  Discharge shall be a continuous operation and 


shall be completed as quickly as possible to limit loss of water through evaporation.  Concrete 


shall be deposited as close to its final position as practicable and such that fresh concrete enters 


the mass of previously placed concrete.  Concrete shall be deposited directly onto base course to 


a uniform depth.  An internal vibrator should not be used to consolidate concrete.   


It is recommended to use a short-handled, square-edged shovel or rake to spread 


concrete.  Excessive spreading of concrete after pouring should be avoided.  Foot traffic within 


plastic concrete during spreading, strike off, and compaction should be minimized to prevent 


excess compaction.  Following strike-off, the concrete shall be compacted to form level, utilizing 


a steel roller made from nominal 10-inch diameter steel pipe of ¼ -inch thickness.  The roller 


shall have enough weight to provide a minimum of 10 psi vertical force. This compaction 
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secures the surface materials assuring pavement durability.  Care shall be taken during 


compaction that sufficient compaction force is achieved without working the concrete surface 


enough to seal off the surface porosity.  After compaction, the surface of the concrete shall be 


inspected for defects.  Defects are to be remedied immediately. 


5.3.7:  Curing 


As soon as possible after placement, pervious concrete should be covered with 


impermeable plastic sheeting six mill thickness.  When required by ambient weather conditions 


water may be misted over the surface of the concrete prior to covering.  The plastic shall cover 


all exposed concrete and overlap the edges.  The edges of the plastic shall be secured by some 


means (without the use of loose soil) to prevent premature exposure of the concrete.  The 


pavement should be cured a minimum of seven days. 


5.3.8:  Jointing 


Longitudinal control joints shall be constructed at the midpoint of the travel lanes if the 


lane width exceeds 15 feet.  Construct transverse joints at a maximum 20 feet apart in travel 


lanes.  The joints are to be installed in the plastic concrete by a roller with a flange welded to it, 


as depicted in Figure 43.  The depth of the joints shall be ¼ of the pavement thickness but is not 


to exceed 1.5 inches. 
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Figure 43: Roller Used to Create Joints in Pervious Concrete 


5.4:  Post Construction  


After placement, construction and/or heavy vehicle traffic should be limited to ensure the 


structural and infiltrative integrity of the concrete.  Runoff from unfinished or landscaped areas 


should be restricted from flowing over pervious concrete slab.  An acceptable form of curbing 


shall be constructed to protect the edges of the pervious slab from excessive wear.  Pervious 


concrete areas should be clearly identified with signs. 


5.5:  Construction Testing and Inspection 


Typical construction inspection practices for concrete that base acceptance on slump and 


cylinder strengths are not applicable to pervious concrete.  A unit weight test, ASTM C 29, shall 
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be performed for quality assurance, with acceptable values dependant on the mix design.  


Accepted unit weight values range between 100 lb/ft3 and 125 lb/ft3 with an acceptance criteria 


of plus or minus 5 lb/ft3.  Material shall be tested once per day, or when visual inspection 


indicates a change in the concrete. 


5.6:  Maintenance 


As concluded in the field testing portion of this study, the majority of pervious concrete 


pavements function well with little or no maintenance.  Standard practices to prevent clogging of 


the void structure include directing drainage of surrounding landscaping to prevent flow of 


materials onto the pavement surfaces.  Landscaping materials such as mulch, sand and topsoil 


should not be loaded on pervious concrete at any time.   


Remediation maintenance includes methods such as vacuum sweeping and pressure 


washing.  These remediation techniques are not required.  However, if surface ponding is 


observed after a rain event one or both of these techniques can be applied.  The results of this 


study on the effectiveness of vacuum sweeping and pressure washing indicate that pressure 


washing, vacuum sweeping and the combination of the two methods can restore infiltration rates 


of a clogged pervious concrete surface on a magnitude of 100, 90 and 200 respectively.  As a 


general rule of thumb one or a combination of these rejuvenation techniques should be 


performed on an annual basis to maintain the infiltration capability of pervious concrete 


pavements.  In addition, the Embedded Infiltrometer should be used to annually test the system 


infiltration capability.  If the system infiltration rates are less than acceptable, one of the 


recommended remediation techniques should be performed.    
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS 


6.1:   Overview 


Pervious concrete pavement was investigated in both field and laboratory environments 


to study infiltration rates of pervious concrete after years in service and to determine the 


effectiveness of various pervious concrete maintenance methods, including pressure washing and 


vacuum sweeping.  In addition, construction specifications for use in the placement of pervious 


concrete were developed.  A literature search was conducted and data collected from the field 


and laboratory explorations.   


By investigating existing pervious concrete pavement systems in Florida, Georgia and 


South Carolina and reviewing previous construction specifications, more detailed construction 


methodologies were developed for specific soil characteristics.  With more accurate definition of 


the parent soils, the need for a reservoir layer can be evaluated and potentially be eliminated and 


thus reduce unnecessary soil excavation.  Once accepted standards for the design cross-section 


have been determined, credit can then be given for storage volume within the voids in Portland 


cement pervious concrete and the coarse aggregate base.  This research is intended to contribute 


to the goal of using pervious concrete for stormwater management.  The results were presented 


to allow the reader to use the conclusions and in anticipation that the reader will want to expand 


on this research. 
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6.2:   Field Investigation Conclusions 


The pervious concrete field sites investigated in this study ranged in service life from 6 to 


20 years and exhibited regionally similar structural integrity, infiltration rates, pavement cross 


sections and depth.  The soils varied from sandy to clay.  It was concluded from the results of the 


field investigation that typically the pervious concrete exhibited minor structural distress at all 


locations investigated.  The average infiltration rates of the properly installed pervious concrete 


were estimated from field and laboratory data.  Typically for the field sites investigated in the 


Central Florida area, the concrete infiltration rates were the limiting infiltration value, because of 


the sandy soils.  However, at the sites located in Tallahassee Florida, Georgia and South Carolina 


the infiltration rates of the soils were the limiting infiltration values.  Outside of Florida the 


typical pavement cross section included a gravel reservoir to allow for a larger recharge volume 


for these less permeable soils.  


In addition to the data collected from this study, a single-ring infiltrometer was also 


developed for use in studying the infiltration rates of the pervious concrete and subsoil system.  


It was determined during the course of this research that the single-ring infiltrometer was an 


effective tool in determining the infiltration rates of in-situ pervious concrete installations.  


However, it was limited to only those pavement systems with no gravel reservoir and is also a 


destructive method of testing pervious pavement installations.  It is therefore recommended that 


the single-ring infiltrometer used in the field evaluations only be used to measure an existing 


pervious concrete system rather than a tool for infiltration evaluation of newly installed pervious 


concrete. 
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 At all locations investigated in this study little to no maintenance was performed during 


the service life of the pervious pavement. There were no recorded use of vacuum or pressure 


sweeping.  This allowed for the opportunity to investigate the loss of infiltration capability of the 


pervious pavement over time without maintenance.  However, it should be noted that the degree 


of clogging of the pervious concrete is highly dependant on the location, traffic loading and 


quality of construction making any comparison of the sites contingent upon local conditions.  


6.3:   Maintenance Investigation Conclusions 


Two clogging rehabilitation techniques have been investigated in this study, namely, 


pressure washing and vacuum sweeping.  Pressure washing dislodges clogging particles, 


washing a portion offsite while forcing the remaining portion down through the pavement 


surface.  This method of pavement maintenance is historically very effective, however, care 


should be taken not to use too much pressure, as this can cause damage to the pervious concrete 


surface.  It is recommended to test the pressure of a pressure washer on a small portion of 


pervious concrete surface before use to ensure it can safely be used on the concrete.  Vacuum 


sweeping removes clogging particles by mechanically dislodging particles with a sweeper and 


extracting them from the pavement voids.  In addition, a combination of these two methods is 


also a typical method of rehabilitating clogged pervious concrete surfaces. 


In most cases it was found that the three methods of maintenance investigated in this 


study typically caused a 200% or greater increase of infiltration rates over the original infiltration 


rates of the pervious concrete cores.  Based on these results it is concluded that pressure washing 


and vacuum sweeping typically resulted in an equivalent increase in infiltration rates and the use 
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of both methods of maintenance resulted in the greatest increase in infiltration rates.  It is 


therefore recommended that as a general rule of thumb that one or both of these rejuvenation 


techniques should be performed when the system infiltration rates are below acceptable 


infiltration rates as measured by an infiltrometer testing the pervious concrete and the soil 


beneath it as a system.  A rate of 1.5 inches/hour was recommended by Wanielista (2007).   


6.4:   Construction Specification Conclusions 


This study recommended specifications for the installation of pervious concrete pavement 


in regional conditions typical to the States of Florida, Georgia, and South Carolina based on 


current construction practices and updated as a result of this research.  These specifications 


include details on contractor qualifications, materials and mix design, construction, post-


construction and maintenance procedures.  The specifications were presented in Chapter 5. 


To accurately test the in-situ infiltration capability of pervious concrete installations at 


any time without the use of current destructive testing techniques a permanent embedded 


infiltrometer is recommended to be installed at critical locations in the pervious concrete.  It is 


recommended that at least one embedded infiltrometer installation should be installed at each site 


with a minimum of two per acre of pervious concrete installed.  The circular concrete sections 


can be used to accurately test the infiltration rates of the pervious concrete system with the use of 


a standard Double Ring Infiltrometer following the ASTM D3385 standard, provided the rings 


are embedded into the parent materials.  The embedded Infiltrometer should be used to annually 


test the system infiltration capability, and if the infiltration capacity is not acceptable then the 


pervious concrete should be rejuvenated.      
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6.5:   Recommended Future Research 


Several aspects of the pervious concrete system should be investigated further in regards 


to the clogging potential of pervious concrete as it ages and the methods of maintenance 


presented in this research.  The conclusions of this study indicated that pervious concrete’s 


ability to infiltrate degrades with time.  However, these results are very site specific.  In order to 


accurately predict the degradation of permeability it would be necessary to perform an 


investigation of a newly placed pervious concrete pavement over several years of service.  By 


following the service life of a specific pervious concrete installation from its placement, more 


accurate conclusions can be drawn in regards to predictions of permeability decay and the 


effectiveness of maintenance methods.  The recommended permanent embedded infiltrometer 


installations will require additional research to determine the feasibility of construction of these 


installations.   


It is also recommended that further research be conducted in regards to other available 


methods of pervious pavement maintenance including high volume flushing of pervious 


concrete.  Pervious pavements with embedded infiltrometers can be used to measure the results 


of rejuvenation techniques.  Thus, a more accurate understanding of the success of pervious 


concrete and maintenance is possible using an embedded infiltrometer.  
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APPENDIX A: FIELD INFILTRATION TEST DATA 
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Sun Ray Store-Away         
Core 1 (without Core)     1000 -670   


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added      


(min) (mL) (mL) (mL) (mL)  Diameter 11.63 in  
1 0 2000 2000 2000  Area 106.14 in2  
5 210 3000 2790 4790  Vol Rate 1000.00 cm3/min  
7 460 2000 1540 6330   61.02 in3/min  
9 0 2000 2000 8330      
11 0 2000 2000 10330  Infiltration Rate: 34.50 in/hr 
13 0 2000 2000 12330      
15 0 2000 2000 14330      
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Sun Ray Store-Away         
Core 2 (with Core)     515 1065   


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added      


(min) (mL) (mL) (mL) (mL)  Diameter 11.63 in  
1 270 2000 1730 1730  Area 106.14 in2  
5 460 2000 1540 3270  Vol Rate 515.00 cm3/min  
7 570 2000 1430 4700   31.43 in3/min  
9 0 1000 1000 5700      
11 0 1000 1000 6700  Infiltration Rate: 17.77 in/hr 
13 0 1000 1000 7700      
15 0 1150 1150 8850      
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Sun Ray Store-Away          
Core 3 (with Core)      513.702 75.9535   
Time Volume Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 370 1000 630 630   Diameter 11.63 in  
3 10 1000 990 1620   Area 106.14 in2  
5 20 1000 980 2600   Vol Rate 513.70 cm3/min  
7 0 1000 1000 3600    31.35 in3/min  
9 0 1000 1000 4600       
11 785 2000 1215 5815   Infiltration Rate: 17.72 in/hr 
13 0 1000 1000 6815       
15 10 1000 990 7805       
20 380 3000 2620 10425       
25 550 3000 2450 12875       
30 420 3000 2580 15455       
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Sun Ray Store-Away          
Core A-4 (with Core)      304.236 10.10714   
Time Volume Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 660 1000 340 340   Diameter 11.63 in  
3 430 1000 570 910   Area 106.14 in2  
5 220 1000 780 1690   Vol Rate 304.24 cm3/min  
7 550 1000 450 2140    18.57 in3/min  
9 440 1000 560 2700       
11 430 1000 570 3270   Infiltration Rate: 10.50 in/hr 
13 380 1000 620 3890       
15 340 1000 660 4550       
20 470 2000 1530 6080       
25 450 2000 1550 7630       
30 430 2000 1570 9200       
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Sun Ray Store-Away          
Core 5 (without Core)      427.782 602.5691   
Time Volume Remaining Of Volume Added Cum Vol Added      
(min) (mL) (mL) (mL) (mL)      


1 300 1000 700 700   Diameter 11.63 in  
3 0 1000 1000 1700   Area 106.14 in2  
5 0 1000 1000 2700   Vol Rate 427.78 cm3/min  
7 20 1000 980 3680    26.10 in3/min  
9 30 1000 970 4650       
11 170 1000 830 5480   Infiltration Rate: 14.76 in/hr 
13 100 1000 900 6380       
15 180 1000 820 7200       
20 0 2000 2000 9200       
25 0 2000 2000 11200       
30 0 2000 2000 13200       
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Sun Ray Store-Away          
Core 6 (with Core)      301.71 101.1206   


Time 
Volume 


Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 640 1000 360 360   Diameter 11.63 in  
3 420 1000 580 940   Area 106.14 in2  
5 370 1000 630 1570   Vol Rate 301.71 cm3/min  
7 260 1000 740 2310    18.41 in3/min  
9 390 1000 610 2920       
11 560 1000 440 3360   Infiltration Rate: 10.41 in/hr 
13 320 1000 680 4040       
15 390 1000 610 4650       
20 500 2000 1500 6150       
25 510 2000 1490 7640       
30 530 2000 1470 9110       
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Strang Communication Office           
Core 1 - Test Run with no Core     156.8 986.7      


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added          


(min) (mL) (mL) (mL) (mL)          
1 680 1000 320 320   Diameter 11.63 in     
2 0 680 680 1000   Area 106.14 in2     
3 450 1000 550 1550   Vol Rate 156.80 cm3/min     
4 290 450 160 1710    9.57 in3/min     
5 940 1000 60 1770          


7.5 430 940 510 2280   Infiltration Rate: 5.41 in/hr    
10 600 1000 400 2680          


12.5 330 600 270 2950   
 
        


15 610 1000 390 3340          
17.5 220 610 390 3730          
20 620 1000 380 4110          


22.5 210 620 410 4520          
25 610 1000 390 4910          


              
              
              
              
              
              


 


 







- 99 - 


Strang Communication Office           
Core B-2      501.095 -712.678     


Time 
Volume 


Remaining Of Volume Added Cum Vol Added         
(min) (mL) (mL) (mL) (mL)         


1 700 1000 300 300   Diameter 11.63 in    
3 700 1200 500 800   Area 106.14 in2    
5 0 1000 1000 1800   Vol Rate 501.10 cm3/min    
7 0 1000 1000 2800    30.58 in3/min    
9 0 1000 1000 3800         
11 0 1000 1000 4800   Infiltration Rate: 17.29 in/hr   
13 0 1000 1000 5800         


15 0 1000 1000 6800  
 
        


20 520 3000 2480 9280         
25 490 3000 2510 11790         
30 460 3000 2540 14330         
35 480 3000 2520 16850         
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Strang Communication Office           
Core B-3      307.139 -116.5     


Time 
Volume 


Remaining Of Volume Added Cum Vol Added         
(min) (mL) (mL) (mL) (mL)         


1 720 1000 280 280   Diameter 11.63 in    
3 280 1000 720 1000   Area 106.14 in2    
5 460 1000 540 1540   Vol Rate 307.14 cm3/min    
7 380 1000 620 2160    18.74 in3/min    
9 430 1000 570 2730         
11 500 1000 500 3230   Infiltration Rate: 10.60 in/hr   
13 380 1000 620 3850         
15 360 1000 640 4490 
20 490 2000 1510 6000 
25 450 2000 1550 7550 
30 320 2000 1680 9230 
35 600 2000 1400 10630 
40 500 2000 1500 12130 
45 450 2000 1550 13680 
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Murphy Vet Clinic            
Core 2: No Core    457.5 459.2     


Time 
Volume 


Remaining Of Volume Added Cum Vol Added         
(min) (mL) (mL) (mL) (mL)         


1 460 1000 540 540   Diameter 11.63 in    
3 960 2000 1040 1580   Area 106.14 in2    
5 0 1000 1000 2580   Vol Rate 457.50 cm3/min    
7 100 1000 900 3480    27.92 in3/min    
9 10 1000 990 4470         
11 100 1000 900 5370   Infiltration Rate: 15.78 in/hr   
13 50 1000 950 6320         


15 0 1000 1000 
7320  


        
17 170 1000 830 8150         
19 70 1000 930 9080         
21 30 1000 970 10050         
23 70 1000 930 10980         
25 80 1000 920 11900         
27 90 1000 910 12810         
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Murphy Vet Clinic          
Core C-3: No Core      788.75 86.25   


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added       


(min) (mL) (mL) (mL) (mL)       
1 160 1000 840 840   Diameter 11.63 in  
3 340 2000 1660 2500   Area 106.14 in2  
5 270 2000 1730 4230   Vol Rate 788.75 cm3/min  
7 445 2000 1555 5785    48.13 in3/min  
9 550 2000 1450 7235       
11 400 2000 1600 8835   Infiltration Rate: 27.21 in/hr
13 505 2000 1495 10330       
15 410 2000 1590 11920       
17 430 2000 1570 13490       
19 415 2000 1585 15075       
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FDEP Office         
Core D-1 (without Core)    580 -1173.3   


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added      


(min) (mL) (mL) (mL) (mL)  Diameter 11.63 in  
1 400 1000 600 600  Area 106.14 in2  
5 810 2000 1190 1790  Vol Rate 580.00 cm3/min  
7 780 2000 1220 3010   35.39 in3/min  
9 0 1000 1000 4010      
11 800 2000 1200 5210  Infiltration Rate: 20.01 in/hr
13 850 2000 1150 6360      
15 830 2000 1170 7530      
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FDEP Office         
Core D-2 (without Core)    325.5 55.5   


Time 
Volume 


Remaining Of 
Volume 
Added 


Cum Vol 
Added      


(min) (mL) (mL) (mL) (mL)  Diameter 11.63 in  
1 680 1000 320 320  Area 106.14 in2  
3 300 1000 700 1020  Vol Rate 325.50 cm3/min  
5 300 1000 700 1720   19.86 in3/min  
7 370 1000 630 2350      
9 380 1000 620 2970  Infiltration Rate: 11.23 in/hr
11 350 1000 650 3620      
13 320 1000 680 4300      
15 360 1000 640 4940      
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FDEP Office          
Core D-3 (with Core)      5 60   


Time 
Volume 


Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 990 1000 10 10   Diameter 11.63 in  
3 980 1000 20 30   Area 106.14 in2  
5 975 1000 25 55   Vol Rate 5.00 cm3/min  
7 980 1000 20 75    0.31 in3/min  
9 970 1000 30 105       
11 990 1000 10 115   Infiltration Rate: 0.17 in/hr 
13 990 1000 10 125       
15 990 1000 10 135       
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FDEP Office          
Core D-4 (with Core)      8.5 72.5   


Time 
Volume 


Remaining Of Volume Added 
Cum Vol 


Added       
(min) (mL) (mL) (mL) (mL)       


1 960 1000 40 40   Diameter 11.63 in  
3 960 1000 40 80   Area 106.14 in2  
5 970 1000 30 110   Vol Rate 8.50 cm3/min  
7 980 1000 20 130    0.52 in3/min  
9 980 1000 20 150       
11 980 1000 20 170   Infiltration Rate: 0.29 in/hr
13 990 1000 10 180       
15 980 1000 20 200       


Cumulative Infiltration Core D-4


0


50


100


150


200


250


0 2 4 6 8 10 12 14 16


Time (min)


C
um


ul
at


iv
e 


In
fil


ra
tio


n 
(m


L)


 







- 107 - 


FDEP Office          
Core D-5 (without Core)     0    


Time 
Volume 


Remaining Of Volume Added 
Cum Vol 


Added       
(min) (mL) (mL) (mL) (mL)       


1 970 1000 30 30   Diameter 11.63 in  
3 1000 1000 0 30   Area 106.14 in2  
5 1000 1000 0 30   Vol Rate 0.00 cm3/min  
7 1000 1000 0 30    0.00 in3/min  
           
       Infiltration Rate: 0.00 in/hr
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FDEP Office          
Core D-6 (with Core)     51.5714 262.619   


Time 
Volume 


Remaining Of Volume Added 
Cum Vol 


Added       
(min) (mL) (mL) (mL) (mL)       


1 870 1000 130 130   Diameter 11.63 in  
3 690 1000 310 440   Area 106.14 in2  
5 940 1000 60 500   Vol Rate 51.57 cm3/min  
7 880 1000 120 620    3.15 in3/min  
9 875 1000 125 745       
11 890 1000 110 855   Infiltration Rate: 1.78 in/hr
13 910 1000 90 945       
15 940 1000 60 1005       
20 1000 1000 0 1005       
25 1000 1000 0 1005       
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FCPA Office          
Core E-1: No Core    247.5 60.8   


Time 
Volume 


Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 800 1000 200 200   Diameter 11.63 in  
3 370 1000 630 830   Area 106.14 in2  
5 460 1000 540 1370   Vol Rate 247.50 cm3/min  
7 500 1000 500 1870    15.10 in3/min  
9 500 1000 500 2370       
11 600 1000 400 2770   Infiltration Rate: 8.54 in/hr
13 490 1000 510 3280       
15 510 1000 490 3770       
17 500 1000 500 4270       
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FCPA Office          
Core E-3: No Core      263 10   


Time 
Volume 


Remaining Of Volume Added Cum Vol Added       
(min) (mL) (mL) (mL) (mL)       


1 740 1000 260 260   Diameter 11.63 in  
3 440 1000 560 820   Area 106.14 in2  
5 500 1000 500 1320   Vol Rate 263.00 cm3/min  
7 465 1000 535 1855    16.05 in3/min  
9 475 1000 525 2380       
11 490 1000 510 2890   Infiltration Rate: 9.07 in/hr 
13 460 1000 540 3430       
15 470 1000 530 3960       
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APPENDIX B: LABORATORY INFILTRATION TEST DATA  


Sun Ray Store-Away 


Core A-1         
Initial         
Amount 10 Liters       
Time  33 Seconds       
         
Rate 303 mL/s       
 18182 mL/min       
 1109.52262 in3/min       
         
Infil Rate 627 in/hr       
         
Core A-2         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 590 2000 1410 1410 Average   
2 0 2000 2000 3410 1000 mL/min  
4 0 2000 2000 5410 61 in3/min  
6 0 2000 2000 7410    
8 0 2000 2000 9410 Infil. Rate 34.5 in/hr
         


Core A-3         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 200 1000 800 800  Average   
3 360 2000 1640 2440  586 mL/min  
5 560 2000 1440 3880  36 in3/min  
7 610 2000 1390 5270     
9 480 2000 1520 6790  Infil. Rate 20.2 in/hr
11 900 2000 1100 7890     
13 750 2000 1250 9140     
15 800 2000 1200 10340     
17 860 2000 1140 11480     
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Core A-4         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 955 1000 45 45  Average   
3 915 1000 85 130  107.5 mL/min  
5 860 1000 140 270  7 in3/min  
7 900 1000 100 370     
9 920 1000 80 450  Infil. Rate 3.7 in/hr
11 890 1000 110 560     


         
Core A-5         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 900 1000 100 100  Average   
3 710 1000 290 390  138 mL/min  
5 700 1000 300 690  8 in3/min  
7 750 1000 250 940     
9 730 1000 270 1210  Infil. Rate 4.8 in/hr
11 730 1000 270 1480     


         
Core A-6         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 980 1000 20 20  Average   
3 825 1000 175 195  86.25 mL/min  
5 825 1000 175 370  5 in3/min  
7 810 1000 190 560     
9 850 1000 150 710  Infil. Rate 3.0 in/hr


 


 


 


 


 







- 113 - 


Strang Communication Office 


Core B-1         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 1000 1000 0 0     
3 870 1000 130 130  Average   
5 1000 1000 0 130  40 mL/min  
7 910 1000 90 220  2 in3/min  
9 1000 1000 0 220     
11 930 1000 70 290  Infil. Rate 1.4 in/hr 
13 910 1000 90 380     
15 920 1000 80 460     
         


Core B-2         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 760 1000 240 240     
3 350 1000 650 890  Average   
5 600 1000 400 1290  163 mL/min  
7 840 1000 160 1450  10 in3/min  
9 730 1000 270 1720     
11 670 1000 330 2050  Infil. Rate 5.6 in/hr 
13 710 1000 290 2340     
15 790 1000 210 2550     
17 700 1000 300 2850     
         


Core B-3         
Initial         


Time Reading of Volume Added Cum Added     
(min) (mL) (mL) (mL) (mL)     


1 790 1000 210 210     
3 610 1000 390 600  Average   
5 580 1000 420 1020  205 mL/min  
7 570 1000 430 1450  13 in3/min  
9 590 1000 410 1860     
11 600 1000 400 2260  Infil. Rate 7.1 in/hr 
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Murphy Vet Clinic 


Core C-1         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 890 1000 110 110     
3 870 1000 130 240  Average   
5 750 870 120 360  66 mL/min  
7 850 1000 150 510  4 in3/min  
9 720 850 130 640     


11 870 1000 130 770  
Infil. 
Rate 2.3 in/hr


         
Core C-2         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 50 1000 950 950     
3 400 2000 1600 2550  Average   
5 450 2000 1550 4100  570 mL/min  
7 860 2000 1140 5240  35 in3/min  
9 700 2000 1300 6540     


11 860 2000 1140 7680  
Infil. 
Rate 19.7 in/hr


13 870 2000 1130 8810     
15 850 2000 1150 9960     


         
Core C-3         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 100 1000 900 900     
3 480 2000 1520 2420  Average   
5 600 2000 1400 3820  695 mL/min  
7 600 2000 1400 5220  42 in3/min  
9 630 2000 1370 6590     
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11 610 2000 1390 7980  
Infil. 
Rate 24.0 in/hr


 


FDEP Office 


Core D-1         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)  Average   
1 1000 1000 0 0  0 mL/min  
3 1000 1000 0 0  0 in3/min  
5 1000 1000 0 0     


      
Infil. 
Rate 0.0 in/hr


         
Core D-2         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 970 1000 30 30     
3 1000 1000 0 30  Average   
5 1000 1000 0 30  0 mL/min  
7 1000 1000 0 30  0 in3/min  
9 1000 1000 0 30     


11 1000 1000 0 30  
Infil. 
Rate 0 in/hr


         
Core D-3         


Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 980 1000 20 20     
3 960 1000 40 60  Average   
5 938 1000 62 122  38 mL/min  
7 890 1000 110 232  2 in3/min  
9 860 1000 140 372     
11 930 1000 70 442  Infil. 1.3 in/hr
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Rate 
13 920 1000 80 522     
         


Core D-4         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 915 1000 85 85     
3 710 1000 290 375  Average   
5 790 1000 210 585  139 mL/min  


7.5 690 1000 310 895  8 in3/min  
10 660 1000 340 1235     


12.5 750 1000 250 1485  
Infil. 
Rate 4.8 in/hr


         
Core D-5         
Initial          


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 1000 1000 0 0     
3 940 1000 60 60  Average   
5 920 1000 80 140  28 mL/min  
7 940 1000 60 200  2 in3/min  
9 940 1000 60 260     


11 950 1000 50 310  
Infil. 
Rate 1.0 in/hr


         
Core D-6         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 580 1000 420 420     
3 220 1000 780 1200  Average   
5 500 1000 500 1700  152 mL/min  
7 675 1000 325 2025  9 in3/min  
9 740 1000 260 2285     
11 700 1000 300 2585  Infil. 5.2 in/hr
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Rate 
13 660 1000 340 2925     
15 710 1000 290 3215     
17 470 710 240 3455     


 


FCPA Office 


Core E-1         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 860 1000 140 140     
3 700 1000 300 440  Average   
5 750 1000 250 690  125 mL/min  
7 740 1000 260 950  8 in3/min  
9 760 1000 240 1190     


11 750 1000 250 1440  
Infil. 
Rate 4.3 in/hr


         
Core E-2         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 800 1000 200 200     
3 600 1000 400 600  Average   
5 650 1000 350 950  168 mL/min  
7 700 1000 300 1250  10 in3/min  
9 660 1000 340 1590     


11 670 1000 330 1920  
Infil. 
Rate 5.8 in/hr


13 660 1000 340 2260     
         
Core E-3         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 0 1000 1000 1000     
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3 850 1000 150 1150  Average   
5 880 1000 120 1270  52 mL/min  
7 860 1000 140 1410  3 in3/min  
9 900 1000 100 1510     


11 900 1000 100 1610  
Infil. 
Rate 1.8 in/hr


13 890 1000 110 1720     
 


Southface Institute 


Core ATL-1         
Initial          
2.33 mins for 8 inches of water to drain through      


          
Vol 


water 849.1 in^3        
          


Rate 3.1 in/min        
 188 in/hr        
          
          
          


Core ATL-2         
Initial          


Time Reading of 
Volume 
Added Volume/min


Cum 
Added     


(min) (mL) (mL) (mL) (mL/min) (mL)     
2 780 1000 220 110 220     
5 600 1000 400 133 400  Average   
6 850 1000 150 150 150  68 mL/min  
8 770 1000 230 115 230  4 in3/min  


10 740 1000 260 130 260     


12 880 1000 120 60 120  
Infil. 
Rate 2.3 in/hr


14 850 1000 150 75 150     
16 820 1000 180 90 180     
18 910 1000 90 45 90     
20 860 1000 140 70 140     
22 830 1000 170 85 170     
24 900 1000 100 50 100     
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Core ATL-3         
Initial          
Infil 
Rate 0 in/hr        


 


Cleveland Park 


Core SC-1         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 0 5000 5000 5000     
4 0 4000 4000 9000  Average   
6 0 6000 6000 15000  2500 mL/min  
8 0 5000 5000 20000  153 in3/min  


10 0 5000 5000 25000     


      
Infil. 
Rate 86.2 in/hr


         
Core SC-2         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 820 1000 180 180     
4 1000 1000 0 180  Average   
6 1000 1000 0 180  0 mL/min  
      0 in3/min  
         


      
Infil. 
Rate 0 in/hr


         
Core SC-3         
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
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2 440 6000 5560 5560     
4 0 5000 5000 10560  Average   
6 300 5000 4700 15260  2456 mL/min  
8 300 5000 4700 19960  150 in3/min  


10 400 5000 4600 24560     


      
Infil. 
Rate 84.7 in/hr


 


Cleveland Park 


Core LF-1        
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 160 2000 1840 1840     
4 130 2000 1870 3710  Average   
6 310 2000 1690 5400  894 mL/min  
8 200 2000 1800 7200  55 in3/min  
10 260 2000 1740 8940     


      
Infil. 
Rate 30.8 in/hr


         
Core LF-2        
Initial         


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 320 1000 680 680     
4 380 1000 620 1300  Average   
6 370 1000 630 1930  318 mL/min  
8 390 1000 610 2540  19 in3/min  
         


      
Infil. 
Rate 11.0 in/hr


         
Core LF-3        
Initial         
drained 8" in 2:34 minutes       
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Vol 
water 849.1 in^3       


         
Rate 3.1 in/min       


 187 in/hr       
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APPENDIX C: REHABILITATED CORE TEST DATA 


Sun Ray Store-Away 


Core A-1         
Pressure Washed        
Time 12 sec       


Head 
change 4 in       


Vol water 424.6 in^3       
         


Rate 20.0 in/min       
 1200 in/hr       


         
Core A-2         
Vacuum Sweeped        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 160 5000 4840 4840  Average   
4 0 4000 4000 8840  1931.667 mL/min  
6 180 4000 3820 12660  118 in3/min  
8 230 4000 3770 16430     


      
Infil. 
Rate 66.6 in/hr


         
Core A-3         
Vacuum Sweeped & Pressure Washed      


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 510 7000 6490 6490  Average   
4 700 7000 6300 12790  2443 mL/min  
6 0 6000 6000 18790  149 in3/min  
8 230 5000 4770 23560     


10 0 5000 5000 28560  
Infil. 
Rate 84.3 in/hr


         
Core A-4         
Pressure Washed        
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Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 0 6000 6000 6000  Average   
4 450 6000 5550 11550  2787.5 mL/min  
6 400 6000 5600 17150  170 in3/min  
         


      
Infil. 
Rate 96.2 in/hr


         
Core A-5         
Vacuum Sweeped        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
1 0 1000 1000 1000  Average   
4 170 3000 2830 3830  872.5 mL/min  
6 260 2000 1740 5570  53 in3/min  
8 250 2000 1750 7320     


      
Infil. 
Rate 30.1 in/hr


         
Core A-6         
Vacuum Sweeped & Pressure Washed      
Time 77 sec       


Head 
change 4 in       


Vol water 424.6 in^3       
         


Rate 3.1 in/min       
 187 in/hr       


Strang Communication Building 


Core B-1         
Pressure Washed        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 730 1000 270 270     
4 790 1000 210 480  Average   
6 770 1000 230 710  118 mL/min  
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      7 in3/min  
         


      
Infil. 
Rate 4.1 in/hr


Core B-2         
Vacuum Sweeped        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 860 3000 2140 2140     
4 0 2000 2000 4140  Average   
6 230 2000 1770 5910  825 mL/min  
8 470 2000 1530 7440  50 in3/min  
         


      
Infil. 
Rate 28.5 in/hr


Core B-3         
         
Vacuum Sweep & Pressure Washed      
Time 80 sec       


Head 
change 4 in       


Vol water 424.6 in^3       
         


Rate 3.0 in/min       
 180 in/hr       


 


Murphy Vet Clinic 


Core C-1    
Pressure Washed   
Time 20 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 12.0 in/min  
 720 in/hr  
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Core C-2    
Vacuum Sweeped   
Time 88 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 2.7 in/min  
 164 in/hr  


    
Core C-3    
Vacuum Sweeped & Pressure Washed 
Time 22 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 10.9 in/min  
 655 in/hr  


 


FDEP Office 


Core D-1         
Pressure Washed        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)  Average   
2 690 1000 310 310  157 mL/min  
4 640 1000 360 670  10 in3/min  
6 730 1000 270 940     


      
Infil. 
Rate 5.4 in/hr


         
Core D-2         
Vacuum Sweep        
Infil. Rate 0 in/hr       
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Core D-3         
Vacuum Sweep & Pressure Washed      


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 650 1000 350 350     
4 700 1000 300 650  Average   
6 700 1000 300 950  150 mL/min  
      9 in3/min  
         


      
Infil. 
Rate 5.2 in/hr


         
Core D-4         
Pressure Wash        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 410 1000 590 590     
4 390 1000 610 1200  Average   
6 340 1000 660 1860  343 mL/min  
8 290 1000 710 2570  21 in3/min  
         


      
Infil. 
Rate 11.8 in/hr


         
Core D-5         
Vacuum Sweep        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 360 1000 640 640     
4 490 1000 510 1150  Average   
6 520 1000 480 1630  250 mL/min  
8 490 1000 510 2140  15 in3/min  
         


      
Infil. 
Rate 8.6 in/hr
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Core D-6         
Vacuum Sweeped & Pressure Washed      
Time 37 sec       


Head 
change 4 in       


Vol water 424.6 in^3       
         


Rate 6.5 in/min       
 389 in/hr       


 


 


 


FCPA Office 


Core E-1    
Pressure Washed   
Time 36 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 6.7 in/min  
 400 in/hr  


    
Core E-2    
Vacuum Sweeped   
Time 123 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 2.0 in/min  
 117 in/hr  


    
    
    
    
Core E-3    
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Vacuum Sweep & Pressure Wash 
Time 19 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 12.6 in/min  
 758 in/hr  


 


Southface Institute 


Core ATL-1         
Pressure Washed         
Time 22 sec        


Head 
change 4 in        


Vol water 424.6 in^3        
          


Rate 10.9 in/min        
 655 in/hr        


          
Core ATL-2         
Vacuum Sweep         


Time Reading of 
Volume 
Added Volume/min


Cum 
Added     


(min) (mL) (mL) (mL) (mL/min) (mL)     
2 0 5000 5000 2500 5000     
4 390 5000 4610 2305 4610  Average   
6 0 4000 4000 2000 4000  1785 mL/min  
8 300 4000 3700 1850 3700  109 in3/min  


10 560 4000 3440 1720 3440     


       
Infil. 
Rate 61.6 in/hr


          
Core ATL-3         
Vacuum Sweep & Pressure Wash       


Time Reading of 
Volume 
Added Volume/min


Cum 
Added     


(min) (mL) (mL) (mL) (mL/min) (mL)     
2 460 1000 540 270 540     
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4 600 1000 400 200 400  Average   
6 520 1000 480 240 480  245 mL/min  
8 500 1000 500 250 500  15 in3/min  
          


       
Infil. 
Rate 8.5 in/hr


 


Cleveland Park 


Core SC-1    
Pressure Washed   
Time 45 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 5.3 in/min  
 320 in/hr  


    
Core SC-2    
Vacuum Sweep   
Rate 0 in/hr  
    
Core SC-3    
Vacuum Sweep & Pressure Washed 
Time 10 sec  


Head 
change 4 in  


Vol water 424.6 in^3  
    


Rate 24.0 in/min  
 1440 in/hr  


 


Effingham County Landfill 


Core LF-1         
Pressure Washed        
Time 42 sec       


Head 4 in       
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change 
Vol water 424.6 in^3       


         
Rate 5.7 in/min       


 343 in/hr       
         
Core LF-2         
Vacuum Sweeped        


Time Reading of 
Volume 
Added 


Cum 
Added     


(min) (mL) (mL) (mL) (mL)     
2 730 4000 3270 3270     
4 130 3000 2870 6140  Average   
6 360 3000 2640 8780  1025 mL/min  
8 640 3000 2360 11140  63 in3/min  
10 940 3000 2060 13200     


12 960 3000 2040 15240  
Infil. 
Rate 35.4 in/hr


         
Core LF-3         
Vacuum Sweep & Pressure Wash      
Time 19 sec       


Head 
change 4 in       


Vol water 424.6 in^3       
         


Rate 12.6 in/min       
 758 in/hr       
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APPENDIX D: LABORATORY SOILS TEST DATA 
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Sun-Ray Store Away 


Moisture Content Analysis      
       
Core Number A-1 A-1 A-1 A-6 A-6 A-6 
Depth Sampled (ft) 0-2.1 2.1-2.5 5.0-6.0 0.5-1.7 3.5-4.3 4.3-4.7 
Can Number A-2 A-3 A-4 A-5 A-6 A-7 
Wt. of Can (g) 117.50 14.10 13.80 13.80 14.10 13.70 
Wt. of Wet Soil + Can (g) 509.80 378.80 371.70 488.90 382.20 140.80 
Wt. of Dry Soil + Can (g) 466.60 332.60 356.50 434.70 339.50 114.00 
Wt. of Dry Soil (g) 349.10 318.50 342.70 420.90 325.40 100.30 
Wt. of Water (g) 43.20 46.20 15.20 54.20 42.70 26.80 
Moisture Content (%) 12.37 14.51 4.44 12.88 13.12 26.72 
       
Sieve Analysis       
       
Core Number A-1      
Depth Sampled (ft) 0-2.1      
Can Number A-2      
Wt. of Dry Soil (g) 349.10      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%)    


4 4.750 0.4 99.89    
10 2.000 0.6 99.83    
20 0.850 1.2 99.66    
40 0.425 8.7 97.51    
60 0.250 70.1 79.92    
100 0.150 310.6 11.03    
120 0.125 330.3 5.39    
200 0.075 347.2 0.54    
Pan --- 348.2 ---    


       
Core Number A-1      
Depth Sampled (ft) 2.1-2.5      
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Can Number A-3      
Wt. of Dry Soil (g) 318.50      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%)    


4 4.750 0 100.00    
10 2.000 0 100.00    
20 0.850 0.4 99.87    
40 0.425 6.8 97.86    
60 0.250 70.5 77.86    
100 0.150 280.4 11.96    
120 0.125 298 6.44    
200 0.075 310.5 2.51    
Pan --- 316.8 ---    


       
Core Number A-1      
Depth Sampled (ft) 5.0-6.0      
Can Number A-4      
Wt. of Dry Soil (g) 342.70      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 6 98.25    
60 0.250 56.5 83.51    
100 0.150 298.7 12.84    
120 0.125 321.4 6.22    
200 0.075 341.3 0.41    
Pan --- 342.7 ---    


       
Core Number A-6      
Depth Sampled (ft) 0.5-1.7      
Can Number A-5      
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Wt. of Dry Soil (g) 420.90      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 5.1 98.79    
60 0.250 92.6 78.00    
100 0.150 379.4 9.86    
120 0.125 402.3 4.42    
200 0.075 418.9 0.48    
Pan --- 420 ---    


       
Core Number A-6      
Depth Sampled (ft) 3.5-4.3      
Can Number A-6      
Wt. of Dry Soil (g) 325.40      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 3.6 98.89    
60 0.250 65.5 79.87    
100 0.150 284.9 12.45    
120 0.125 304.4 6.45    
200 0.075 317 2.58    
Pan --- 323 ---    


       
Core Number A-6      
Depth Sampled (ft) 4.3-4.7      
Can Number A-7      
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Pre Wash Dry + Can (g) 112.60      
Post Wash Dry + Can (g) 99.50      
Wt. Passing # 200 (g) 13.10      
Wt. Dry Soil (g) 100.30      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 1 99.00    
60 0.250 12 88.04    
100 0.150 71.6 28.61    
120 0.125 79.5 20.74    
200 0.075 85.1 15.15    
Pan --- 85.2 ---    
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Constant Head Permeability Test      
       
Core No. A-1 A-6     
Sample Depth (ft) 0-2.1 5.7-6.5     
Can No. A-2 A-3     
Can Wt. (g) 117.50 14.10     
Can + Soil Wt. (g) 638.40 670.30     
Diameter (cm) 6.40 6.40     
Length (cm) 10.30 12.50     
Volume (cm3) 331.35 402.12     
Specific Gravity 2.65 2.65     
Mass of Apparatus (g) 1402.90 1402.90     
Soil + Apparatus Wt. (g) 1925.20 2021.30     
Dry Density (lb/ft3) 98.41 96.01     
Void Ratio, e 0.68 0.72     
Porosity, n 0.40 0.42     
       
Sample Info. A-1  (0.0-2.1') A-6  (5.7-6.5') 
Test No. 1 2 3 1 2 3 
Volume (ml) 195 175 145 140 120 95 
Time of Collection (s) 60 60 60 60 60 60 
Water Temp, C 72 72 72 72 72 72 
Head Difference (cm) 70.4 60.4 50.4 70.4 60.4 50.4 
Area (cm2) 32.17 32.17 32.17 32.17 32.17 32.17 
K (cm/s) 0.015 0.015 0.015 0.013 0.013 0.012 
Avg. K (cm/s) 0.015 0.013 
K (in/hr) 21.34 17.76 
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Strang Communication Building 


Moisture Content Analysis      
       
Core Number B-1 B-1 B-2 B-2 B-1 B-2 
Depth Sampled (ft) 3.0-4.0' 5.5-6.0' 0.0-2.5' 6.3-6.5' 4.7-55' 6.3-6.5' 
Can Number A-8 A-9 B-5 A-1 A-11 A-12 
Wt. of Can (g) 14.00 13.80 50.10 117.10 398.00 397.80 
Wt. of Wet Soil + Can (g) 341.20 344.40 409.10 430.40 1119.10 969.70 
Wt. of Dry Soil + Can (g) 331.40 327.90 368.40 386.50 1042.50 888.10 
Wt. of Dry Soil (g) 317.40 314.10 318.30 269.40 644.50 490.30 
Wt. of Water (g) 9.80 16.50 40.70 43.90 76.60 81.60 
Moisture Content (%) 3.09 5.25 12.79 16.30 11.89 16.64 
       
Sieve Analysis       
       
Core Number B-1      
Depth Sampled (ft) 3.0-4.0      
Can Number A-8      
Wt. of Dry Soil (g) 317.40      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%)    


4 4.750 0 100.00    
10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 9.6 96.98    
60 0.250 88.6 72.09    
100 0.150 281 11.47    
120 0.125 298.7 5.89    
200 0.075 315 0.76    
Pan --- 315.8 ---    


       
Core Number B-1      
Depth Sampled (ft) 5.5-6.0'      
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Can Number A-9      
Wt. of Dry Soil (g) 314.10      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%)    


4 4.750 0 100.00    
10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 13.8 95.61    
60 0.250 129.9 58.64    
100 0.150 277 11.81    
120 0.125 295.2 6.02    
200 0.075 311.5 0.83    
Pan --- 312.9 ---    


       
Core Number B-2      
Depth Sampled (ft) 0.0-2.5'      
Can Number B-5      
Wt. of Dry Soil (g) 318.30      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 3.9 98.77    
60 0.250 55.7 82.50    
100 0.150 279.3 12.25    
120 0.125 297.5 6.53    
200 0.075 315.6 0.85    
Pan --- 316.9 ---    


       
Core Number B-2      
Depth Sampled (ft) 6.3-6.5      
Can Number A-1      
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Pre Wash Dry + Can (g) 386.70      
Post Wash Dry + Can (g) 337.30      
Wt. Passing # 200 (g) 49.40      
Wt. Dry Soil (g) 269.40      
       


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass Retained 


(g) 


Percent 
Passing (%) 


   
4 4.750 0 100.00    


10 2.000 0 100.00    
20 0.850 0 100.00    
40 0.425 2.5 99.07    
60 0.250 23.6 91.24    
100 0.150 151.1 43.91    
120 0.125 177.2 34.22    
200 0.075 219.1 18.67    
Pan --- 219.4 ---    
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Plastic Limit       
       
Sample No. B-1 (4.7-5.5') B-2 (6.3-6.5') 
Test No. 1 2 3 1 2 3 
Can No. 3wpwd 3 4+G-1 #1 TNA 4+G-2 
Can Wt. (g) 11.1 11.8 11.0 10.9 11.5 11.9 
Can + Wet Soil Wt. (g) 13.2 14.0 15.1 15.5 13.8 14.5 
Can + Dry Soil Wt. (g) 12.9 13.6 14.3 14.6 13.4 14.0 
PL (%) 16.7 22.2 24.2 24.3 21.1 23.8 
PL Avg. (%) 23.2 21.1 
       
Liquid Limit       
       
Sample No. B-1 (4.7-5.5') B-2 (6.3-6.5') 
Test No. 1 2 3 1 2 3 
Can No. 7 2 TNA-1 TNA-2 HP6 1 
Can Wt. (g) 11.6 11.1 11.1 11.6 11.1 11.8 
Can + Wet Soil Wt. (g) 22.5 21.3 25.4 27.7 31.7 31.6 
Can + Dry Soil Wt. (g) 20.6 19.3 22.4 25.0 28.0 27.8 
Moisture Content (%) 21.1 24.4 26.5 20.1 21.9 23.8 
Number of Blows 44.0 27.0 14.0 40.0 27.0 17.0 
LL (%) 24.2 22.2 
PI = LL-PL (%) 1.0 1.1 
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Constant Head Permeability Test      
       
Core No. B-1 B-2     
Sample Depth (ft) 0.0-3.0 2.5-4.0     
Can No. A-6 A-4     
Can Wt. (g) 14.10 13.80     
Can + Soil Wt. (g) 730.80 614.20     
Diameter (cm) 6.40 6.40     
Length (cm) 12.20 12.00     
Volume (cm3) 392.47 386.04     
Specific Gravity 2.65 2.65     
Mass of Apparatus (g) 1402.90 1402.90     
Soil + Apparatus Wt. (g) 2035.70 2004.50     
Dry Density (lb/ft3) 100.66 97.29     
Void Ratio, e 0.64 0.70     
Porosity, n 0.39 0.41     
       
Sample Info. B-1  (0.0-3.0') B-2  (2.5-4.0') 
Test No. 1 2 3 1 2 3 
Volume (ml) 90 75 65 190 165 135 
Time of Collection (s) 60 60 60 60 60 60 
Water Temp, C 72 72 72 72 72 72 
Head Difference (cm) 70.4 60.4 50.4 70.4 60.4 50.4 
Area (cm2) 32.17 32.17 32.17 32.17 32.17 32.17 
K (cm/s) 0.008 0.008 0.008 0.017 0.017 0.017 
Avg. K (cm/s) 0.008 0.017 
K (in/hr) 11.27 23.99 


 


Murphy Vet Clinic 


Moisture Content Analysis         
          
Core Number C-1 C-1 C-1 C-1 C-3 C-3 C-3 C-1 C-3 
Depth Sampled (ft) 0-0.5' 1-1.5' 1.5-2.7' 4.7-5' 4-4.3' 3.1-3.5' 0-3.1' 2.7-4' 4.3-5' 
Can Number A-7 A-3 A-9 A-8 A-5 A-6 A-11 A-4 A-2 
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Wt. of Can (g) 13.8 14.1 13.7 13.9 13.8 14.2 397.8 13.9 117.5 
Wt. of Wet Soil + Can (g) 385.3 443.0 561.5 784.0 346.6 414.4 1187.9 859.1 914.9 
Wt. of Dry Soil + Can (g) 359.5 366.1 479.9 599.2 282.6 339.2 1055.1 720.1 762.2 
Wt. of Dry Soil (g) 345.70 352.00 466.20 585.30 268.80 325.00 657.30 706.20 644.70 
Wt. of Water (g) 25.80 76.90 81.60 184.80 64.00 75.20 132.80 139.00 152.70 
Moisture Content (%) 7.46 21.85 17.50 31.57 23.81 23.14 20.20 19.68 23.69 
          
Sieve Analysis          
          
Core Number C-1         
Depth Sampled (ft) 0-0.5'         
Can Number A-7         
Wt. of Dry Soil (g) 345.70         
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 7.4 97.86       
10 2.000 8.6 97.51       
20 0.850 10.9 96.85       
40 0.425 16.2 95.31       
60 0.250 69.9 79.78       
100 0.150 292.1 15.50       
120 0.125 316 8.59       
200 0.075 337.5 2.37       
Pan --- 344.6 ---       


          
Core Number C-1         
Depth Sampled (ft) 1-1.5'         
Can Number A-3         
Wt. of Dry Soil (g) 352.00         
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Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 0 100.00       
10 2.000 0 100.00       
20 0.850 0.7 99.80       
40 0.425 14.4 95.91       
60 0.250 111.1 68.44       
100 0.150 313.4 10.97       
120 0.125 330.8 6.02       
200 0.075 344.7 2.07       
Pan --- 350.4 ---       


          
Core Number C-1         
Depth Sampled (ft) 1.5-2.7'         
Can Number A-9         
Wt. of Dry Soil (g) 466.20         
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 0 100.00       
10 2.000 0.4 99.91       
20 0.850 2.8 99.40       
40 0.425 9.5 97.96       
60 0.250 105.2 77.43       
100 0.150 404.1 13.32       
120 0.125 434.6 6.78       
200 0.075 457.6 1.84       
Pan --- 467 ---       


          
Core Number C-1         
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Depth Sampled (ft) 4.7-5'         
Can Number A-8         
Wt. of Dry Soil (g) 585.30         
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 0 100.00       
10 2.000 0.6 99.90       
20 0.850 1.6 99.73       
40 0.425 5.4 99.08       
60 0.250 66.5 88.64       
100 0.150 479.5 18.08       
120 0.125 523.5 10.56       
200 0.075 553.4 5.45       
Pan --- 583.6 ---       


          
Core Number C-3         
Depth Sampled (ft) 4-4.3'         
Can Number A-5         
Wt. of Dry Soil (g) 268.80         
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 0 100.00       
10 2.000 0 100.00       
20 0.850 0 100.00       
40 0.425 1.4 99.48       
60 0.250 30.8 88.54       
100 0.150 214.7 20.13       
120 0.125 240.6 10.49       
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200 0.075 260.9 2.94       
Pan --- 267.9 ---       


          
Core Number C-3         
Depth Sampled (ft) 3.1-3.5'         
Can Number A-6         
Wt. of Dry Soil (g) 325.00         
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
      


4 4.750 0.4 99.88       
10 2.000 1.1 99.66       
20 0.850 1.9 99.42       
40 0.425 4.4 98.65       
60 0.250 46.1 85.82       
100 0.150 266.2 18.09       
120 0.125 292.4 10.03       
200 0.075 313 3.69       
Pan --- 325.8 ---       
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Constant Head Permeability Test        
          
Core No. C-3 C-1 C-3       
Sample Depth (ft) 0.0-3.1 2.7-4 4.5-5       
Can No.          
Can Wt. (g) 14.10 13.80        
Can + Soil Wt. (g) 730.80 614.20        
Diameter (cm) 6.40 6.40 6.4       
Length (cm) 13.10 12.60 13       
Volume (cm3) 421.43 405.34 418.21       
Specific Gravity 2.65 2.65 2.65       
Mass of Apparatus (g) 1397.70 1400.20 1404.2       
Soil + Apparatus Wt. (g) 2032.30 2013.90 2027.1       
Dry Density (lb/ft3) 94.01 94.52 92.99       
Void Ratio, e 0.76 0.75 0.78       
Porosity, n 0.43 0.43 0.44       
          
Sample Info. B-1  (0.0-3.0') B-2  (2.5-4.0') B-2  (2.5-4.0') 
Test No. 1 2 3 1 2 3 4 5 6 
Volume (ml) 70 55 45 60 45 70 60 50 45 
Time of Collection (s) 60 60 60 60 60 120 120 120 120 
Water Temp, C 72 72 72 72 72 72 72 72 72 
Head Difference (cm) 77.8 67.6 57.8 80.8 69.9 60.2 82.7 72.1 61.7 
Area (cm2) 32.17 32.17 32.17 32.17 32.17 32.17 32.17 32.17 32.17 
K (cm/s) 0.006 0.006 0.005 0.005 0.004 0.004 0.002 0.002 0.002 
Avg. K (cm/s) 0.006 0.004 0.002 
K (in/hr) 7.91 6.25 3.41 


 


FDEP Office 


Moisture Content Analysis         
         
Core Number D-6 D-6 D-4 D-4 D-4 D-2   
Depth Sampled (ft) 0-0.5 1 1-1.8 2.1-3.5 3.5 0-1   
Can Number A-4 A-9 A-3 A-6 A-7 A-5   
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Wt. of Can (g) 9.7 13.7 7.9 14.1 13.7 13.8   
Wt. of Wet Soil + Can (g) 886.70 1203.60 394.00 887.10 997.10 792.60   
Wt. of Dry Soil + Can (g) 772.40 1032.70 360.60 762.90 829.50 699.20   
Wt. of Dry Soil (g) 762.70 1019.00 352.70 748.80 815.80 685.40   
Wt. of Water (g) 114.30 170.90 33.40 124.20 167.60 93.40   
Moisture Content (%) 14.99 16.77 9.47 16.59 20.54 13.63   
         
 Perm Att SA Att Perm SA   
Sieve Analysis         
         
Core Number D-4        
Depth Sampled (ft) 1-1.8        
Can Number A-3        
Wt. of Dry Soil (g) 352.70        
         


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
     


4 4.750 1.2 99.66      
10 2.000 1.3 99.63      
20 0.850 4.5 98.72      
40 0.425 27.4 92.23      
60 0.250 86.3 75.53      
100 0.150 187.1 46.95      
120 0.125 209.5 40.60      
200 0.075 259.8 26.34      
Pan --- 261.8 ---      


         
Sieve Analysis         
         
Core Number D-2        
Depth Sampled (ft) 0-1        
Can Number A-3        
Wt. of Dry Soil (g) 685.40        
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Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
     


4 4.750 0 100.00      
10 2.000 2.6 99.62      
20 0.850 60.7 91.14      
40 0.425 243.8 64.43      
60 0.250 466 32.01      
100 0.150 616.4 10.07      
120 0.125 638.1 6.90      
200 0.075 675.1 1.50      
Pan --- 685.2 ---      


         
 
          
         
         
         
         
         
         
         
         
         
         
         
         
         
Constant Head Permeability Test        
         
Core No. D-6      D-4  
Sample Depth (ft) 0-0.5      3.5  
Can No. A-4      A-7  
Can Wt. (g) 9.7      13.7  
Can + Soil Wt. (g) 886.70      997.10  
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Diameter (cm) 6.40      6.40  
Length (cm) 13.00      13.50  
Volume (cm3) 418.21      434.29  
Specific Gravity 2.65      2.65  
Mass of Apparatus (g) 1451.70      1400.20  
Soil + Apparatus Wt. (g) 2152.70      2013.90  
Dry Density (lb/ft3) 104.64      88.22  
Void Ratio, e 0.58      0.87  
Porosity, n 0.37      0.47  
         


Sample Info. D-6 (0-0.5)    
D-4  


(3.5')  
Test No. 1 2 3 Test No.   1 2 


Volume (ml) 150 120 100 
Beginning Head 
(cm)  71.2 71.2 


Time of Collection (s) 120 120 120 Ending Head (cm)  64.3 61.7 
Water Temp, C 72 72 72 Test Duration (s)  213 291 
Head Difference (cm) 63.7 53.6 43.6 Volume Of Water (cm3) 2.18 3 
Area (cm2) 32.17 32.17 32.17 K (cm/s)   0.0001 0.0001 
K (cm/s) 0.008 0.008 0.008 Avg K (cm/s)  0.00006  
Avg. K (cm/s) 0.008 Avg K (in/hr)  0.090  
K (in/hr) 10.85      
         
         
         
Plastic Limit         
         
Sample No. D-6 (1') D-4 (1-1.8')   
Test No. 1 2 3 1 2 3   
Can No. JAY3 TNA1 1-6 HP6 TMNT MSJ1   
Can Wt. (g) 11.7 11.7 10.9 11.1 11.7 11.8   
Can + Wet Soil Wt. (g) 13.7 13.4 12.3 13.2 13.3 14.5   
Can + Dry Soil Wt. (g) 13.4 13.2 12.2 13.0 13.1 14.2   
PL (%) 17.6 13.3 7.7 10.5 14.3 12.5   
PL Avg. (%) 12.9 12.4   
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Liquid Limit         
         
Sample No. D-6 (1') D-4 (1-1.8')   
Test No. 1 2 3 1 2 3   
Can No. 3K 7 2WPWD 13 14 MOM   
Can Wt. (g) 11.5 11.6 11.8 11.0 11.8 11.5   
Can + Wet Soil Wt. (g) 27.4 22.9 24.5 18.4 21.6 19.1   
Can + Dry Soil Wt. (g) 24.3 20.5 21.6 16.9 19.2 17.4   
Moisture Content (%) 24.2 27.0 29.6 25.4 32.4 28.8   
Number of Blows 31.0 22.0 12.0 42.0 15.0 31.0   
LL (%) 25.8 29.6   
PI = LL-PL (%) 12.9 17.2   
         
 
     
    
    
    
    
    
    
    
    
    
    
    
    
    
    


 


 


FCPA Office 


Moisture Content Analysis         
          
Core Number E-1 E-1 E-1 E-1 E-2 E-2 E-2   
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Depth Sampled (ft) 0-0.8 2-4.5 4.5-5.5 5.5-6.5 0-1 2.5-4.2 5.5-6   
Can Number A-3 A-8 A-9 A-5 A-7 A-4 A-6   
Wt. of Can (g) 14.1 14.6 13.7 13.9 13.7 13.9 14.0   
Wt. of Wet Soil + Can (g) 846.70 809.80 736.20 1231.50 665.50 945.60 965.80   
Wt. of Dry Soil + Can (g) 716.30 758.70 642.70 1020.00 593.70 883.10 799.70   
Wt. of Dry Soil (g) 702.20 744.10 629.00 1006.10 580.00 869.20 785.70   
Wt. of Water (g) 130.40 51.10 93.50 211.50 71.80 62.50 166.10   
Moisture Content (%) 18.57 6.87 14.86 21.02 12.38 7.19 21.14   
          
 Perm SA SA  Perm SA Perm SA   
          
Sieve Analysis          
          
Core Number E-1   E-1      
Depth Sampled (ft) 2-4.5   4.5-5.5      
Can Number A-8   A-9      
Wt. of Dry Soil (g) 744.10   629.00      
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 0 100.00 4.750 0 100.00    
10 2.000 0 100.00 2.000 0 100.00    
20 0.850 0 100.00 0.850 0 100.00    
40 0.425 5.3 99.29 0.425 4.6 99.27    
60 0.250 39.9 94.64 0.250 40 93.64    
100 0.150 349.7 53.00 0.150 373.3 40.65    
120 0.125 472.7 36.47 0.125 461.7 26.60    
200 0.075 709.2 4.69 0.075 603.8 4.01    
Pan --- 742.6 --- --- 627.9 ---    


Core Number E-2   E-2      
Depth Sampled (ft) 0-1   5.5-6      
Can Number A-7   A-6      
Wt. of Dry Soil (g) 580.00   785.70      
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Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 31 94.66 4.750 0 100.00    
10 2.000 34.7 94.02 2.000 0 100.00    
20 0.850 40.2 93.07 0.850 0 100.00    
40 0.425 54.5 90.60 0.425 5.4 99.31    
60 0.250 94.6 83.69 0.250 43 94.53    
100 0.150 321.7 44.53 0.150 539.2 31.37    
120 0.125 417.6 28.00 0.125 612.2 22.08    
200 0.075 555.8 4.17 0.075 737.4 6.15    
Pan --- 579.7 --- --- 783.1 ---    


 
           
          
          
          
          
          
          
          
          
          
          
          
          
          
Constant Head Permeability Test        
          
Core No. E-1   E-1   E-2   
Sample Depth (ft) 0-0.8   5.5-6.5   2.4-4.2   
Can No. A-3   A-5   A-4   
Can Wt. (g) 14.1   13.9   13.9   
Can + Soil Wt. (g) 716.30   1231.50   883.10   
Diameter (cm) 6.40   6.40   6.40   







- 153 - 


Length (cm) 13.20   13.30   12.30   
Volume (cm3) 424.64   427.86   395.69   
Specific Gravity 2.65   2.65   2.65   
Mass of Apparatus (g) 1451.90   1452.90   1450.40   
Soil + Apparatus Wt. (g) 2107.50   2124.30   2077.60   
Dry Density (lb/ft3) 96.38   97.97   98.96   
Void Ratio, e 0.72   0.69   0.67   
Porosity, n 0.42   0.41   0.40   
          
Sample Info. E-1 (0-0.8) E-1 (5.5-6.5) E-2 (2.4-4.2) 
Test No. 1 2 3 1 2 3 1 2 3 
Volume (ml) 63 52 45 20   110 100 100 
Time of Collection (s) 300 300 300 300   128 148 182 
Water Temp, C 72 72 72 72   72 72 72 
Head Difference (cm) 63.8 53.9 44.9 65.4   65.4 53.7 44.8 
Area (cm2) 32.17 32.17 32.17 32.17   32.17 32.17 32.17 
K (cm/s) 0.001 0.001 0.001 0.0004   0.005 0.005 0.005 
Avg. K (cm/s) 0.001 0.0004 0.005 
K (in/hr) 1.89 0.59 7.29 


 


Southface Institute 


Moisture Content Analysis          
          
Core Number AT-1 AT-1 AT-3 AT-3      
Depth Sampled (ft) 0-0.5 0.5-1.5 0-0.6 0.6-1.5      
Can Number A-4 A-9 A-3 A-6      
Wt. of Can (g) 9.7 13.7 7.9 14.1      
Wt. of Wet Soil + Can (g) 886.70 690.00 680.00 856.00      
Wt. of Dry Soil + Can (g) 745.00 541.00 601.50 638.00      
Wt. of Dry Soil (g) 735.30 527.30 593.60 623.90      
Wt. of Water (g) 141.70 149.00 78.50 218.00      
Moisture Content (%) 19.27 28.26 13.22 34.94      
          
 Perm Att SA Att      
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Sieve Analysis          
          
Core Number AT-1   AT-1      
Depth Sampled (ft) 0-0.5   0.5-1.5      
Can Number A-4   A-9      
Wt. of Dry Soil (g) 735.30   527.30      
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 570 22.48 4.750 1.2 99.77    
10 2.000 592 19.49 2.000 1.3 99.75    
20 0.850 610 17.04 0.850 4.5 99.15    
40 0.425 623.2 15.25 0.425 27.4 94.80    
60 0.250 648.2 11.85 0.250 200 62.07    
100 0.150 670.6 8.80 0.150 351 33.43    
120 0.125 680 7.52 0.125 368 30.21    
200 0.075 710 3.44 0.075 395 25.09    
Pan --- 735.2 --- --- 527 ---    


          
Sieve Analysis          
          
Core Number AT-3   AT-3      
Depth Sampled (ft) 0-0.6   0.6-1.5      
Can Number A-3   A-6      
Wt. of Dry Soil (g) 593.60   623.90      
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 421.3 29.03 4.750 0 100.00    
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10 2.000 485.5 18.21 2.000 2.6 99.58    
20 0.850 505.6 14.82 0.850 60.7 90.27    
40 0.425 540.1 9.01 0.425 243.8 60.92    
60 0.250 545.2 8.15 0.250 321 48.55    
100 0.150 550.2 7.31 0.150 371 40.54    
120 0.125 561.1 5.48 0.125 380 39.09    
200 0.075 568 4.31 0.075 403 35.41    
Pan --- 593.4 --- --- 623.1 ---    


          
 
           
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
          
Constant Head Permeability Test         
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Core No. AT-1      AT-3   
Sample Depth (ft) 0.5-1.5      0-0.6   
Can No. A-4      A-7   
Can Wt. (g) 9.7      13.7   
Can + Soil Wt. (g) 761.50      897.10   
Diameter (cm) 6.40      6.40   
Length (cm) 13.00      13.50  32.16991
Volume (cm3) 418.21      434.29   
Specific Gravity 2.65      2.65   
Mass of Apparatus (g) 1475.00      1178.20   
Soil + Apparatus Wt. (g) 2152.70      2013.90   
Dry Density (lb/ft3) 101.17      120.13   
Void Ratio, e 0.63      0.48   
Porosity, n 0.39      0.32   
          


Sample Info. AT-1 (0.5-1.5)    
AT-3 (0-


0.6)   
Test No. 1 2 3 Test No.   1 2 3 
Volume (ml) 150 120 100 Beginning Head (cm)  71.2 71.2 71.2 
Time of Collection (s) 120 120 120 Ending Head (cm)  64.3 61.7 58.8 
Water Temp, C 72 72 72 Test Duration (s)  213 291 410 
Head Difference (cm) 63.7 53.6 43.6 Volume Of Water (cm3) 2.18 3 3.93 
Area (cm2) 32.17 32.17 32.17 K (cm/s)   0.3300 0.3200 0.3120 
K (cm/s) 0.000 0.000 0.000 Avg K (cm/s)  0.32067   
Avg. K (cm/s) 0.000 Avg K (in/hr)  450.216   
K (in/hr) 0.14       
          
          
Plastic Limit          
          
Sample No. AT-3 (0.6-1.5')     
Test No. 1 2 3       
Can No. JAY3 TNA1 1-6       
Can Wt. (g) 11.7 11.7 10.9       
Can + Wet Soil Wt. (g) 13.7 13.4 12.3       
Can + Dry Soil Wt. (g) 13.4 13.2 12.2       
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PL (%) 37.0 36.0 35.0       
PL Avg. (%) 36.0     
          
Liquid Limit          
          
Sample No. AT-3 (0.6-1.5')     
Test No. 1 2 3       
Can No. 3K 7 2WPWD       
Can Wt. (g) 11.5 11.6 11.8       
Can + Wet Soil Wt. (g) 27.4 22.9 24.5       
Can + Dry Soil Wt. (g) 24.3 20.5 21.6       
Moisture Content (%) 83.0 86.0 89.0       
Number of Blows 31.0 22.0 12.0       
LL (%) 86     
PI = LL-PL (%) 50.0     


 


Cleveland Park 


Moisture Content Analysis          
          
Core Number SC-2 SC-2        
Depth Sampled (ft) 0-1 1-2.5        
Can Number D-6 A-5        
Wt. of Can (g) 10.5 12.8        
Wt. of Wet Soil + Can (g) 875.40 721.20        
Wt. of Dry Soil + Can (g) 810.20 645.80        
Wt. of Dry Soil (g) 799.70 633.00        
Wt. of Water (g) 65.20 75.40        
Moisture Content (%) 8.15 11.91        
          
 Perm Perm        
          
          
          
Sieve Analysis          
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Core Number SC-2   SC-2      
Depth Sampled (ft) 0-1   1-2.5      
Can Number D-6   A-5      
Wt. of Dry Soil (g) 799.70   633.00      
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 658.2 17.69 4.750 1.2 99.81    
10 2.000 706.2 11.69 2.000 1.3 99.79    
20 0.850 712.2 10.94 0.850 4.5 99.29    
40 0.425 725.2 9.32 0.425 27.4 95.67    
60 0.250 735.2 8.07 0.250 310 51.03    
100 0.150 754.2 5.69 0.150 490 22.59    
120 0.125 760 4.96 0.125 520.2 17.82    
200 0.075 778 2.71 0.075 575.6 9.07    
Pan --- 799.5 --- --- 527 ---    
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Constant Head Permeability Test         
          
Core No. SC-2      SC-2   
Sample Depth (ft) 0-1      1-2.5   
Can No. D-6      A-5   
Can Wt. (g) 10.5      12.8   
Can + Soil Wt. (g) 861.20      797.20   
Diameter (cm) 6.40      6.40   
Length (cm) 13.00      13.50  32.16991
Volume (cm3) 418.21      434.29   
Specific Gravity 2.65      2.65   
Mass of Apparatus (g) 1475.00      1178.20   
Soil + Apparatus Wt. (g) 2152.70      2013.90   
Dry Density (lb/ft3) 101.17      120.13   
Void Ratio, e 0.63      0.48   
Porosity, n 0.39      0.32   
          


Sample Info. SC-2 (0-1)    
SC-2 (1-


2.5)   
Test No. 1 2 3 Test No.   1 2 3 
Volume (ml) 150 120 100 Beginning Head (cm)  71.2 71.2 71.2 
Time of Collection (s) 120 120 120 Ending Head (cm)  64.3 61.7 58.8 
Water Temp, C 72 72 72 Test Duration (s)  213 291 410 
Head Difference (cm) 63.7 53.6 43.6 Volume Of Water (cm3) 2.18 3 3.93 
Area (cm2) 32.17 32.17 32.17 K (cm/s)   0.0016 0.0015 0.0019 
K (cm/s) 0.104 0.102 0.101 Avg K (cm/s)  0.00167   
Avg. K (cm/s) 0.102 Avg K (in/hr)  2.340   
K (in/hr) 143.68       


 


Effingham County Landfill 


 


Moisture Content Analysis          
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Core Number LF-1 LF-1        
Depth Sampled (ft) 0-0.5 0.5-4        
Can Number H-8 H-9        
Wt. of Can (g) 11.7 9.9        
Wt. of Wet Soil + Can (g) 921.10 874.50        
Wt. of Dry Soil + Can (g) 870.20 815.10        
Wt. of Dry Soil (g) 858.50 805.20        
Wt. of Water (g) 50.90 59.40        
Moisture Content (%) 5.93 7.38        
          
 Perm Perm        
          
          
          
Sieve Analysis          
          
Core Number LF-1   LF-1      
Depth Sampled (ft) 0-0.5   0.5-4      
Can Number H-8   H-9      
Wt. of Dry Soil (g) 858.50   805.20      
          


Sieve Number 
Sieve 


Opening 
(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 


Sieve 
Opening 


(mm) 


Cumulative 
Mass 


Retained 
(g) 


Percent 
Passing 


(%) 
   


4 4.750 741.2 13.66 4.750 1.2 99.85    
10 2.000 784 8.68 2.000 1.3 99.84    
20 0.850 796.2 7.26 0.850 4.5 99.44    
40 0.425 810.5 5.59 0.425 210.2 73.89    
60 0.250 816 4.95 0.250 520 35.42    
100 0.150 840.2 2.13 0.150 740.6 8.02    
120 0.125 842 1.92 0.125 770 4.37    
200 0.075 851 0.87 0.075 780.2 3.10    
Pan --- 858.4 --- --- 805.2 ---    
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Constant Head Permeability Test         
          
Core No. LF-1      LF-1   
Sample Depth (ft) 0-0.5      0.5-4   
Can No. H-8      H-9   
Can Wt. (g) 11.7      9.9   
Can + Soil Wt. (g) 861.20      797.20   
Diameter (cm) 6.40      6.40   
Length (cm) 13.00      13.50  32.16991
Volume (cm3) 418.21      434.29   
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Specific Gravity 2.65      2.65   
Mass of Apparatus (g) 1475.00      1178.20   
Soil + Apparatus Wt. (g) 2152.70      2013.90   
Dry Density (lb/ft3) 118.30      112.30   
Void Ratio, e 0.47      0.62   
Porosity, n 0.32      0.38   
          


Sample Info. LF-1 (0-0.5')    
LF-1 (0.5-


4;)   
Test No. 1 2 3 Test No.   1 2 3 
Volume (ml) 150 120 100 Beginning Head (cm)  71.2 71.2 71.2 
Time of Collection (s) 120 120 120 Ending Head (cm)  64.3 61.7 58.8 
Water Temp, C 72 72 72 Test Duration (s)  213 291 410 
Head Difference (cm) 63.7 53.6 43.6 Volume Of Water (cm3) 2.18 3 3.93 
Area (cm2) 32.17 32.17 32.17 K (cm/s)   0.0040 0.0040 0.0040 
K (cm/s) 0.149 0.110 0.100 Avg K (cm/s)  0.00400   
Avg. K (cm/s) 0.120 Avg K (in/hr)  5.616   
K (in/hr) 168.01       
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Disclaimer 
 


This report has been prepared solely for information purposes.  It is intended solely for the use of 
professional personnel, competent to evaluate the significance and limitations of its content, and 
who will accept full responsibility for the application of the material it contains.  The National 
Ready Mixed Concrete Association and any other organizations cooperating in the preparation of 
this report strive for accuracy but disclaim any and all responsibility for application of the stated 
principles or for the accuracy of the content or sources and shall not be liable for any loss or 
damage arising from reliance on or use of any content or principles contained in this 
presentation.  Unless otherwise indicated, all materials in this presentation are copyrighted to the 
National Ready Mixed Concrete Association.  All rights reserved.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2008 National Ready Mixed Concrete Association. 
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INTRODUCTION 
 
This guide is an extension of the project “New Technology-Based Approach to Advance Higher 
Volume Fly Ash Concrete with Acceptable Performance” that was completed in August 2008.  
The project was sponsored by the Department of Energy through the Combustion Byproducts 
Consortium and the RMC Research & Education Foundation. The project addressed one of the 
major barriers to the large scale use of high-volume fly-ash (HVFA) concrete, namely the lower 
rate of early-age strength development compared with ordinary portland-cement concrete.  The 
final report of that project has been published (Obla et al. 2008) and its primary conclusions are:  
 


• For HVFA concrete, the large volume of structural elements will result in higher in-place 
temperatures and in increased early-age in-place strengths (measured by match-cured 
cylinders and pullout tests) compared with strength gain by cylinders under standard 
laboratory conditions.  As a result, construction schedules may not have to be extended. 


• Field-cured cylinders underestimated in-place strength development, and standard-cured 
cylinders must not be used for estimating in-place early-age strengths.  Field cured and 
standard cured conditions are discussed in ASTM C31/C31M. 


• The maturity method and the pullout test are applicable to estimate the early-age concrete 
strength in structures made with HVFA concretes. The use of these methods will allow 
for increased fly ash content without adverse effects on the safety of early-age 
construction operations. 


  
This guide is for the construction team (contractor, concrete producer, and engineer) and 
provides recommendations on the application of the maturity method to support the use of 
optimized HVFA concrete mixtures by providing a simple method to estimate in-place strength 
development.  The optimized HVFA mixture proportions will allow one to evaluate the lowest 
total cementitious materials contents and highest water-cementitious materials ratio (w/cm) that 
can be permitted for durability concerns that can still attain the early-age strengths required for 
that application.  
 
This document does not seek to address all the durability concerns related to use of HVFA 
concrete.  The user needs to ensure that all the performance requirements of the project are met.   
 
APPROACH 
 
At the outset, it should be noted that the successful use of HVFA concrete on a project requires a 
team effort.  As such, this guide is written for the whole team and each team member must play 
their role and latitude should be provided to permit the contractor and producer to develop an 
optimized HVFA concrete that meets the project requirements.  The recommendations in this 
guide should not be used to develop prescriptive specifications because concrete suppliers and 
contractors who know their materials well can optimize the mixtures to satisfy the engineer's 
performance criteria.  Design professionals that support sustainable development principles can 
use the concepts in this guide to minimize the "CO2 footprint" of the concrete portion of a 
construction project (Concrete CO2 Fact Sheet 2008).  Because at this stage, such CO2 
calculators are not readily available, the design professional may be interested in using 50% fly-
ash concrete for the project.  The important caveat to this guide is that it should not encourage 
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the specification of 50% fly ash for all concrete in the project.  It should be kept in mind that for 
certain applications and exposure conditions HVFA concrete may not satisfy the performance 
criteria (Obla et al. 2005).   
 
Concrete slabs that require a trowel finish is one type of application that may not support the use 
of HVFA concrete. Trowel finishing of concrete slabs requires a relatively short setting time 
because prolonged setting times can delay finishing and increase the propensity for plastic 
shrinkage cracking.  Trowel finishing concrete slabs with a low w/cm of about 0.40 may be 
challenging due to the sticky nature of the concrete.  Also, the reduced rate of bleeding will 
cause the surface to dry out early and encourage finishers to conduct the finishing operations too 
early and make the slabs more susceptible to delaminations.  Therefore, for construction of 
trowel-finished slabs, it may be advisable to limit fly ash levels to about 30% to 40% (setting 
times can be shortened through the use of accelerating admixtures but this may increase concrete 
costs substantially particularly if non-chloride accelerating admixtures are used).   
 
On the other hand, formed vertical structural members such as columns and walls are less 
impacted by factors such as finishability, plastic shrinkage cracking, and setting time.  Those 
applications may have early-age strength requirements that may be addressed by the use of 
mixtures with low w/cm, and the maturity method discussed in this guide may be used to 
estimate in-place strength development.  For such applications, 50% fly ash could be used 
readily.  Slab type structures that are broom finished can be finished without the finishers getting 
on them and therefore may not be limited by increased initial setting time or trowel finishability.  
Low w/cm broom-finished slabs containing 50% fly ash have very little bleed water and may 
have to be handled and finished similarly to the one-pass finishing commonly recommended for 
high-performance concrete containing silica fume (Silica Fume Users Manual 2005).  It should 
be kept in mind that the ACI 318 Code restricts fly ash levels to 25% for slabs that are exposed 
to deicing salts. 
 
While HVFA concrete may require a low w/cm to satisfy early-age strength requirements, it is 
important that these mixtures not contain significantly higher cementitious materials contents 
than concrete with normal quantities of fly ash.  Let us take the following example: 


Concrete A is 50% fly-ash concrete and contains 400 lb/yd3 of cement and 400 lb/yd3 of fly 
ash; 
Concrete B is 25% fly-ash concrete and contains 375 lb/yd3 of cement and 125 lb/yd3 of fly 
ash.  


Concrete A, because of its high cementitious materials content, is unlikely to have a much lower 
"CO2 footprint" than Concrete B, even though its fly ash content is 50% by mass of cementitious 
materials.  
 
Maturity Method 
For readers who are not familiar with the maturity method, a brief summary is provided and 
more details can be found elsewhere (Malhotra and Carino 2004).  The strength development of 
concrete is a function of concrete temperature and age.  The maturity method is a technique to 
account for the combined effects of time and temperature to estimate in-place strength at early-
ages.  The method requires measurement of concrete temperature and age and the use of an 
equation (maturity function) to compute an index that accounts for time and temperature.  These 
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equations are given in ASTM Practice C1074.  To use the method, it is necessary to develop the 
strength-maturity relationship for the specific concrete mixture.  Temperature sensors are placed 
in the newly placed concrete at critical locations in the structure.  The sensors are connected to 
instruments that read the temperature and calculate the cumulative maturity index.  When an 
estimate of in-place strength is desired, the value of the in-place maturity index is read from a 
maturity meter and the corresponding strength is read from the strength-maturity relationship.    
 
Thermal analysis 
When there are specific early-age strength requirements that have to be attained at specific ages, 
the engineer can carry out simulations of a given concrete placement to estimate the in-place 
temperature history.  Such programs account for the heat of hydration, the geometry of the 
structure, presence of insulation, and ambient conditions.  The calculated temperature history can 
be used to compute strength development as a function of age by using the strength-maturity 
relationship of the specific concrete mixture.  This allows the engineer to evaluate whether the 
proposed concrete mixture is likely to provide the required early-age strength requirement.  This 
guide refers to ConcreteWorks, a publically available computer program developed by the 
Concrete Durability Center at The University of Texas at Austin, as an example of a thermal 
analysis and in-place strength estimation program. 


 
Step-by-Step Approach 
The following approach is suggested for those interested in the application of the maturity 
method to facilitate the use of optimized higher volume fly ash (HVFA) concrete mixtures while 
accounting for their effect on the early-age strength gain and the resulting impact on construction 
operations.  The approach consists of three phases: 


• Phase I—Develop the HVFA concrete mixture proportions and determine the strength-
maturity relationship of that concrete. 


• Phase II—Carry out computer simulations of the construction process to determine 
whether the proposed HVFA mixture will meet the early-age strength requirements under 
anticipated field temperature conditions. 


• Phase III—Use the maturity method to estimate in-place concrete strength development 
during construction. 


 
The following provides the step-by-step procedure: 
 


1. Identify the early-age strength requirements for the specific structural application 
(such as for removal of forms, application of prestressing, early opening of 
pavements, etc.), and identify the age at which this strength needs to be attained; for 
example, a requirement of 2800 psi in 72 hours. 


 
HVFA concrete has a slower rate of early-age strength development compared with conventional 
concrete and it is important that the design professional establish an appropriate early-age 
strength requirement for the particular application.  In most situations, rather than requiring that 
the concrete should attain the usual default value of 70% of specified 28-day strength before the 
application of construction loads, it is prudent to determine the specific early-age strength level 
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that is required based on the structural design and the anticipated loads applied at these early 
ages. 
 


2. Choose appropriate concrete ingredient materials and establish HVFA concrete 
mixture proportions that will achieve the required early-age strength and other 
performance requirements. 


 
Material Selection 


Because early-age strength is critical for some applications, it is prudent to select appropriate 
materials that can attain the required early-age strengths.  It may not be possible to use some of 
the suggested materials due to material availability and conflicts with other performance criteria.  
Choose a cement source with a higher rate of strength gain.  Cements with higher alkali content 
have been shown to accelerate pozzolanic reactivity; however, such cements may increase the 
tendency for alkali-silica reactions with susceptible aggregates.  Therefore ASTM C1567 must 
be conducted if the aggregates are susceptible to alkali-silica reaction.  Fly-ash properties such as 
higher fineness and higher strength activity index can be used to select fly-ash sources.  A high 
range water-reducing (HRWR) admixture that does not increase the setting time of concrete at 
high dosages should be used. A HRWR admixture is often necessary to attain the low w/cm and 
maintain the required workability.  Some admixture suppliers are manufacturing HRWR 
admixtures tailored specifically for HVFA concrete mixtures that reduce the water demand 
significantly, increase the early-age strength, and reduce the setting time of concrete. 
 
w/cm Selection 


HVFA concrete mixtures, particularly those designed to attain high early-age strength, should 
have lower w/cm than conventional concretes.  While a w/cm as low as 0.27 has been used in 
some applications (Sivasundaram et al. 1989) in most situations a w/cm of about 0.40 may be 
adequate.  When proportioning a HVFA mixture to attain high early-age strength, a w/cm of 0.40 
is an excellent starting point. 
 
Mixing Water Content  


The low w/cm is typically attained by decreasing the mixing water content as much as possible.  
The lowest value of mixing water content should be in the range of 200 to 240 lb/yd3 but this 
depends on the characteristics of local materials (primarily aggregate size, shape, and texture).  
Higher water contents may be necessary for slab-type applications that require a trowel finish 
because finishability is an important criterion for such applications.  Low water content may 
detract from attaining good finishability even when HRWR admixtures are used.     
 
Cementitious Materials Content 


The total cementitious materials content can be determined by dividing the selected mixing water 
content by the required w/cm.  HVFA concrete mixtures typically have a total cementitious 
materials content that is higher than mixtures containing lower fly ash contents or no fly ash.  
Typically, the total cementitious materials contents of normal-strength (f’c < 6,000 psi) HVFA 
concrete mixtures are less than 600 lb/yd3 and almost always less than 700 lb/yd3.   
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Adjustment to Cementitious Materials Content 


The suitability of the chosen cementitious materials content can be assessed by ensuring that the 
w/(c+kf) value of the HVFA mixtures is equal to or slightly below the w/(c+kf) value of a control 
mixture that has been found to meet the performance criteria; where k = efficiency factor and w, 
c, and f are the masses of water, cement, and fly ash, respectively.  The efficiency factor of fly 
ash can be assumed to vary from 0.25 to 0.45, which means that 1 lb of fly ash is equivalent to 
0.25 to 0.40 lb of cement in terms of early-age strength development.  In this project, the 
efficiency factor was calculated as 0.38 based on similar early-age, standard cured cylinder 
strengths for the control mixture without fly ash and the mixtures with 35% of the high-lime fly 
ash (FA-C) and with 50% of the low-lime fly ash (FA-A) (Obla et al. 2008).  It may be necessary 
to increase slightly the total cementitious materials content of the HVFA mixture to ensure that 
the w/(c+kf) of the HVFA mixture is slightly below the w/(c+kf) of the control mixture. 
 
This process for adjusting the cementitious materials content is illustrated by the following 
example: 


a. Assume that the concrete supplier has selected appropriate local materials to produce 
HVFA mixtures. 


b. Assume that the control mixture contains 20% fly ash with a total cementitious materials 
content of 550 lb/yd3 and a w/cm of 0.50.  The goal is to develop a HVFA mixture 
containing 50% fly ash with an early-age (2 to 4 days) strength that will match that of the 
control mixture.  


c. Choose a w/cm of 0.40 as a starting point for the HVFA mixture. 
d. Assume that the lowest mixing water content that can be used with local materials is 220 


lb/yd3.  This low water content will most likely require the use of a Type F HRWR to 
attain the desired workability. 


e. The total cementitious materials content is calculated as 220 lb/yd3 / 0.40 = 550 lb/yd3. 
f. Assuming that k = 0.38, the calculated value of w/(c+kf) for the control mixture is 0.57.  


The calculated value of w/(c+kf) for the HVFA mixture is 0.58.  Increasing the total 
cementitious materials content of the HVFA mixture to 560 lb/yd3 will reduce w/(c+kf) to 
0.57, which is the same as the control mixture.   


g. The final HVFA trial mixture is as follows: Cement = 280 lb/yd3, fly ash = 280 lb/yd3, 
and water = 220 lb/yd3.    


The above HVFA mixture should be a reasonable starting point, even if prior information about 
the early-age strength development of the control concrete mixture is unavailable. 
 


3. Select the activation energy (AE) for strength development that most closely 
matches the selected cementitious materials. 


 
In order to determine the maturity index (equivalent age) of the concrete from its temperature 
history, it is necessary to use the appropriate value of the activation energy (AE).  The activation 
energy defines the temperature dependence of early-age strength development and its value 
depends primarily on the cementitious materials and mixture proportions that are used.  Table 1 
provides the activation energies for the six mixtures tested in this project.  The research team 
intends to increase the activation energy database in the future.  Alternatively, the activation 
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energy for the selected cementitious materials can be determined in accordance with the Annex 
of ASTM C1074.   
 
In calculating the equivalent age at a reference temperature (Tr), such as 73ºF, an exponential 
equation known as the Arrhenius equation is used. The equation requires that temperature be 
expressed using the absolute temperature scale. So if inch-pound units are used, temperature 
needs to be converted to the Rankine scale (ºR) by adding 459.7 to the temperature in ºF.  If SI 
units are used, temperature needs to be converted to the Kelvin scale (K) by adding 273.2 to the 
temperature in ºC.  Activation energy is measured in units of energy per mole and is reported 
typically in SI units, that is, J/mol, where J stands for joules and "mol" stands for mole.  The 
Arrhenius equation uses the parameter activation energy divided by the universal gas constant 
(R), and the quotient is often called Q.  In SI units, R has a value of about 8.31 J/(K mol), where 
K stands for degrees Kelvin (note that the degrees symbol is not used with K). When the 
activation energy is divided by the gas constant, the units are K. For example, if the activation 
energy is 40,000 J/mol (or 40 kJ/mol), the Q value is 40,000/8.31 (K) or about 4,800 K.  The Q-
values for the six mixtures tested in this project are shown in Table 1.  The ConcreteWorks 
program allows the use of inch-pound (or English) units or SI (or metric) units.  Thus Q-values 
in units of K need to be multiplied by 1.8 to obtain the value in units of ºR.  The last column of 
Table 1 gives the Q-values in terms of ºR. 
 


4. Develop the strength-maturity relationship for the selected HVFA concrete mixture 
following the procedure in ASTM C1074.  


 
To develop the strength-maturity relationship, prepare a trial batch of the HVFA concrete 
mixture in accordance with ASTM C192/C192M and cast a total of seventeen 4 by 8 in. concrete 
cylinders.  The cylinders should be standard cured in a moist room immediately after they are 
made.  Two cylinders should have embedded temperature sensors to measure concrete 
temperature.  The sensors are connected to maturity meters or data loggers.  Test three cylinders 
according to ASTM C39/C39M at each age of 1, 3, 7, 14, and 28 days.  Temperature data should 
be collected every half hour or less for the first 48 hours and may be collected at more extended 
intervals for later ages. 
 
The strength versus equivalent age data are fitted to an equation that will be used for estimating 
in-place strength in the actual structure based on measured in-place temperatures. Several 
equations can be used for this purpose. The ConcreteWorks program uses the following 
exponential equation: 


 et
c cuf f e


β
τ⎛ ⎞


−⎜ ⎟
⎝ ⎠=  (1) 


where fc = compressive strength (psi); te = equivalent age (hours); fcu (psi), τ (hours), and 
β are best fit parameters, which are termed the "maturity constants." 


 
5. Select the hydration parameters that most closely match the selected materials.  
 


The hydration parameters are used by the thermal analysis program to model the development of 
heat of hydration.  Table 2 lists the hydration parameters for the six mixtures tested in this 
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project.  Alternatively, the ConcreteWorks program suggests the hydration parameters based on 
the cementitious materials and mixture proportions have been selected.     
 


6. Conduct a thermal analysis and strength development simulation using the selected 
HVFA concrete mixture, the appropriate member geometry, the proposed 
construction sequence, and the anticipated ambient temperatures.  Evaluate 
whether the selected HVFA mixture will meet the early-age strength requirements. 


 
A thermal analysis computer program, such as ConcreteWorks, should be used to verify whether 
the selected HVFA mixture will meet the early-age strength requirements. The hydration 
constants and maturity constants of the mixture and construction related parameters are provided 
as input and the program calculates the temperature histories within the structure.  Construction-
related information would include the specific geometry of the structural member, the location of 
the structure, the date and time of the placement, and form insulation.  Data on the location of the 
structure and when the concrete will be placed are used to access a database of likely ambient 
temperatures during construction.  Based on the predicted temperature development and the 
strength-maturity relationship, the program estimates strength development at different locations 
in the structure.  The corner of a member, where two edges meet, will generally be the coldest 
location and will result in the lowest strength.  The center of a member will generally have the 
highest temperature and highest strength.  For traffic opening decisions for concrete pavements, 
the in-place strength at the center of the pavement can be estimated.  For removal of forms from 
columns, the estimated strength at 1 in. from the column face can be used.  The strength at this 
location is similar to the average strength predicted by the ConcreteWorks program. 
 
The project engineer can decide to use the HVFA mixture if the estimated in-place strengths 
exceed the early age strength requirements.  If the requirements are not met, the HVFA concrete 
mixture proportions can be modified or alternative formwork insulation methods can be 
evaluated to increase the internal temperature and strength development. For example, it may be 
decided to reduce the w/cm by increasing the total cementitious materials content or by adding 
HRWR admixture, or both, as follows: 


Trial B – 50% fly ash, total cementitious materials = 610 lb/yd3, w/cm = 0.36, Type F HRWR 
admixture; 
Trial C – 50% fly ash, total cementitious materials = 550 lb/yd3, w/cm = 0.40, Type F HRWR 
admixture specially formulated for HVFA concrete that reduces setting time and enhances 
early-age strength gain. 


If a new HVFA mixture is selected, a new strength-maturity relationship needs to be developed. 
 


7. Once the project starts, the engineer oversees measurement of in-place maturity in 
accordance with ASTM C1074 and uses the strength-maturity relationship to 
estimate in-place strength during construction. 


 
For reliable estimates of the in-place strength, the value of the activation energy and the strength-
maturity relationship have to be determined for the materials and mixture proportions used in the 
project.  However, this is not always possible, especially for small projects.  At a minimum, a 
strength-age curve has to be developed from testing standard-cured cylinders in the laboratory 
(step 4).  In that case, the strength versus age curve is a good approximation of the strength 
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versus equivalent age relationship, provided the temperature of the concrete specimens is 
maintained within 70ºF to 76ºF.  
 
Prior to performing critical operations, such as formwork removal or post-tensioning, strengths 
estimated from the maturity method have to be verified with other tests to ensure that the 
concrete in the structure has a potential strength that is similar to that of the concrete used to 
develop the strength-maturity relationship.  This is because the maturity method is based on 
measuring only the in-place temperature, and this measurement cannot detect batching errors. 
When the maturity method indicates adequate in-place strength, verification tests using the 
pullout test can be done on the structure in accordance with ASTM C900.  This would require 
embedding pullout inserts in the concrete during placement.  Alternatively, early-age tests of 
field cast cylinders can be used to estimate the potential 28-day strength.  This can be done in 
accordance with ASTM C918/C918M. 
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CASE STUDIES  
 
The following case studies are provided to illustrate the various steps involved in incorporating 
HVFA concrete into a construction project.  The control mixture and the 50% FA-A mixture that 
were tested in the project (Obla et al. 2008) were evaluated in both cases.   
 
Two columns with cross sections of 3 by 3 feet and 5 by 5 feet are used for the thermal analyses 
and strength development calculations performed using ConcreteWorks.  
 
Case Study I - Columns constructed in winter in Minneapolis, MN 
 
Step 1 
Based on a structural analysis, it is determined that a strength of 2250 psi is required for 
formwork removal.  The contractor determines that for optimum construction operations the 
formwork has to be removed within 96 hours after casting. 
 
Step 2 
The control mixture has the following mixture proportions: Type I portland cement = 510 lb/yd3, 
mixing water = 286 lb/yd3, w/cm = 0.56, and w/(c+kf) = 0.56. 
 
The 50% fly-ash mixture has the following mixture proportions: Type I portland cement = 308 
lb/yd3, fly ash = 298 lb/yd3, mixing water=237 lb/yd3, w/cm = 0.39, and w/(c+kf) = 0.56 for k = 
0.38.    
 
Steps 3, 4, and 5 
These steps were completed as part of the research study and the details are provided in the 
research report.  For the mixtures tested in this research project, activation energy values for the 
control and 50% FA-A mixtures are taken as 41.5 kJ/mol and 33.4 kJ/mol, respectively.   
 
For the control mixture, the best-fit maturity constants that define the strength–maturity 
relationship were calculated as follows:  


• Limiting strength, fcu = 10,100 psi,  
• Slope parameter, β = 0.28,  
• Time parameter, τ = 340.8 hours.   


For the 50% FA-A mixture, the maturity constants were calculated as follows:  
• Limiting strength, fcu = 12,200 psi,  
• Slope parameter, β = 0.29,  
• Time parameter, τ = 528 hours. 


For the control mixture tested in this project, the hydration constants are as follows:  
• Activation energy for hydration, E = 46.1 kJ/mol,  
• Total heat of hydration = 488 J/kg,  
• Slope parameter, β = 0.785,  
• Time parameter, τ = 17.8 hours,  
• Ultimate degree of hydration, αu=0.913.   


For the 50% FA-A mixture tested in this project, the hydration constants are as follows:  
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• E = 22.3 kJ/mol,  
• Total heat of hydration = 258 J/kg,  
• Slope parameter, β = 1.1,  
• Time Parameter, τ = 13.4 hours,  
• Ultimate degree of hydration, αu = 0.837. 


 
Step 6 
The forms are assumed to be of natural wood and covered with insulation with an R-value of 
2.91 in2·hr·°F/BTU. For the purpose of the analysis, the forms are not removed for the duration 
of the analysis, which is carried out to 14 days.  The concrete columns were simulated to be cast 
at 9 a.m. on January 15 and typical ambient average hourly climatic conditions for Minneapolis 
are selected automatically by the ConcreteWorks software program.  The other default values 
suggested by ConcreteWorks were used.  
 
The estimated concrete temperature versus age results from the ConcreteWorks program are 
summarized in Figure 1.  Figure 2 shows the estimated compressive strength versus age plot for 
the four cases (control and 50% FA-A mixtures and two column sizes).  As expected, the larger 5 
by 5 ft. columns are predicted to have higher early-age in-place strengths compared with the 
smaller 3 by 3 ft. columns.  The 5 by 5 ft. column with the control mixture showed higher early-
age in-place strength compared with the same size column made with the 50% FA-A mixture. 
The trend however was reversed for the 3 by 3 ft. column.  The 2250 psi strength level was 
attained at: 


315 hours for 3 by 3 ft column with the control mixture 
270 hours for 3 by 3 ft column with the 50% FA-A mixture 
153 hours for 5 by 5 ft column with the control mixture 
197 hours for 5 by 5 ft column with the 50% FA-A mixture 


 
Clearly, due to extremely low ambient temperatures, the target early-age strength of 2250 psi at 
96 hours was not attained in any of the four cases.  If the 96-hour schedule is to be maintained, 
the concrete temperature will need to be increased by supplying concrete with a higher initial 
temperature and providing addition insulation or external heating.  These are the typical 
recommendations for cold weather concreting given in ACI 306R.  The ConcreteWorks program 
can be used to evaluate the effects of changes in these construction parameters. The use of Type 
III cement, lower w/cm mixtures, lower fly-ash contents, and accelerating chemical admixtures 
are other options.  In these cases, appropriate values of activation energy, maturity constants, and 
hydration parameters would need to be determined. 
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Case Study II - Columns constructed in summer in Houston, TX 
 
Step 1 
Based on a structural analysis, it is determined that a strength of 2250 psi is required for 
formwork removal.  The contractor determines that for the desired construction schedule the 
formwork should be removed within 48 hours after casting. 
 
Steps 2, 3, 4, and 5 
The details are already provided in Case Study I and the same two mixtures will be evaluated. 
 
Step 6 
Natural wood forms will be used, and for the purpose of the analysis they are kept in place for 
the duration of the analysis, which is chosen to be 7 days.  The concrete columns were planned to 
be cast on August 15 and the typical average hourly climatic conditions for Houston are selected 
automatically by the ConcreteWorks software program.  The other default values suggested by 
ConcreteWorks were used.  
 
The concrete temperature versus age results from the ConcreteWorks program are summarized in 
Figure 3.  Figure 4 shows the compressive strength versus age plot for the four cases (control and 
50% FA-A mixtures and two different column sizes).  Both column sizes with the control 
mixture had similar early-age in-place strengths, which were greater than the columns made with 
the 50% FA-A mixture.  The 2250 psi strength level was attained at: 


28 hours for 3 by 3 ft column with the control mixture 
45 hours for 3 by 3 ft column with the 50% FA-A mixture 
27 hours for 5 by 5 ft column with the control mixture 
44 hours for 5 by 5 ft column with the 50% FA-A mixture 


 
Clearly, the higher ambient temperatures helped the concrete to attain the target early-age 
strength of 2250 psi within 48 hours in all cases.  Thus, we would conclude that this HVFA 
mixture should meet the construction time constraints of this project.  
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Table 1 Activation Energies for Mixtures Tested in this Project 


 


Mixture Fly Ash Type w/cm 
Activation 


Energy (kJ/mol) 
Q-Value 


(K) 
Q-Value 


(ºR) 
Control NA 0.56 41.4 4980 8960 


20% FA-A Low CaO Class F 0.51 48.1 5790 10410 
35% FA-A Low CaO Class F 0.50 15.6 1880 3380 
50% FA-A Low CaO Class F 0.39 33.4 4020 7230 
35% FA-B Intermediate CaO Class F 0.42 33.0 3970 7140 
35% FA-C High CaO Class C 0.42 28.3 3400 6130 
 


 
Low CaO refers to fly ash with CaO < 8% 
Intermediate CaO refers to fly ash with CaO from 8 % to 20% 
Low CaO refers to fly ash with CaO > 20% 


 


 


Table 2 Best-fit Hydration Parameters for Mixtures Testes in this Project (Tr = 73 °F) 
 


Parameter 
Mixture ID 


Control 20%FA-A 35%FA-A 50%FA-A 35%FA-B 35%FA-C 
E-value for Hydration (kJ/mol) 46.1 36.4 28.1 22.3 29.2 29.1 
Total Heat of Hydration (J/kg) 488 394 314 258 401 464 
Slope Parameter, β 0.785 1.024 1.000 1.100 0.990 0.899 
Time Parameter, τ  (hours) 17.8 13.3 13.7 13.4 13.0 24.6 
Ultimate DOH, αu 0.913 0.854 0.770 0.837 0.579 0.855 
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Figure 1 Predicted Temperature Age Plot for Columns Constructed in Winter in 


Minneapolis 


 
Figure 2 Predicted Strength Age Plot for Columns Constructed in Winter in Minneapolis 
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Figure 3. Predicted Temperature Age Plot for Columns Constructed in Summer in 


Houston 


 
Figure 4. Predicted Strength Age Plots for Columns Constructed in Summer in Houston 
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Abstract 
 
 


The use of fly ash in concrete has received significant attention over recent years due to 
environmental concerns regarding its disposal and potential for use as a cementitious 
material with its ability to provide significant benefits to concrete. While fly ash content 
less than 25% of total cementitious content is routinely used in concrete, high-volume fly 
ash (HVFA) concrete is not common due to perceived lower early-age strengths. The 
objective of this study was to demonstrate using maturity based techniques that the 
beneficial effects of high in-place temperature may be able to compensate for the slower 
rate of strength gain in HVFA concrete that is typically observed when tested under 
standard laboratory temperature conditions. In addition, different methods (match-cured 
cylinders, pullout testing) were used to estimate the early-age in-place strength of HVFA 
concrete to confirm the maturity predicted strengths. The results have shown that the 
standard and field-cured cylinder strengths underestimate the in-place concrete strength. 
Higher in-place temperatures due to the mass characteristics of structural elements 
resulted in increased early age in-place strengths, adequate for construction scheduling, 
as measured by match-cured cylinders, pullout testing, and the maturity approach.  
 
 
 
Keywords: Concrete, Fly Ash, Supplementary Cementitious Materials, Maturity, Pullout 
Test. 
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EXECUTIVE SUMMARY 
 
A major obstacle that limits the widespread use of High-Volume Fly Ash (HVFA) 
concrete is its lower early-age strength as documented in research studies conducted in 
the laboratory with standard cured strength specimens. The objective of this study was to 
demonstrate, using maturity-based techniques that the actual in-place strength of HVFA 
concrete in a structure is higher than that indicated by strength measured on field-cured 
cylinders due to the higher in-place temperature resulting from the slower dissipation of 
heat of hydration due to the greater mass of structural members. The in-place strength of 
concrete in the structure can be determined by monitoring its temperature history over 
time, calculating the maturity, and by estimating the in-place strength from the pre-
calibrated strength-maturity relationship. The maturity concept assumes hydraulic cement 
concrete of the same maturity will have similar strengths, regardless of the combination 
of time and temperature yielding the maturity. Maturity concepts are well established for 
Portland cement concretes but they are not so established for HVFA concrete mixtures 
containing chemical admixtures. The Arrhenius and Nurse-Saul maturity functions are 
commonly used to establish the maturity index. The Arrhenius maturity function is 
considered more accurate and was used in this study. The Arrhenius maturity function 
requires the use of mixture-specific activation energy to improve predictions of strength. 
The activation energy quantifies the temperature sensitivity of the concrete mixture. 
 
An initial task was to determine the activation energy of each of the concrete mixtures 
using the procedure outlined in ASTM C1074. Various fly ashes (Class C and Class F fly 
ash meeting the standard ASTM C618) with multiple dosages (20% to 50% by mass of 
cementitious materials) were used in this study. Activation energies of these mixtures 
were determined. Some unexpected trends of strength based on curing temperature were 
observed for these fly ashes mixtures. The fly ash mixtures cured at elevated 
temperatures demonstrated higher long-term strengths than anticipated in comparison to 
the strength of specimens cured at lower temperatures.  
 
The next step was to develop strength-maturity relationships in the laboratory for four of 
the concrete mixtures. Additionally, pullout load versus compressive strength correlations 
were developed. To validate the strength predictions based on maturity, four concrete 
blocks and slabs were prepared in the field during the period of October to December, 
when the ambient temperature ranged from 15.5oC (60oF) to 7.5oC (45oF). The in-place 
compressive strength of the concrete blocks and slabs were predicted based on the 
following approaches: 
1. Match-cured cylinders;  
2. Pullout testing using the pullout versus compressive strength relationship previously 
developed;  
3. Maturity based on the activation energy and strength-maturity relationship previously 
measured; and  
4. Field-cured cylinders. 
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Compressive strength of the concrete mixtures using standard-cured cylinders was tested 
at several ages. 
 
Based on this study the following preliminary conclusions are made: 
 


1. Match-cured compressive strength data have clearly demonstrated that HVFA 
concretes in actual structural members achieve much higher early-age strengths 
than the strength indicated by testing field-cured cylinders. This observation will 
allow for further mixture optimization and possibly increased content of fly ash 
without negative impact on construction operations. 
 


2. A maturity-based approach has been developed to estimate in-place strength in 
the actual structure from temperature measurement with time. 







3 
 


CHAPTER 1 – INTRODUCTION 
 
The 2006 fly ash use survey conducted by the American Coal Ash Association (ACAA, 
2006) indicates that 45% of the 72.4 million tons of fly ash produced was beneficially 
utilized. However, this still results in a majority (55%) to be disposed, typically in 
landfills. The 2006 survey also indicates that 59% of the beneficially used fly ash was 
used in cement and concrete applications. Since ready mixed concrete represents the 
single largest market for fly ash, it can offer the largest potential for increased fly ash 
utilization. Estimated ready mixed concrete production in the U.S. in 2007 was 415 
million cubic yards (NRMCA, 2008). 
 
There is a large body of research and literature on the development and use of High-
Volume Fly Ash (HVFA) concrete. In spite of that, the actual use of high-volumes of fly 
ash (> 30% of total cementitious materials content) in ready mixed concrete is limited. 
Surveys (PCA and NRMCA 2000-2003, Obla et. al 2003) suggest that the average fly ash 
content in all ready mixed concrete is still about 10% of total cementitious materials 
content even though some producers may be using an average fly ash content as high as 
30% in summer months and certain applications. Please note that when fly ash is used in 
ready mixed concrete, the reported average according to the survey is actually 20%. 
Since only about half of all ready mixed concrete contains fly ash (37% contains only 
Portland cement and the rest contain Portland, slag and other supplementary cementitious 
material blends) the average fly ash content in all ready mixed concrete effectively drops 
to 10%. If the average fly ash content in all ready mixed concrete were increased to 20%, 
this would increase the overall fly ash utilization from 45% to 71% thereby far exceeding 
CBRC’s 2010 goal of 50% fly ash utilization! In order to achieve the average of 20% fly 
ash use in all ready mixed concrete all year around, it may be necessary to use 50% or 
more fly ash in certain applications. However, many contractors and producers cite the 
low rate of strength gain and delayed -setting times as the primary reasons for not using 
higher volumes of fly ash in concrete.  
 
This project addresses one of the two major obstacles - rate of strength gain. Using the 
maturity-based approach demonstrates that HVFA concrete in the structural members has 
sufficient early-age strengths to allow for optimized construction scheduling, such as 
formwork removal and post-tensioning. The basic approach to this study is the premise 
that while the strength measured using laboratory or field-cured cylinders of HVFA 
concrete mixtures are low, the actual strengths in the structural members are likely to be 
higher. This is because the larger mass of most concrete structural members, compared to 
cylindrical specimens, allows for greater retention of heat of hydration that allows for a 
faster rate of strength gain. Essentially, HVFA concrete is penalized when construction 
operations such as formwork removal are not based on in-place strengths but on tests on 
field-cured cylinders. 
 
The challenge is then to accurately estimate the concrete strength in the structure. The 
maturity method can be used for this purpose (Saul 1951, Freiesleben and Pederson 1977, 
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Carino 1984). The in-place strength of concrete in the structure can be estimated by 
monitoring its temperature history over time, calculating the maturity, and by estimating 
the in-place strength from the pre-calibrated strength-maturity relationship. The maturity 
concept assumes that hydraulic cement concrete of the same maturity will have similar 
strengths, regardless of the combination of time and temperature yielding the maturity. 
Maturity concepts are well established for Portland cement concretes but have not been 
validated for HVFA concrete mixtures containing chemical admixtures (Schindler 2004, 
Carino 2004). The Arrhenius and Nurse-Saul maturity functions are most commonly used 
to calculate the maturity index. The Arrhenius maturity function is considered more 
accurate and was used in this project. The Arrhenius maturity function requires the use of 
mixture-specific activation energy to yield most accurate results. The activation energy 
quantifies the temperature sensitivity of the concrete mixture (Schindler 2004). 
 
This project consists of five different tasks:  
 
The first task involved training and material preparation. The graduate student received 
training in the various concrete and mortar testing. NRMCA senior laboratory technician, 
Laboratory Manager, and Mr. Gary Mullings conducted this training.  
 
The second task was the determination of the activation energy of each of the concrete 
mixtures using the procedure outlined in ASTM C1074. Various kinds of fly ashes (Class 
C and Class F fly ash meeting the standard ASTM C618) with multiple dosages (20% to 
50% by mass of cementitious materials) were used and the activation energies of the 
resulting concrete mixtures were evaluated. 
  
The third task was to develop strength-maturity relationships in the laboratory for the 
concrete mixtures. Ready mixed concrete from a concrete plant was used for this task.  
Concrete cylinders (4 in. x 8 in.) were cast and cured in lime-saturated water baths at a 
temperature of 23.0oC (73°F) and tested in compression at 1, 2, 4, 7, 14, and 28 days. 
Compressive strengths are plotted as a function of equivalent age at 23.0oC (73°F).  The 
best-fit relationship of this strength versus maturity data is the strength-maturity 
relationship to be used for estimating in-place strength in the large-scale specimens made 
with that specific mixture. In addition, compressive strength versus pullout load 
relationships were also developed. Eight (8) in. concrete cubes were cast, with one 
pullout insert placed on each of the four side faces (barring top and bottom) of the cube. 
Pullout tests were conducted at the same time that cylinder compressive strengths were 
measured. The resulting data were used to establish the strength-pullout load 
relationships that was used to confirm the estimated in-place strength estimated from the 
maturity method.  
 
The fourth task consisted of field validation where four concrete blocks and two concrete 
slabs were prepared in the field with multiple embedded temperature sensors during the 
period of October to December, when the ambient temperature ranged from 15.5oC 
(60oF) to 7.5oC (45oF). Ready mixed concrete from a concrete plant was used for this 
task. The temperature sensors inside the blocks and the slabs documented the temperature 
as a function of age. Equivalent ages (relative to a reference temperature of 23.0oC 
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(73°F)) can be calculated using the Arrhenius (Equivalent age) maturity function with the 
mixture-specific activation energy determined in the previous tasks. From the equivalent 
ages and the previously established strength-maturity relationships, the in-place strength 
of the structural members was estimated. Pullout tests (ACI 228, 2003) were performed 
on the blocks and slabs and the data were analyzed statistically to arrive at reliable 
estimates of the in-place compressive strength. The match-cured cylinders were cured 
with proprietary equipment to follow the temperature of the structural members and 
subsequently tested to obtain an estimate of the true in-place strength. The pullout tests 
and match-cured cylinder tests were used to confirm and validate the in-place strength 
predicted by the maturity method. Additionally, standard lab-cured and field-cured 
concrete cylinders were tested at specific ages and these strengths were compared to the 
in-place strengths estimated by the maturity method at those ages. 
  
The fifth task consisted of developing thermal signatures of various HVFA concrete 
mixtures using Semi-Adiabatic Calorimetry. This portion of the study was conducted at 
Auburn University using the same materials in the other tasks. The results show the effect 
of the different fly ash contents on the rate of hydration, total heat of hydration, setting, 
and to some extent the degree of hydration. These results will be useful to understand the 
heat evolution process of HVFA concrete mixtures. Additionally, the calorimetry results 
can also be used as input to simulation programs to estimate the in-place temperature 
development of concrete structural members with varying dimensions and boundary 
conditions. The Concrete Works program models the temperature profile in concrete 
members (see www.texasconcreteworks.com) and can be used to obtain an estimate of in-
place temperature profiles and gradients of concrete members. The model provides a 
visual 2-D animation temperature profile throughout the element as hydration progresses.  
 
Based on this study the following principal conclusions are made: 
 


1.  The match-cured cylinder strength data demonstrated clearly that HVFA 
concretes in actual structures have much higher early-age strengths than obtained 
from testing standard-cured cylinders. This means that HVFA concrete mixture 
proportions may be further optimized (use of lower total cementitious material 
contents, increase the quantity of fly ash, and increase the w/cm) without negative 
effects on construction operations that require attainment of specified in-place 
strength at early ages. 
 


2. A maturity-based approach is applicable to estimate the early-age concrete 
strength in structures made with HVFA concretes. This requires determining the 
applicable activation energy for the specific cementitious mixture, developing the 
strength-maturity relationship, and recording the in-place temperature history.  
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CHAPTER 2 – BACKGROUND 
 
2.1 Maturity Method 


It has been well documented (Nurse 1949, Saul 1951, Carino 1991) that the strength of 
well-cured and consolidated concrete is a function of its age and curing temperature. The 
effects of time and temperature can be combined into one constant, called maturity, 
which is indicative of the concrete strength. In 1951, Saul concluded that the maturity 
concept could be effectively used to define the strength development of a concrete cured 
at any temperature above the datum temperature. Equation 1, commonly referred to as 
Nurse-Saul function, is a simple mathematical function to define maturity with respect to 
a datum temperature. Datum temperature (To) is the lowest temperature at which strength 
gain in concrete is observed. Generally, the value of the datum temperature is taken as 
10oC (14oF), but for more precision it should be established for a particular concrete 
mixture. Equation 1 is used to convert the actual time temperature history to a maturity 
index also called the “Time Temperature Factor” (TTF). Saul (1951) presented the 
following principle, known as the maturity rule: 
 
“Concrete of the same mix at the same maturity has approximately the same strength 
whatever combination of the temperature and time go to make up the maturity.” 
 
 


Equation 1 
 
 where,  


M = maturity index, °C-hours (or °C-days), 
  T = average concrete temperature, °C, during the time interval Δt, 
  To = datum temperature (usually taken to be -10 °C), 
  t = elapsed time (hours or days), and 


Δt = time interval (hours or days). 
 
The Nurse-Saul maturity function has gained widespread acceptance in the concrete 
industry because of its simplicity in combining the effects of time and temperature to 
estimate strength development of hydraulic cement concrete. Apart from its simplicity the 
Nurse-Saul maturity has few drawbacks (Carino 2004); it is only valid provided the 
concrete temperature did not reach about 50oC (122oF) within two hours or about 100oC 
(212oF) within the first six hours after the concrete is mixed. The major deficiency of the 
Nurse-Saul maturity function is that the rate of strength gain is assumed a linear function 
of curing temperature, which has been shown to be invalid for a wide range of 
temperature (Carino 2004). Therefore, the Nurse-Saul maturity function can overestimate 
or underestimate the effect of temperature on the rate of strength gain. 
 
Since the first breakthrough in maturity concepts, many other maturity functions have 
been developed and proposed. Freiesleben Hansen and Pedersen (1977) suggested 
another maturity function based on the concept of Arrhenius equation. The Arrhenius 


( )∑ Δ−=
t


o tTTM
0
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equation defines the chemical reaction between two reactants and is a function of 
activation energy and the reaction temperature. The activation energy is defined as the 
minimum energy necessary for a specific chemical reaction to occur. The Arrhenius 
approach is a more sound technical basis and experimental studies conducted have 
confirmed that it captures the time-temperature dependence of concrete more 
appropriately (Carino 2004). 
 
Equation 2 represents the Arrhenius maturity function that can be used to compute the 
maturity index in terms of an equivalent age. Equivalent age represents the duration of 
the curing period at the reference temperature that would result in the same maturity 
when the concrete is cured at any other temperature. The exponential part of the equation 
is an age conversion factor used to convert the actual temperature history to the 
temperature history at the reference temperature. The reference temperature values that 
have been used in Europe and the US are 20oC (68oF) and 23oC (73oF), respectively.  
 


 
 Equation 2 


 
where 
 te = the equivalent age at the reference temperature (hours), 


E = apparent activation energy (J/mol), 
R = universal gas constant (8.314 J/mol-K), 
T = average absolute temperature of the concrete during interval Δt, 


(Kelvin), and 
Tr = absolute reference temperature, (Kelvin).  
Δt = time interval (hours or days). 
 


 
Much like the datum temperature in the Nurse-Saul approach, the activation energy is 
mixture specific and has to be established for a specific concrete mixture prior to using 
the Arrhenius maturity function for estimating in-place strengths. The equivalent age, 
maturity function was opted in this study because it better captures the non-linear effect 
of temperature on the rate of strength development (Carino 2004). 
 
ASTM C1074 provides procedures for both the Nurse-Saul and the Arrhenius approaches 
for computing the maturity index from the measured temperature history of the concrete. 
It also provides a technique for calculating the datum temperature as well as the 
activation energy from strength development data collected at various isothermal 
temperatures. 
 
Strength predictions using the maturity method should be validated by other in-place tests 
that measure the in-place compressive strength (Carino 2004). In this project pullout 
tests, (ASTM C900) and match-cured cylinder tests were conducted as the validation 
methods. (Upadhyaya et al. 2007).  
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2.2 Pullout Test 


Pullout test is a non-destructive test method used to measure the pullout force required to 
displace a metal insert from a concrete structure (ASTM C900). The probe has an 
enlarged head of 1 in. diameter and is placed at a depth of 1 in. from the surface of the 
concrete specimen. The probe is pulled against a 2.16 in. diameter counter pressure disc 
applied on the surface as shown in Figure 2.1. A compression strut develops in the 
concrete between the enlarged head and the counter pressure disc during the process. A 
correlation is established between measured pullout force and compressive strength of 
cylindrical specimens in laboratory. The correlation is used to estimate the in-place 
concrete strength from the results of the pullout test. Pullout force can also be correlated 
to different uniaxial strength properties of concrete. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 2.1 Pullout setup (Carino 2004) 
 
2.3 Match Curing 


It is well known that for members of larger mass that the rate of hydration of concrete 
will be accelerated due to higher in-place temperatures, which will also lead to 
accelerated rate of in-place strength development. Field-cured cylinders do not provide 
reliable estimates of the in-place compressive strength because of the mass effect. Match 
curing is therefore used to match the temperature curing history of molded cylinders to 
that of the in-place structural concrete member. The match curing system used in this 
project was called “Sure Cure”. The Sure Cure system consists of a micro-controller, the 
match cure cylinders and a Type-T thermocouple. The micro controller uses software that 
controls the temperature of the cylinders in the molds based on the temperature in the 
structure measured by the thermocouple. Thus, the concrete cylinders in the match cure 
molds experience the same temperature history as that of the structural member.  
 
2.4 Push out Cylinders 


Push out cylinder is a method that allows one to cure a molded cylinder in-place (ASTM 
C873), and they are pushed out of concrete element and tested in a compression testing 


      D
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machine. In-place cylinders are placed within the concrete structure to make sure they 
experience the same temperature and curing conditions as the structure. However, in 
some cases, these cylinders do not experience the same temperature history as the 
structure. In this research project, a 6 in. diameter plastic mold was installed in the slab 
form work before the concrete pour. After the concrete was poured in the slab, 4 in. 
diameter concrete specimens were prepared in the plastic molds and kept in these 6 in. 
molds casted within the slab. The area between the 6 in. and 4 in. mold was filled with 
fine sand to allow some heat transfer between the slab and concrete cylinders. Push out 
were only used for 50% FA-A mixture slab because of the logistics.  
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CHAPTER 3 – EXPERIMENTAL WORK – MORTAR 
 
Activation Energy is a key parameter for the equivalent age maturity model. To evaluate 
this parameter mortar testing was conducted. ASTM C1074 recommends preparation of 2 
in. mortar cubes for evaluation of datum temperature and activation energy.  
 
3.1 Materials 


The following materials were used in the project for the mortar preparation at the 
NRMCA research laboratory:  
ASTM C150 Type I Portland cement, Lot# 8124 
ASTM C618 Class C and Class F Fly Ash, Lot# 8125, Lot #8126 
ASTM C33 Natural Sand, Lot # 8127 
ASTM C33 No. 57 Crushed Limestone Coarse Aggregate, Lot #7998 
ASTM C494/C494M: Polycarboxylate based Type F High Range Water Reducer, Lot # 
8128 
 
Table 3.1 lists the chemical properties of various cementitious materials used in this 
project, fly ashes were selected that varied in terms of the percentage of the CaO content, 
and the range of CaO is representative of that found across the United States. The 
following three fly ashes were used: 


1. Class F fly ash with a CaO content of 1.0%, identified as FA-A in this report, 
2. Class F fly ash with a CaO content of 13.3%, identified as FA-B in this report, 


and 
3. Class C fly ash with a CaO content of 23.44%, identified as FA-C in this report.  


 
The following sources of fly ash and high-range water-reducing (HRWR) admixture were 
used: 
 


• FA-A was supplied by STI, Baltimore, MD, 
• FA-B and FA-C were donated by Boral Material Technologies Inc., and  
• HRWR admixture was ViscoCrete 2100 supplied by Sika Corporation.  


 
 


Table 3.2 includes the measured physical properties of the fine and coarse aggregates. 
The relative density (specific gravity), absorption of coarse and fine aggregates were 
measured by ASTM C127 and ASTM C128 respectively; sieve analysis of both 
aggregates was measured by ASTM C136; bulk density (dry rodded unit weight) of 
coarse aggregate was measured by ASTM C29/C29M. 
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Table 3.1 Chemical and physical properties of cement and fly ash (ASTM C 150, ASTM C618) 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
  Table 3.2 Gradation and properties of aggregates (ASTM C 136) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


Item Cement FA-A FA-B FA-C 
Silicon dioxide (SiO2), % 20.50 59.40 55.58 38.48 
Aluminium dioxide (Al2O3), % 5.00 30.30 18.96 20.64 
Iron Oxide (Fe2O3), % 3.30 2.80 4.52 5.46 
Sum of SiO2, Al2O3, Fe2O3, % 28.80 92.50 79.06 64.58 
Calcium Oxide (CaO), % 62.70 1.00 13.29 23.44 
Magnesium (MgO), % 3.80 - 3.01 4.10 
Sulfur trioxide (SO3), % 2.90 0.10 0.53 1.69 
Potassium Oxide (K2O), % - 0.64 0.83 0.61 
Loss of Ignition, % 0.85 1.30 0.22 0.27 
Insoluble Residue, % 0.29 - - - 
Fineness 45mm sieve, % retained 8.2 26.40 23.75 10.75 
Blaine (Specific Surface) m2/kg 368 - - - 
Specific Gravity 3.15 - 2.47 2.61 
Setting Time-Vicat Initial (minutes) 130 - - - 
Air Content % 7.50 - - - 
Compressive strength, 3 days, psi 3790 - - - 
Compressive strength, 7 days, psi 4910 - - - 
Strength Activity Index with Portland 
Cement at 7 days, % Control 


- 77.30 84.90 88.60 


Strength Activity Index with Portland 
Cement at 28 days, % Control 


- 78.30 84.10 94.60 


Water Required, % Control - 98.30 95.00 91.70 
Autoclave Expansion % 0.14 -0.04 -0.01 -0.01 
Available Alkali (as Na2O), % 0.55 0.50 0.86 1.95 
Tricalcium Silicate (C3S), % 53.0% - - - 
Tricalcium Aluminate (C3A), % 8.0% - - - 


Sieve Sizes 
Percentage Passing 


Coarse Aggregate Fine Aggregate 
No.57 - 


1 ½ 100.0 0.0 
1 100.0 0.0 
¾ 92.0 0.0 
½ 49.0 0.0 


3/8 28.0 100.0 
No. 4 5.0 99.0 
No. 8 1.0 84.0 


No. 16 0.0 70.0 
No. 30 0.0 52.0 
No. 50 0.0 20.0 


No. 100 0.0 3.0 
No. 200 1.0 - 


Fineness Modulus - 2.73 
Specific Gravity(SSD)  2.84 2.59 


Absorption, % 0.3 1.3 
Dry rodded unit weight, lb/ft3 105.9 N/A 
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3.2 Mixing Mortar 


ASTM C1074 recommends preparation of 2 in. mortar cubes for evaluation of datum 
temperature and activation energy. Four different temperatures (7.5oC (45oF), 21.0oC 
(70oF), 38.0oC (100oF), and 49.0oC (120oF)) were selected for mixing and curing the 
mortar cubes. Prior to batching, all the materials (cement, fly ash, fine aggregates, 
HRWR, and water) were preconditioned at respective temperature, to assure that the 
mortars were maintained as close as possible to the desired curing temperature. Mortar 
mixtures were proportioned to match specific concrete mixtures according to ASTM 
C1074 Annex A1.  
 
3.3 Mortar Testing 


3.3.1 Fresh Mortar Tests 
 
These tests were done for all the batches and curing conditions. Fresh mortar tests were 
conducted in accordance to the following ASTM Standards: 
ASTM C1437: Flow test, and  
ASTM C185: Air content and density  
ASTM C403/C403M. Setting time by penetration resistance 
 
For determination of setting time, mortar specimens were prepared and cast as specified 
in ASTM C403/C403M. After casting, specimens were submerged in water baths as 
recommended by ASTM C1074 Annex A1. The specimens were carefully removed from 
the water bath and excess water was removed before making the penetration 
measurements on the specimen in accordance to ASTM C403/C403M.  
 
3.3.2 Hardened Mortar Tests 
 
The primary objective of this portion of the study was to determine the activation energy 
of mixtures based on the type and quantity of fly ash. ASTM C1074 Annex A1 mentions 
that the activation energy can be obtained by analyzing compressive strength data 
obtained from 2-in. mortar cubes and the results are applicable to the concrete. Around 
1000 2-in. mortar cubes were prepared and tested in compression.  
 
As per ASTM C1074, mortar cubes were molded and tested in compression in 
accordance with ASTM C109/C109M. Cube specimens were cured at 4 different 
isothermal curing conditions (7.5oC (45oF), 21.0oC (70oF), 38.0oC (100oF), and 49.0oC 
(120oF)). For each batch, 20 mortar cubes were prepared and tested at 6 different ages. 
For each testing age three 2-in. mortar cubes were tested and the average value was 
recorded for the analysis. These cubes were tested in a 300-kip capacity compression 
testing machine, which was setup at a maximum load range of 30-kip for compression 
testing.  
 
After casting, the cubes were submerged in lime-saturated water baths maintained at the 
specified curing temperatures. Temperature sensors (iButton®), as shown in Figure 3.1, 
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were cast in the center of two mortar cube for each condition during molding of cubes to 
maintain a record of the curing temperature. A wire was soldered to both ends of an 
iButton® to allow for interface with a computer using a RJ-11 connector, and coated with 
plasti dip to protect it from moisture. The iButton has an internal data logger and 
information is transferred between the iButton and a PC with the program “One-wire 
Viewer”. The average temperature of the two cubes is reported. The purpose of these 
sensors was to measure the isothermal curing temperature that the cubes were cured 
under for the entire period of curing. These two mortar cubes were not tested for strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 3.1 Temperature sensor (iButton®) 
 


3.4 Mixture Proportions  


Six mortar mixtures were prepared. The mortar mixtures were proportioned so that the 
fine aggregate-to-cementitious materials ratio (by mass) is the same as the coarse 
aggregate-to-cementititious materials ratio of the concrete mixtures under investigation. 
This is consistent with the recommendations in Annex A1 of C1074. The concrete 
mixture proportions are provided in Table A.1 of Appendix A. Table 3.3 summarizes the 
mortar mixture proportions that correspond to the yield-adjusted concrete mixture 
proportions of Table A.1 of Appendix A. (In this project the concrete testing was 
conducted prior to the mortar testing and therefore the yield-adjusted concrete mixture 
proportions were used to prepare the mortar mixtures.)  
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Table 3.3 Mortar mixture proportions (2-inch cubes –ASTM C1074) 


Item Control 
Mixture 


20% 
FA-A 


35% 
FA-C 


35% 
FA-B 


35% 
FA-A 


50% 
FA-A 


Cement (gram) 1876 1551 1357 1371 1199 1101 
Fly Ash (gram) 0.0 388 740 739 710 1066 
Fine Aggregate (gram) 7136 7110 7250 7185 7087 7036 
Water (gram) 1052 988 889 894 960 848 
HRWR Admixture (oz/cwt) 2.1 3 5.1 5 6.7 7.1 
w/cm 0.56 0.51 0.42 0.43 0.51 0.39 


 
Multiple trials were made for some of the mixtures because of unusual behavior in the 
measured compressive strength results of mortar cubes for those mixtures.Table 3.4 
tabulates the list of trials and curing temperatures for those trials. Some of the trials were 
repeated for only two temperatures as indicated in Table 3.4. As described in ASTM 
C1074, at least three curing temperatures are needed to determine the activation energy 
(AE). Two approaches were used to group the data together to quantify AE values for 
mixtures as described below.  
 
1. For the trial for which strength versus age data was not available at three 


temperatures, data from the other trials were used for the third temperature. Eg: 
Mixture 50% FA-A Trial 3 has two curing temperatures and results for curing at a 
third temperature were not available, so data from Trial 2 was used to obtain  at least 
three temperatures. These AE values are termed as individual AE values later in the 
report. For each trial, one AE value is reported.  Eg: control mix will have two AE 
values one for each trial. 
  


2. All the computed rate constants were grouped together for one particular mixture 
irrespective of which trial it belonged to and one AE value was calculated. These AE 
values are termed as combined AE values. 
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Table 3.4 Curing temperatures used for multiple trials 


Mixture Trial 
Curing Temperature 


7.5oC 
(45oF) 


21.0oC 
(70oF) 


38.0oC 
(100oF) 


49.0oC 
(120oF) 


Control 
1 X X X X 
2 X X   X 


20% FA-A 1 X X X X 


35% FA-A 


1 X X X X 
2 X X  X 
3   X   X 


50% FA-A 


1 X X X X 
2 X X  X 
3  X  X 
4   X   X 


35% FA-B 
1 X X X X 
2   X   X 


35% FA-C 


1 X X X X 
2  X  X 
3   X   X 


Note: X denotes the temperatures at which compressive testing was 
performed 
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3.5 Discussion of Test Results 


3.5.1 Fresh Mortar Properties 
 
Table 3.5 summarizes the average recorded curing temperature for mortar cubes. Trials 
are marked as Trial 1 to Trail 4 depending on the number of trials for each mixture, as 
defined in Table 3.4. It can be observed that the isothermal conditions are closely 
matched for the 4 different curing conditions. Table 3.6 presents the initial and final 
seting times for the six mortar mixtures and these data are graphically presented in Figure 
3.2. As expected, the figure clearly shows that the setting times decrease as the curing 
temperature increases for all the mixtures.  
 


Table 3.5 Average curing temperature for mortar cubes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Table 3.6 Setting times for mortar mixtures (ASTM C403) 


Mixture Trial 


Curing Temperature 


7.5oC 
(45oF) 


21.0oC 
(70oF) 


38.0oC 
(100oF) 


49.0oC 
(120oF) 


Control 
1 43.2 72.0 99.3 121.2 


2 43.3 75.2  121.3 
20% FA-A 1 44.3 72.5 99.4 121.2 


35% FA-A 
1 44.2 72.0 97.4 120.1 
2 46.2 73.4  118.2 


3  71.2  121.5 


50% FA-A 


1 44.3 71.4 98.6 120.2 
2 42.6 75.5  122.0 
3  71.6  120.6 


4  70.1  121.0 


35% FA-B 
1 42.8 72.1 99.8 120.3 


2  74.6  118.9 


35% FA-C 
1 45.0 72.9 99.3 121.1 
2  74.9  119.4 


3  70.00  118.4 


Mixture 
Setting Time (hours) 


Tc = 7.5oC (45°F) Tc = 21.0oC (70°F)  Tc = 38oC (100°F)  Tc = 49.0oC (120°F)  
Initial Final Initial Final Initial Final Initial Final 


Control 
Mixture 7.8 15.0 4.7 8.5 2.9 4.1 1.8 2.5 


35%FA-C 8.0 16.0 5.7 11.4 4.1 5.9 2.4 3.5 
35%FA-B 9.5 16.4 6.4 12.0 4.5 6.2 2.7 3.7 
20% FA-A 7.9 15.4 5.3 10.4 3.7 5.1 2.1 3.0 
35% FA-A 10.2 17.1 6.6 13.2 5.0 7.1 3.0 4.2 
50% FA-A 10.9 19.9 7.3 14.1 5.7 8.4 3.3 5.0 
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     (a-Initial setting time) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     (b-Final Setting time) 
 


Figure 3.2 Setting times of mortar mixtures 
 
 
Table 3.7 to Table 3.10 presents the flow results for the various mortar mixtures. It can be 
generally observed that the flow of the mixtures decreases as the mixing temperatures 
increase. At the higher temperature, the hydration reaction is faster compared to mixtures 
mixed at lower temperature, which means the free water will be bound faster and cause 
the workability of these mixtures to decrease. 
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Table 3.7 Flow results for mortar mixtures-trial I (ASTM C1437) 
 
 
 
 
 
 
 
 
 
 
 
 


Table 3.8 Flow results for mortar mixtures-trial II (ASTM C1437) 
 
 
 
 
 
 
 
 
 
 
 
 


Table 3.9 Flow results for mortar mixtures-trial II (ASTM C1437) 
 
 
 
 
 
 
 


 
Table 3.10 Flow results for mortar mixtures-trial IV (ASTM C1437) 


 
 
 
 
 
The air content and density results for all trials are presented from Table 3.11 to Table 
3.13. The interpretation of the tables shows that the density values of the mixtures 
increase as the mixing temperature increases and vice versa for the air content. At higher 
temperatures air voids are less stable and hence the total air content values are expected 
to be slightly lower. Note that a 2% reduction in air in the mortar translates to about 1% 
reduction in air content for the concrete mixture. 


Mixture 
Flow(%)-Trial I  


Tc = 7.5oC  
(45°F) 


Tc = 21.0oC  
(70°F)  


Tc = 38oC  
(100°F)  


Tc = 49.0oC 
(120°F)  


Control 
Mixture 108 102 80 81 


35%FA-C 100 96 112 109 


35%FA-B 100 99 101 102 


20% FA-A 102 98 99 98 


35% FA-A 106 109 105 111 


50% FA-A 100 103 101 101 


Mixture 
Flow-Trial (%) II  


Tc = 7.5oC  
(45°F) 


Tc = 21.0oC  
(70°F)  


Tc = 49.0oC 
(120°F)


Control 
Mixture 112.5 108 81 


35%FA-C - 113 92 


35%FA-B - 113.5 102 


20% FA-A - - - 


35% FA-A 120 113.5 107.5 


50% FA-A 119.5 102 98.5 


Mixture 
Flow-Trial (%) III  


Tc = 21.0oC  
(70°F)


Tc = 49.0oC 
(120°F)


35%FA-C 112 93 


35% FA-A 111.5 105.5 


50% FA-A 106 96.5 


Mixture 
Flow-Trial (%) IV  


Tc = 21.0oC  
(70°F)


Tc = 49.0oC 
(120°F)


50% FA-A 104.5 99.0 
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Table 3.11 Air content and density for mortar mixtures-trial II (ASTM C185) 


 
Table 3.12 Air content and density for mortar mixtures-trial III (ASTM C185) 


 
 
 
 
 
 
 
 
 
 


Table 3.13 Air content and density for mortar mixtures-trial IV (ASTM C185) 
 
 
 
 
 
 
 
 


3.5.2. Compressive Strength 


At each testing age the maturity was established based on the temperature history 
recorded by the temperature sensors. The testing ages of the cubes were selected based on 
the measured final setting time obtained for each specific mixtures. The first test age was 
selected such that the compressive strength of the mortar cubes was around 200 psi -400 
psi. It was important to capture the strength development of the mixtures at early ages. 
After the age of the first test was obtained, subsequent tests were performed at twice the 
testing age of the previous test. The last testing age was selected to correspond to an 
equivalent age of 28 days at the reference curing temperature of 23oC (73 oF) and was 


Mixture 
Trial II  


Tc = 7.5oC  
(45°F) 


Tc = 21.0oC  
(70°F) 


Tc = 49.0oC 
(120°F)  


 Density 
(g/mL) Air (%) Density 


(g/mL) Air (%) Density 
(g/mL) 


Air 
(%) 


Control 
Mixture 2.10 6.99 2.11 6.76 2.12 5.93 


35%FA-C - - 2.11 8.16 2.15 6.28 


35%FA-B - - 2.10 8.78 2.15 6.13 


20% FA-A - - - - - - 


35% FA-A 2.05 8.49 2.08 7.78 2.09 6.49 


50% FA-A 2.08 7.98 2.08 7.85 2.16 4.39 


Mixture 
Trial III  


Tc = 49.0oC 
(120°F)


Tc = 49.0oC 
(120°F)


 Density 
(g/mL) Air (%) Density 


(g/mL) 
Air 
(%) 


35%FA-C 2.31 8.68 2.40 6.57 


35% FA-A 2.10 8.10 2.32 6.63 


50% FA-A 2.16 7.65 2.20 4.96. 


Mixture 
Trial IV  


Tc = 49.0oC 
(120°F)


Tc = 49.0oC 
(120°F)


 Density 
(g/mL) Air (%) Density 


(g/mL) 
Air 
(%) 


50% FA-A 2.21 8.10 2.40 4.42 
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calculated by assuming an activation energy value. For example: for 49.0oC (120oF) 
curing temperature the last testing age was around 7 days, which corresponds to an 
equivalent age of 28 days at 23oC (73oF). 
 
The average compressive strength values of 2-in. mortar cubes are reported in Appendix 
B from Table B.1 to Table B.15. These results include the test results obtained for all six 
mixtures cured at the four different isothermal curing temperatures of 45oF, 70oF, 100oF 
and 120oF. From the results, it is observed that at elevated temperatures mortar cubes 
showed higher compressive strength at later ages compared to mortar cubes cured at 
lower temperatures, which is an unexpected behavior for cementitious mixtures. Figure 
3.3 and Figure 3.4 show such behavior for the 35% FA-A mixture and 35% FA-C 
respectively. Carino (2004) describes that concrete mixtures cured at elevated 
temperatures will have lower strength at later ages compared to the specimens cured at 
lower temperatures. This unexpected behavior was the reason for conducting several 
testing trials in order to verify this trend. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Figure 3.3 Compressive strength vs. actual age (35% FA-A mixture) 
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  Figure 3.4 Compressive strength vs. actual age (35% FA-C mixture) 
 
 
3.5.3. Calculation of Activation Energy  


In order to calculate the activation energy values, the natural logarithms of rate constant 
values are plotted as a function of reciprocal of absolute temperature (curing temperature 
in Kelvin). The best-fit straight line is determined. The activation energy is the negative 
value of the slope divided by the universal gas constant. More details on how to calculate 
the activation energy is in ASTM C1074 Annex A1. 
 


 
Activation energy (AE) was determined using strength age data for the various mixtures. 
After the strength data for various mixtures are obtained, strength is plotted as a function 
of curing age for each curing temperature. In ASTM C1074 a hyperbolicmodel, Equation 
3 is suggested to characterize the compressive strength-age relationship. In this approach, 
t0 was substituted with the final setting time measured for each batch of mortar 
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where,  S (t)  = compressive strength (psi), 


 Su(t)    =  limiting strength (psi), 
 k(T)   =  rate constant (1/days), 
 t      =  testing age (days), and 
 tfs      =  final setting time (days). 


 
Least square regression analysis was used to determine the best-fit values for Su, and k(T)  
summarizes the computed  rate constants for the various trials and curing temperatures. 
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Figure 3.5 to Figure 3.10 shows the graphical representation of rate constant versus 
curing temperature for all the mixtures and trials. The continuous line in each plot is the 
best fit curve for rate constant versus curing temperature from which the activation 
energy is calculated. The correlation coefficient (R2) values are reasonably good with the 
exception for two mixtures that had R2 values of 0.71 (35% FA-C), and 0.61 (35% FA-
A). This suggests that the reaction rate for these mixtures may not fit Arrhenius theory, 
and a modified approach might be needed to capture this unusual effect for high-volume 
fly ash concrete. Figure 3.11 (a-f) illustrates the Arrhenius plots for all the mixtures and 
trials. Table 3.15 presents the computed apparent activation energy (AE) values for the 
various mixtures. The activation energies are summarized considering the data from each 
“individual” trial, as well as using the “combined” results of all trials. For the in-place 
strength estimation the activation energy of combined trials has been used as it is 
considered more accurate.  
 


Table 3.14 Best fit regression constants 


   


Mixture Trial 


Curing Temperature 


45 oF 70 oF 100 oF 120 oF 


Su (psi) kt (day-1) Su (psi) kt (day-1) Su (psi) kt (day-1) Su (psi) kt (day-1)


Control 
1 4329 0.240 4778 0.636 4517 1.539 3933 2.450 
2 4669 0.203 4216 0.648   3777 1.973 


20% FA-A 1 5850 0.093 5336 0.405 5225 0.928 5409 1.422 


35% FA-A 
1 2662 0.156 3448 0.410 4652 0.457 5867 0.404 
2 2581 0.161 3435 0.310   5254 0.542 
3   3779 0.290   5849 0.309 


50% FA-A 


1 5358 0.085 5762 0.175 8125 0.441 7987 0.677 
2 5924 0.096 5762 0.289   7465 0.772 
3   7033 0.133   7473 0.666 
4   6423 0.221   8519 0.343 


35% FA-B 
1 5018 0.117 4945 0.436 4509 0.459 4992 1.269 
2   4972 0.325   6404 0.686 


35% FA-C 
1 5023 0.056 5256 0.198 6851 0.138 9015 0.335 
2   4580 0.194   7149 0.335 
3   4686 0.013   7021 0.039 
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Figure 3.5 Rate constant vs. temperature-control mixture (AE-41400l J /mol) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 3.6 Rate constant vs. temperature-20% FA-A (AE-48100 J /mol) 
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Figure 3.7 Rate constant vs. temperature-35% FA-A (AE-l5600 J /mol) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 3.8 Rate constant vs. temperature-50% FA-A (AE-33400 J /mol) 
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Figure 3.9 Rate constant vs. temperature-35% FA-B (AE-33000 J /mol) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 3.10 Rate constant vs. temperature-35% FA-C (AE-28300l J /mol) 
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   (a-Control mixture)        (b-20% FA-A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (c-35% FA-A)      (d-50% FA-A)  
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  (e-35% FA-B)       (f-35% FA-C) 
 


Figure 3.11 Arrhenius plots for the various mixtures  
 
 


Table 3.15 Calculated activation energies (ASTM C1074) 
 
 
 
 
 
 
 
 
 


AE= Activation Energy calculated based on combined data set 
AEi = Activation Energy calculated based for each of the trials, i = 1 through 4 


Mixture AE (J/mol) AE1 (J/mol) AE2 (J/mol) AE3 (J/mol) AE4 (J/mol) 
Control 41400 40900 41500   


20% FA-A 48100     
35% FA-A 15600 16900 22400 10700  
50% FA-A 33400 38000 35300 34500 21800 
35% FA-B 33000 37100 31000   
35% FA-C 28300 26700 31700 31700  
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CHAPTER 4 – EXPERIMENTAL WORK – CONCRETE 
 
4.1 Materials  


The same materials were used for concrete and mortar batches; the physical and chemical 
properties of the materials used for concrete field and laboratory testing are presented in 
Table 3.1and Table 3.2 in Chapter 3. 
 
4.2 Mixing Concrete 


These non-air-entrained concrete mixtures had a target slump of 5 to 7 in. Type F HRWR 
was used in the concrete mixture to achieve the target slump. The concrete was mixed in 
a dry batch ready mixed concrete plant, which means all the materials were batched into 
the concrete truck mixer and mixed in the truck mixer. The concrete was delivered to the 
NRMCA research facility which was located about 20 minutes from the concrete plant. 
The plant only stored Fly ash FA-A, which required that Fly ash FA-C be added to the 
ready mixed concrete truck at the NRMCA laboratory followed by additional mixing.  
HRWR was also added as needed  at the laboratory to attain target slump. 
 
4.3 Concrete Testing  


Concrete tests were conducted in accordance with ASTM standards. The NRMCA 
Research Laboratory participates in proficiency sample testing of the Cement and 
Concrete Reference Laboratory (CCRL), is inspected biannually for conformance to the 
requirements of ASTM C1077, and maintains its accreditation under the AASHTO 
Laboratory Accreditation Program. 
 
4.3.1 Fresh Concrete Tests 


 
All concrete batches were tested in accordance with ASTM standards for slump (ASTM 
C143/C143M), air content (ASTM C231), density (ASTM C138/C138M), and 
temperature (ASTM C1064/C1064M). 
 


4.3.2 Hardened Concrete Tests 
 
Compressive Strength Tests: 
 
Compressive strength tests for concrete mixtures were conducted in accordance with 
ASTM C39/C39M. Specimen size used was 4 x 8 in. cylindrical specimens. Neoprene 
caps in accordance with ASTM C1231/C1231M of 70 durometer hardness were used to 
cap the test specimens.  Three types of curing were followed: 
 
1. Standard-cured test specimens were transferred to the 100% humidity room [23oC (73 


oF)] as soon as they were cast, demolded at 24 hours and cured until the test age. 
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Cylinders were tested at an age of 1, 2, 4, 7, 14, and 28 days. Strength test results 
reported are the average of 3 test cylinders tested at the same age. Temperature 
sensors were placed in two of the concrete cylinders. The average temperature data 
were used to establish the strength-maturity relationship for each mixture. 
 


2. Field-cured cylinders were also tested at an age of 2, 4, and 7 days. Compressive 
strength test results reported are the average of 3 test cylinders for field-cured 
cylinders tested at the same age. Two additional concrete cylinders were casted with 
temperature sensor (iButtons) at the center to compare the temperature development 
with that structure. These concrete specimens with temperature sensors were not 
tested for compressive strength, and were only used to recording temperature. 


 
3. Match-cured cylinders were also tested at an age of 2, 4, and 7 days. The match 


curing process used is shown in Figure 4.1. Compressive Strength test results reported 
are the average of 2 test cylinders tested at the same age. Two additional concrete 
cylinders were cast with a temperature sensor (iButton) at the center to compare the 
temperature development with that structure. These concrete specimens with 
temperature sensors were not tested for compressive strength. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Match cure system showing 8 match-cured cylinder molds connected to a micro-controller 


computer 
 
Pullout Tests: 
 
Wooden 8-in. cube molds shown in Figure 4.2 were used for developing the correlations 
between pullout load and compressive strength of companion cylinders. Testing was 
conducted at six ages (1, 2, 4, 7, 14, and 28 days). Early stripping inserts were used in the 
8-in. concrete cubes, one pullout insert was used in each side of the four faces to 
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eliminate the possibility of any radial cracking propagation affecting the results during 
the pullout test (Figure 4.3). A LOK-test machine was used to perform the pullout test, as 
shown in Figure 4.4. Pullout force test result reported is the average of 8 pullout test at 
same age from 2 cubes. An additional cube was made to record the temperature of these 
specimens; therefore, 13 cubes were prepared for each mixture. Temperature sensors 
(iButtons) were placed in one of the cubes at a height of 1 in. from the bottom surface of 
the cube at the center of the surface. The temperature data were used to compare the 
temperature development of the cubes and cylinders. These molds were fabricated with 
wood and coated with waterproofing paint and varnish. Before filling the concrete, the 
wooden cube molds were coated with form oil to prevent the concrete from adhering to 
the molds. A correlation between the pullout load and compressive strength was 
determined for each mixture.  This correlation was used to estimate the in-place strength 
at locations where the pullout test on the concrete members was performed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.2 Custom 8 × 8 × 8-in. cube mold 
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Figure 4.3 Cube molds with pullout inserts at the centers of the 4 side faces 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.4 Pullout equipment 
 
Concrete Blocks: 
 
Concrete blocks of dimension 2 × 2 × 6-ft were used to simulate the in-place strength 
development of HVFA mixtures under field conditions. The 2 × 2 × 6-ft wooden forms, 
shown in Figure 4.5, were designed to incorporate 12 pullout inserts on each side of the 
longer faces (24 total). The minimum distance between 2 inserts was kept in accordance 
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to ASTM C900, which states that the minimum clear distance between two inserts should 
be eight times the head diameter, and the minimum clear distance between the edge and 
the insert should be four times the head diameter. Inserts were installed at 145-mm clear 
distance center to center, and 115-mm from the edge, to eliminate any potential effects of 
radial cracking from one test to the next. The inserts extended a distance of 1 in. into the 
concrete surface.  The blocks were also designed to allow the research team to perform 
very early pullout tests before the forms were removed.  This was done by creating a 
small access window on specific locations of the block mold as shown in Figure 4.4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.5 Field block with pullout inserts and temperature sensors 
 
Four 2 × 2 × 6-ft concrete blocks were prepared, one for each of the four different 
concrete mixtures. Temperature sensors (iButtons) were installed in eight different 
locations in each concrete block. Appendix A, Figure A.3 shows the locations of 
temperature sensors. Temperature of concrete elements should be measured at critical 
locations within a structure since a variable temperature gradient may be observed in 
relation to the specific location, Appendix E shows the plots for temperature profile 
within the block. One thermocouple was also installed at 1 in. from the surface of the 
block, which was needed for the match cure cylinders to replicate the same thermal 
profile as the block. The temperature profile from iButton (denoted by P4 in Figure A.3) 
located at a depth of 1 in. from the surface was used to calculate the equivalent age of the 
block.  Whenever maturity is used to perform critical formwork removal operations it is 
customary for the temperature sensor to be placed at a depth of 1 in. from the concrete 
surface.   It should be observed that the temperature sensor for the maturity (P4 in Figure 
A.3), the thermocouple for match-cured cylinder tests, and the pullout inserts extended  to 
a depth of 1 in. from the concrete surface. The blocks were placed in two lifts with each 
layer being consolidated using an internal vibrator. As soon as the blocks were struck off, 
they were covered with a plastic sheet. A commercially used black curing blanket about 
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20-mil-thick was used to cover the blocks. The curing blanket was kept over the plastic 
sheet in order to provide some additional insulation to the blocks during the curing 
process. Figure 4.6 shows the concrete block being cured. 
 
The pullout test on the concrete blocks was conducted in accordance to ASTM C900, at 
three different concrete ages (2, 4, and 7 days). Testing at an age of 2 days was conducted 
with the side forms still on the blocks, so access for the pullout test was obtained through 
a 100-mm diameter opening in the form as shown in Figure 4.5. The formwork of each 
block was removed at a concrete age of 3 days. After the forms were removed, the block 
was cured using plastic sheeting and curing blankets. At each testing age, eight pullout 
tests were conducted at randomly selected locations on the block, with the requirement 
that four tests be performed on each of the two longer faces of the block. This approach 
was used to eliminate the effect of variability due to different curing conditions and 
hydration that the sides of the block may experience. The average of these eight tests was 
calculated and used to estimate the in-place compressive strength at that age using the 
pre-determined pullout load versus strength correlation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.6 Concrete block curing in field. 
 
The pullout tests and match-cured cylinder test results were used to validate the in-place 
strengths predicted by maturity. Field cured cylinders were also tested as a point of 
comparison since this approach is currently the most commonly used technique to 
determine the in-place compressive strength.  
 
Slab tests: 
 
In addition to the concrete blocks, two 8 ft × 8 ft × 7 in. slab (Figure 4.7), were prepared 
for the control (Portland cement mixture) and the 50% fly ash mixtures. The slabs had 24 
floating inserts and 5 temperature sensors at different locations. The sensor for maturity 
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calculation (denoted by P4, inFigure A.4 of Appendix A) was located at a depth of 2 in. 
from the top surface around the middle third of the slab. This sensor was located two in. 
below the surface to have the same depth below the surface as the average depth of 
concrete tested when a floating pullout insert is tested.  Refer to Figure A.4 in Appendix 
A for detailed geometry of the slab and the location of iButtons and the thermocouple 
used to drive the match-cured cylinders. For the 50% FA-A mixture the in-place 
cylinders were used in lieu of the match-cured cylinders, due to logistics issues. For the 
50% FA-A mixture concrete block and slab were casted at the same day so the match 
cure system was used for the block. 
 
Figure 4.8 illustrates the test slab with the floating inserts and cast-in-place cylinders. The 
pullout test was conducted in accordance with ASTM C900 at three ages (2, 4, and 7 
days) by testing eight pullout inserts at each age. The compressive strength of the field-
cured and match-cured cylinders was also evaluated at the same three ages as for the slab 
pullout testing, and using three replicates. For the control mixture, the match cure system 
was used to evaluate the in-place strength. On the other hand, for the 50 % FA-A 
mixture, two cast-in-place cylinders were tested at each age and the average value was 
recorded. The temperature data were also recorded in order to compute the maturity 
development at various locations. With the calculated maturity and the predetermined 
strength-maturity relationship, the in-place strength development could be estimated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.7 Concrete slab with cast-in-place cylinders and temperature sensors 
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Figure 4.8 Slabs with cast-in-place cylinders, floating inserts and field cure cylinders (The red 
marking are the pullout inserts, field-cured cylinders are placed outside the slab and the cast-in-place 
cylinders are within the slab) 
 
The concrete blocks and slabs were cast at NRMCA’s research facility in ambient 
exposure conditions during the period of October to December. Table 4.1 tabulates the 
placement dates and average ambient temperature during the first 96 hours after placing 
the concrete in the block. The block and slab of the control mixture were cast on different 
dates, Figure E.1 in Appendix E shows the plot of ambient outside temperature for the 
first 96 hours during curing process. 
 


Table 4.1 Placement of concrete for blocks and slabs- over the first 96 hours  
 
 
 
 
 
 
 
 
 
4.4 Mixture Proportions 


All the concrete mixtures were non-air-entrained and the Type HRWR dosage was 
adjusted to attain a target slump of 5 to 7 in. The yield adjusted concrete mixture 
proportions used are summarized in Table 4.2. The water and cementitious contents were 
generally accurate except for Mixture 35%FA-A which had a much lower cementitious 
materials content and higher water content presumably due to a batching error at the 
concrete plant. To achieve sufficient strength at early ages for fly ash concrete, the water-


Mixtures Block Slab Placement 
Date 


Average Ambient 
Temperature ( oF) 


35% FA-C X  10-05-2006 59.0 
35% FA-A X  10-26-2006 50.0 


Control  X  11-03-2006 42.0 
Control  X 11-20-2006 43.0 


50% FA-A X X 11-28-2006 55.0 
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cementitious materials ratio (w/cm) was decreased and a HRWR was added to achieve 
desired workability.  
 


Table 4.2 Yield adjusted concrete mixture proportions 
 
 
 


 


 


 


 


4.5 Discussion of Test Results 


4.5.1 Fresh Concrete Properties 
 
Fresh concrete properties are reported in Table 4.3.  
 


Table 4.3 Fresh concrete properties 


 
4.5.2 Standard-Cured Strength Results and Strength-Maturity Relationship 


Compressive strength testing of standard-cured 4 x 8 in. concrete cylinders was 
performed to develop the Strength-Maturity relationship for the four mixtures listed in 
Table 4.3. Table C.1 to Table C.6 in Appendix C summarizes the compressive strength 
results for the standard-cured cylinders. The equivalent age maturity function was used to 
compute the maturity index. The activation energies used to convert the actual ages to 
equivalent age at the reference temperature of 23oC (73oF) for each mixture are average 
AE values (labeled as AE) of the corresponding mixture and is provided inTable 3.15.  
Table 4.4 to Table 4.7 tabulates the compressive strength results of standard-cured 
cylinders for all the four concrete mixtures. These tables also show the computed 
equivalent age based on the measured temperature profile of the concrete cylinders. 
Resulting strength versus equivalent age relationships were plotted and the best-fit 
hyperbolic functions are shown in Figure 4.9 to Figure 4.12. 


 


Item Control 
Mixture


35% 
FA-C 


35% 
FA-A 


50% 
FA-A 


Cement (lb/yd3) 510 363 331 308 
Fly Ash (lb/yd3) 0 198 196 298 
Coarse Aggregate (lb/yd3) 1940 1940 1956 1967 
Fine Aggregate(lb/yd3) 1298 1321 1268 1297 
Water(lb/yd3) 286 238 265 237 
HRWR Admixture (oz/cwt) 2.1 5.1 6.7 7.1 
w/cm 0.56 0.42 0.50 0.39 


Parameter 
Mixture ID 


Control 
(Block) 


Control 
(Slab) 


35%FA-A
(Block) 


50%FA-A 
(Block & Slab) 


35%FA-C
(Block) 


Slump (in.) 6.0 6.0 8.25 8.5 8.0 
Concrete Temp. (°F) 55 58 55 57 72 


Total Air Content (%) 2.4 3.4 1.1 1.1 1.7 
Density (lb/ft3) 149.8 150.1 149.8 153.0 143.3 
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Table 4.4 Control mixture 
 
 
 
 
 
 
 
 
 


 
Table 4.5 35% FA-A mixture 


 
 
 
 
 
 
 
 
 


 
Table 4.6 50% FA-A mixture 


 
 
 
 
 
 
 
 
 
 


Table 4.7 35% FA-C mixture 
 
 
 
 
 
 
 
 
 
 


  


Age (Days) Eq. Age @23oC (Days) Strength (psi) 
1 0.84 1023 
2 1.64 1714 
4 3.25 2449 
7 5.81 2692 


14 12.26 3470 
28 24.96 4378 


Age (Days) Eq. Age @23oC (Days) Strength (psi) 
1 0.95 699 
2 1.90 1034 
4 3.78 1402 
7 6.62 1820 


14 13.05 2609 
28 26.54 3505 


Age (Days) Eq. Age @23oC (Days) Strength (psi) 
1 0.98 1039 
2 1.94 1662 
4 3.80 2372 
7 6.59 2832 


14 12.79 3668 
28 25.33 4811 


Age (Days) Eq. Age @23oC (Days) Strength (psi) 
1 0.98 807 
2 1.94 1781 
4 3.88 2822 
7 6.79 3503 


14 13.29 4104 
28 26.15 5212 
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Figure 4.9 Maturity model- control mixture 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.10 Maturity model- 35% FA-A mixture 
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Figure 4.11 Maturity model- 50% FA-A mixture 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.12 Maturity model- 35% FA-C mixture 
  
The hyperbolic function accurately characterized the strength-maturity relationship for all 
mixtures. Strength-Maturity plots shown in Figure 4.9 to Figure 4.12 are later used to 
estimate the in-place compressive strengths of the concrete blocks and slabs that were 
constructed with the same mixtures placed under field conditions. 
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4.5.3 Pullout Force Test Results and Pullout Force Versus Strength Correlation 


The pullout test is used during construction to evaluate the in-place compressive strength 
of concrete structural elements at any given time. This section will detail the pullout test 
results and correlations with compressive strength for the different mixtures used in this 
research. Appendix D summarizes the pullout results for laboratory and field cure 
specimens. Pullout force results of standard cure cubes are tabulated in Table D.1 to 
Table D.10 in Appendix D, and these results are used to develop a correlation between 
pullout force and compressive strength. The compressive strength and pullout force plots 
are presented in Appendix D from Figure D.1 to Figure D.4. It is noted that the 
compressive strength increases as an exponential function of the pullout force. This 
relationship can be described by Equation 4, where a and b are regression constants (ACI 
228.1R-03).  
 
         Equation 4 
 
Equation 4 can also be rewritten in a log transformation, as shown in Equation 5, which 
when plotted on log-log axes will provide a straight line relationship:  
       Equation 5 


where,  C     = Compressive strength (psi), 
 P     = Pullout force (kN), and 
 a, b  = Regression constants, and a is in psi. 
 


Figure D.1 to Figure D.4 Appendix D contain the plots of compressive strength versus 
the pullout force for all the concrete mixtures. In each graph is also shown the data scatter 
for the pullout test results for each testing age. The strength-pullout force relationships 
are based on the average pullout force (from eight measurements) and the average 
compressive strength. The strength relationship constants are tabulated in Table 4.8 for 
each mixture 
  


Table 4.8 Regression constants for strength relationship 
 
 
 
 
 
 
From Figure D.1 to Figure D.4 it is observed that there is a good correlation between 
compressive strength and pullout force for individual mixtures. Further investigation was 
conducted to explore the possibility of having a single strength relationship for all 
mixtures. This new relationship, calibrated for all the mixtures tested in this study, is 
shown in Equation 6 and had an R2 of 97.4%. 
 


     
24.114.67 PC ×=    Equation 6 


 


bPaC ×=


)log()log()log( PbaC ×+=


 a(psi) b R2 (%)
Control 85.63 1.20 99.5 


35% FA-A 60.73 1.30 99.5 
50% FA-A 46.72 1.36 99.1 
35% FA-C 84.21 1.22 98.4 
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Equation 7 is the relationship recommended by the manufacturer of the pullout testing 
apparatus to obtain the compressive strength from a known pullout force. This 
relationship was also used to estimate the compressive strength and compare them with 
pullout-strength correlation developed in this project. 
 


    12.1100 PC ×=     Equation 7 
  Where: 


C= Compressive strength, psi 
P= Pullout Force, kN 


 
Figure 4.13 to Figure 4.16 shows the estimated versus measured strength plots for each 
concrete mixture.  In each plot the compressive strength is estimated from the pullout 
load using the above three equations.  It is clearly observed from the figures that 
manufacturer’s recommended equation relationship does not provide a good estimate of 
the compressive strength. Correlation developed for each specific mixture provides a 
more accurate estimate of the measured compressive strength, and is subsequently used 
to estimate the strength of field-cured concrete element. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.13 Compressive strength vs. pullout force relationship-control mixture 
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Figure 4.14 Compressive strength vs. pullout force relationship-35% FA-A mixture 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.15 Compressive strength vs. pullout force relationship-50% FA-A mixture 
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Figure 4.16 Compressive strength vs. pullout force relationship-35% FA-C mixture 
 
 
4.5.4 In-Place Strength Estimates Based on Field-Cured and Match-Cured Cylinder 
Strengths  


 
It is well known that concrete cured at higher temperature will gain early-age strength 
more rapidly than when it is cured at lower temperatures.  Higher temperature means 
faster rate of chemical reaction and thus faster rate of strength gain. Figure E.2 to Figure 
E.11 in Appendix E show the temperature profile based on different curing conditions. 
As it can be observed from the temperature profiles the match-cured cylinders, which 
replicate the actual temperature profile of the structural element (block and slab) 
experience higher temperatures compared to the field-cured and standard-cured cylinders.  
Figure 4.17 to Figure 4.21 show the compressive strength plots for the various curing 
conditions of the four mixtures, including the data from the block and slab concrete 
elements. From the data collected from the comparative experiments it can be concluded 
that compressive strength measured using field or standard-cured cylinders do not 
accurately represent the conditions of the block and slabs and thus underestimate the in-
place compressive strengths of the structural concrete elements.  
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Figure 4.17 Compressive strength vs. age for different curing conditions (Control mixture-block)  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.18 Compressive strength vs. age for different curing conditions (Control mixture-slab) 
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Figure 4.19 Compressive strength vs. age for different curing conditions (35% FA-A mixture-block) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20 Compressive strength vs. age for different curing conditions (35% FA-C mixture-block) 
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Figure 4.21 Compressive strength vs. age for different curing conditions (50% FA-A mixture-slab 
and block) 


 
4.5.5 In-Place Strength Estimates Based on Pullout and Maturity 


The maturity method and the pullout test were used to estimate the in-place strengths of 
the concrete in the field block specimens and the field slabs. These estimates were 
compared with the strengths of match-cured cylinders, which were assumed to represent 
the best estimates of actual in-place strength. The strengths of the field-cured cylinders 
were also included in this comparison. 


In-place temperature histories (see Appendix E) were recorded using iButton temperature 
data loggers located 1 in. from the block surface (Sensor P4 in Figure A.3) and 2 in. from 
the slab surface (Sensor P4 in Figure A.4). These measured temperature histories were 
converted to equivalent age using Equation 2 and the computed activation energies for 
each specific mixture. After equivalent age was calculated, the predetermined strength-
maturity relationships (Figure 4.9 to Figure 4.12) were used to estimate the in-place 
strength at the location of the iButton data loggers at test ages of 2, 4, and 7 days. The 
measured average pullout loads were converted to estimates of in-place compressive 
strengths using the pullout-strength correlations developed earlier for each mixture (see 
Figure 4.13 to Figure 4.16).  


Table E.1 shows the equivalent ages at each test age and the estimated in-place strengths 
based on the maturity method and the pullout test. Table E.2 compares the strengths of 
the match-cured cylinders with the strengths of the field-cured cylinders and with the 
estimated strengths based on the maturity method and pullout test. The values in the 
parentheses are the percentage difference in strength compared with the corresponding 
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strength of the match-cured cylinders. Figure 4.22 to Figure 4.25 show these strength 
comparisons for the four blocks and Figures 4.26 and 4.27 show the comparisons for the 
two slabs. Table E3 summarizes the average percent difference between the match-cured 
cylinders and in-place strength estimations by field-cured cylinders, maturity method, and 
pullout tests. 


In general, the estimated strengths based on the pullout test and the maturity method were 
lower than the strengths of the match-cured cylinders by 15 to 20%. The field-cured 
cylinders, on the other hand, resulted in 20 to 50 % lower strengths in most cases. The 
lower strengths of the field-cured cylinders can be explained by their lower in-place 
temperatures compared with the temperatures recorded by the iButton data loggers. 
Estimated strengths from pullout tests and maturity were generally in good agreement. It 
was noted that even though the thermocouple used to drive the match-cured cylinders and 
the iButton data loggers used to calculate equivalent age for the maturity method were 
close to each other, the thermocouple temperatures were consistently higher. At each test 
age, the match-cured cylinders were, therefore, at a higher equivalent age than was used 
to estimate strength from the strength-maturity relationship. This may account for some 
of the consistently lower estimated strengths based on maturity. Other factors for the 
differences are proposed in the following discussion of the results for each mixture. 


Control mixture—For the slab, the estimated strengths based on the maturity method 
were considerably lower (40 %) than the match-cured cylinder strengths. The slab was 
cast from a different batch than the block. The 28-day standard-cured cylinder strength 
for the slab concrete was 5180 psi compared with 4380 psi for the block concrete (see 
Table C.1). Thus the slab concrete was stronger than the block concrete. In estimating the 
in-place strength of the slab, the strength-maturity relationship for the block was used. 
This result reinforces the known limitation of the maturity method, which is that it is not 
able to account for batching errors. Another observation is that at the test age of 7 days, 
the equivalent age of the slab was only 4.5 days because of the low in-place temperature. 
For the block, at 7 days the equivalent age of the block was 8.5 days. This can explain 
why at 7 days, the estimated strengths of the block and slab based on the pullout test were 
similar even though the potential strength of the slab concrete was higher. At the test age 
of 7 days, the strength of the match-cured cylinders was 3860 psi which is greater than 
the 14-day strength of 3470 psi for the standard-cured cylinders (see Table 4.4). Thus the 
match-cured cylinders may have systematically greater strength than the standard 
cylinders after accounting for the effects of maturity. This premise requires additional 
investigation. 


35 % FA-A mixture—At the test age of 7days, the equivalent age of the block was 7.1 
days. The 7-day strength of the standard-cured cylinder was 1820 psi (see Table 4.4). The 
estimated strength for the maturity method (1925 psi) is consistent with this value, but the 
match-cured strength is significantly higher at 2790 psi. A possible explanation may be 
related to the maximum in-place temperature in the block, which was about 91 ºF. The 
mortar tests discussed in Chapter 3 showed that when mortar cubes were cured at 100 ºF, 
the estimated long-term strength was greater than for room-temperature curing. This 
apparent strength enhancement due to higher early age temperature in the fly ash 
mixtures may explain why the match-cured cylinders were stronger than estimated from 
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the strength maturity relationship. But this does not explain why the estimated strength 
based on the pullout test was lower (1800 psi at 7 days). A possible effect may be related 
to the thermal strains introduced in the surface layer after formwork was removed at 3 
days. More study is needed to confirm this suggestion. 


50 % FA-A mixture—At test ages of 2, 4, and 7 days, the computed equivalent ages of the 
block specimens were 2.4, 4.6 and 6.6 days, while for the slab the corresponding values 
were 1.6, 3.2, and 5.1 days. Thus the slab temperatures were lower than standard 
temperature. For the block, the match-cured cylinder strengths were considerably greater 
than the estimated strengths based on the maturity method. This may again be attributed 
to the strength-enhancing effect of the higher early-age temperature in the block, which 
reached 91 ºF. At the 7-day test age, the match-cured cylinder strength was 3250 psi. On 
the other hand, the 7-day standard-cured strength was 2830 psi (see Table 4.4). For the 
slab, because the in-place temperatures were not above the standard temperature, the 
strength-enhancement due to high temperature was absent. As a result there was 
reasonable agreement between the match-cured cylinder strengths and the estimated 
strength based on maturity (see Table E.2). The estimated strengths based on the pullout 
test were in good agreement with the strengths of the match-cured cylinders at the 2-day 
test age. At 4 and 7 days, the estimated strengths from pullout were considerably less 
than the match-cured cylinders. Again, this could be related to thermal strains that reduce 
the pullout resistance in the surface layer, but this premise needs to be studied further. 


35 % FA-C mixture—The in-place temperature used to calculate equivalent age of the 
block reached a maximum value of 111 ºF. At test ages of 2, 4, and 7 days, the equivalent 
ages for the block were 3.7, 6.4, and 9.6 days. The standard-cured cylinder strength at 7 
days was 3500 psi, while the match-cured cylinder strength at an equivalent age of 6.4 
days was 4400 psi. Thus the enhancing effect of high temperature on long-term strength 
appears to be present, and this would explain why the estimated strengths based on 
maturity are consistently lower than the match-cured cylinder strengths. At the 2-day test 
age, the estimated strength from the pullout test is close to the match-cured cylinder 
strength. At 4 and 7-day test ages, however, the estimated strengths from the pullout test 
are considerably lower than the match-cured cylinders. This is consistent with the 
behavior in all the other cases. 


Summary—Figures 4.22 to Figure 4.27 compare the various estimates of in-place 
strength as a function of the equivalent age at the time of testing based on the iButton 
data and the activation energies of the various mixtures. In general, the field-cured 
cylinders resulted in the lowest strengths because of their lower in-place temperatures. 
The match-cured cylinder strengths were assumed to be the best estimates of in-place 
strength, but these strengths were consistently higher than the estimates based on the 
maturity method or the pullout test. Two factors have been suggested for this behavior: 


• There may be a systematic effect related to the nature of the match-cured 
specimens (degree of consolidation and drying effect) that results in a higher 
apparent strength. 


• The higher in-place temperature of the match-cured cylinders may have 
introduced the strength enhancing effect that was observed in the mortar 
specimens cured at elevated temperatures. 
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Both of these proposed factors require additional study. Finally, the lower estimated 
strengths based on the pullout test may be related to tensile strains introduced into the 
surface concrete due to thermal gradients and moisture gradients. This suggestion also 
requires additional study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Figure 4.22 Comparison of strength obtained from various methods vs. equivalent age (Control-


mixture block) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.23 Comparison of strength obtained from various methods vs. equivalent age (50% FA-A-
block) 
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Figure 4.24 Comparison of strength obtained from various methods vs. equivalent age (35% FA-A 
block) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.25 Comparison of strength obtained from various methods vs. equivalent age (35% FA-C 
block) 
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Figure 4.26 Comparison of strength obtained from various methods vs. equivalent age (Control 
mixture-slab)  


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure 4.27 Comparison of strength obtained from various methods vs. equivalent age (50% FA-A-
slab)  
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CHAPTER 5 – SEMI-ADIABATIC CALORIMETRY 
TESTING 


 
The curing temperature of the concrete is arguably the variable that has the most 
significant effect on the rate of hydration. In this section, the maturity method is used to 
account for the effect of temperature and time on the rate of hydration. The equivalent 
age maturity function shown in Equation 8, as developed by Freiesleben and Pedersen 
(1977), is widely accepted as the most accurate maturity formulation. 
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Equation 6 
 


where, te(Tr) = equivalent age at the reference curing temperature (hours), 
 Δt = chronological time interval (hours), 
 Tc = average concrete temperature during the time interval, Δt, (°C), 
 Tr = constant reference temperature (°C), 
 E =  activation energy (J/mol), and 
 R = universal gas constant (8.3144 J/mol/K). 
 
The hydration reaction of Portland cement is an exothermic process, and the total amount 
of heat generated may affect the in-place performance of some structures. The total heat 
released during hydration is a function of the composition of cementitious materials, 
amount of cementitious materials, and the water-cementitious material ratio of the 
mixture. In the remainder of this section, models to quantify the total heat of hydration, 
degree of hydration, temperature sensitivity, and the temperature associated with the 
hydration of concrete are presented. 
 
5.1 Quantifying the Total Heat of Hydration of the Cementitious Materials 


The total heat of hydration (at 100% hydration) can be estimated directly from the cement 
chemistry (Bogue 1947). Each of the cement constituents have been found to have a 
unique heat of hydration and the total heat of hydration of the cement at complete 
hydration (Hcem) can be quantified as shown in Equation 9. 
 


MgOFreeCaOSOAFCACSCSCcem pppppppH 8501186624420866260500
34323


++++++=  Equation 7 
 


where, Hcem = total heat of hydration of the cement (J/g), and 
 pi = weight ratio of i-th compound in terms of the total cement content. 
 
The calcium oxide (CaO) of the fly ash has been used as an indicator of its cementitious 
characteristics and the amount of heat that it may contribute during hydration with Portland 
cement (Schindler and Folliard 2005). With knowledge of the total cementitious materials 
content (Cc), and the heat of hydration (Hu) per unit weight of all the cementitious 
materials, the ultimate heat of hydration (HT) for combinations of cement and fly ash at 
100% hydration can be modeled as shown in Equations 10 and 11. 
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cuT CHH ⋅=  Equation 8 
 


where, HT = total ultimate heat of hydration of the concrete (J/m3), 
 Cc  = cementitious materials content (g/m3), and 
 Hu = total heat of hydration of cementitious materials at 100% hydration 


(J/g), defined as follows: 
 


FAFACaOcemcemu pppHH ⋅⋅+⋅= 1800  Equation 9 
 


where, pcem =  cement weight ratio in terms of total cementitious content, 
 pFA =  fly ash weight ratio in terms of total cementitious content, and 
 pFACaO  =  fly ash CaO weight ratio in terms of the total fly ash content. 
 
5.2 Quantifying the Degree of Hydration Development 


The degree of hydration (α) is a measure of the extent of the hydration reactions between 
the cementitious materials and the water, and is defined as the ratio between the quantity 
of hydrated cementitious material and that total hydrated amount on complete hydration 
of the original cementitious material. The degree of hydration is a function of time, with 
α varying between 0%, at the start of hydration, and 100% when hydration is fully 
completed. In reality, not all of the cementitious material always hydrates, and a degree 
of hydration of 100% may never be reached (Mills 1966). The degree of hydration versus 
equivalent age relationship is used to characterize the hydration behavior of a specific 
concrete mixture at the reference temperature (Tr).  
 
In this study, the indirect method of estimating the degree of hydration based on the heat 
development that occurs during hydration is used. It has been shown that the heat 
released divided by the total heat available provides a good measure of the degree of 
hydration (Van Breugel 1997), and this is mathematically express as follows: 
 


TH
tHt )()( =α  Equation 10 


 


where, α(t) = degree of hydration at time, t, and 
 H(t) = cumulative heat of hydration released at time, t, (J/m3). 
 
Once test data of the degree of hydration development have experimentally been 
determined, the data can be represented by a best-fit mathematical model. The 
exponential formulation shown in Eq. 13 has been shown to accurately represent the s-
shape of the hydration development (Schindler and Folliard 2005)  
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where, α(te) = the degree of hydration at equivalent age, te,  
 τ   = hydration time parameter (hours), 
 β  = hydration shape parameter, and 
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 αu = ultimate degree of hydration. 
 
5.3 Temperature Sensitivity of Cementitious Materials 


In the equivalent age maturity method, the activation energy defines the temperature 
sensitivity of a concrete mixture. By using the equivalent age maturity approach, the rate of 
hydration at any specific temperature can be determined from a known rate of hydration at 
the reference temperature. It has been shown that the activation energy (E) for strength and 
hydration prediction purposes may be very different. Schindler (2004) evaluated the 
temperature sensitivity of the hydration process over a temperature range of 4.4°C to 
40.6°C and developed the activation energy model shown in Equation 14. 
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where, pC3A = weight ratio of C3A in terms of the total cement content, 
 pC4AF = weight ratio of C4AF in terms of the total cement content, and 
 Blaine  = Blaine value, specific surface area of cement (m2/kg). 
 
5.4 Modeling the Heat Generation and Temperature Associated with Hydration 


The temperature development in a concrete specimen curing under adiabatic conditions 
(where there is no heat transfer to the environment) can be determined with Eq. 15  
(Jonasson et al. 1995). 
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where, T  = temperature of the concrete (°C), 
 ρ = concrete density (kg/m3), 
 cp  = concrete specific heat capacity (J/kg/°C), 
 QH = rate of heat generation (W/m3), and 
 H = heat of hydration of the concrete (J/m3), equal to HT ⋅ Cc ⋅ α. 
 
The rate of heat generation heat, QH, is dependent on the degree of hydration. The degree 
of hydration is a function of the time and temperature history, which can be characterized 
by the equivalent age maturity function. With this approach, the adiabatic temperature rise 
of the concrete specimen can be evaluated at discrete times after batching. By using the 
equivalent age maturity method and the exponential formulation to quantify the degree of 
hydration (Equation 13), the rate of heat generation, at time t, can be determined as shown 
in Equation 16 (Schindler and Folliard 2005). 
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5.5 Experimental Work 


Semi-adiabatic calorimetry was used in this study to quantify the hydration development of 
various cementitious systems. There is currently no standardized ASTM test method for 
semi-adiabatic calorimetry; however, the test was performed based on the draft test 
procedure of RILEM TCE-119 (1998). Tests were performed on six mixture proportions—
as listed inTable 5.1, and each test was performed over approximately a six-day period. 
These six mixture proportions match those used during the field work performed during 
this project. A standard cement source was chosen, and the type and dosage level of the 
SCMs used with the cement were changed. The following three fly ashes were used: 1) 
low-lime Class F fly ash, 2) intermediate-lime Class F fly ash, and 3) Class C fly ash. 
These three fly ashes are identified by the letter A, B, and C, respectively, in Table 5.1. 
 
Table 5.1 Mixture proportions used for semi-adiabatic testing 


Item 
Mixture ID 


Control 20%FA-A 35%FA 50%FA-A 35%FA-B 35%FA-C
Cement, lbs/yd3 510 424 331 308 371 363 
Fly Ash, lbs/yd3 0 106 196 298 200 198 
Water, lbs/yd3 286 270 265 237 242 238 
Coarse Agg. SSD, lbs/yd3 1,946 1,950 1,962 1,973 1,950 1,946 
Fine Agg. SSD, lbs/yd3 1,319 1,302 1,273 1,232 1,335 1,369 
Target Total Air Content, % 3 3 3 3 3 3 
HRWR Admixture, oz/yd3 10.7 15.9 35.3 43.0 28.5 28.6 
w / cm 0.56 0.51 0.51 0.39 0.43 0.43 
Fly ash ID - FA-A FA-A FA-A FA-B FA-C 
Fly ash CaO Content (%) - 1.2 1.2 1.2 13.3 23.4 


 
The batch size was 1.5 ft3 and the concrete was made under laboratory conditions. The 
following tests were performed on each batch to ensure that the concrete was acceptable: 
slump, fresh concrete temperature, total air content, fresh concrete unit weight, and the 28-
day compressive strength. Three, moist-cured, cylinders were tested at 28 days to verify the 
concrete’s strength potential. 
 
With semi-adiabatic calorimetry, a small amount of heat loss is allowed to occur over time. 
Therefore, the temperature development is not as high as it would be under fully adiabatic 
conditions. Due to the elevated temperatures reached during hydration, most of the 
hydration is completed in a short period of time (7 days). A disadvantage of the semi-
adiabatic test method is that the true adiabatic heat development has to be calculated from 
the test results, and losses associated with the test have to be accounted for. Once the test 
data are collected, the degree of hydration can be computed based on heat transfer 
principles and with the heat of hydration model previously document in Equations 10, 12, 
13, and 15. The result can thus be affected by inaccurate assumptions of activation energy 
(temperature sensitivity) and material properties such as thermal conductivity, specific heat, 
and density. These results will show the effect of all the mixture proportions on the rate of 
hydration, total heat of hydration, setting, and to some extent the degree of hydration. 
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These results will be useful to show how the addition of various amounts and types of fly 
ashes alter the hydration process of these mixtures. 
 
5.6 Test Data and Discussion of Results 


The concrete quality control tests that were performed on each batch are summarized in 
Table 5.2. Note that all fresh properties were acceptable and similar for the six batches. It 
can also be seen from Table 5.2 that the 28-day strength of Mixture 35% FA-B was more 
than 1,200 psi lower than that of Mixtures 35% FA-A and 35% FA-C. It is unusual that the 
strength of Mixture 35% FA-B is lower than that of Mixture 35% FA-A, simply since 
mixture 35% FA-B had a lower w/cm that Mixture 35% FA-A. 
 
Table 5.2 Quality control data collected for batches produced for semi-adiabatic testing 


Parameter 
Mixture ID 


Control 20%FA-A 35%FA-A 50%FA-A 35%FA-B 35%FA-C 
Slump (in.) 7.5 7.5 6 8 6.5 6 
Concrete Temp. (°F) 74 74 72 73 71 74 
Total Air Content (%) 2.25 2.5 2 2 2 2 
Unit Weight (lb/ft3) 150.4 152.5 154.6 154.5 155.2 154.8 
28-day Comp. Strength (psi) 5,190 5,370 6,260 6,070 4,970 6,550 


 
Table 5.3 provides a summary of the best-fit hydration parameters that were obtained from 
the semi-adiabatic test data. The activation energy values listed in Table 5.3 were 
determined with the activation energy model shown in Equation 15. A reference 
temperature of 22.8°C (73°F) was used during the back-calculation of the hydration 
parameters. The hydration parameters are of the expected order of magnitude, except for 
the ultimate degree of hydration for Mixture 35% FA-B; this is also the mixture that 
exhibited a lower than expected 28-day compressive strength. The ultimate degree of 
hydration for a mixture made with these materials and proportions should be in the range of 
0.75 to 0.90. The increase in the hydration time parameter, τ, for Mixture 35% FA-C 
relative to any of the other mixtures indicates that a retardation of the hydration reaction 
has occurred. This retardation would correspond to an increase in initial and final setting 
times, which is typical for Class C fly ash mixtures. The hydration parameters listed in 
Figure 5.3 can be used to model the in-place temperature development with a heat transfer 
model that is appropriate for the specific member size and boundary conditions. 
 
Table 5.3 Best-fit hydration parameters obtained from semi-adiabatic testing (Tr = 22.8°C) 


Parameter 
Mixture ID 


Control 20%FA-A 35%FA-A 50%FA-A 35%FA-B 35%FA-C 
E-value for Hydration (kJ/mol) 46.1 36.4 28.1 22.3 29.2 29.1 
Total Heat of Hydration (J/kg) 488 394 314 258 401 464 
Slope Parameter, β 0.785 1.024 1.000 1.100 0.990 0.899 
Time Parameter, τ  (hours) 17.8 13.3 13.7 13.4 13.0 24.6 
Ultimate DOH, αu 0.913 0.854 0.770 0.837 0.579 0.855 
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The semi-adiabatic calorimetry test results are summarized in Figure 5.1 to Figure 5.4. 
Figure 5.1 and Figure 5.2 can be used to evaluate the effect that changes in fly ash A 
proportions and w/cm will have on the hydration behavior. The proportions of these 
mixtures do not allow one to only evaluate the effect of an increase in the dosage of fly ash 
A. This is because an increase in w/cm was required to achieve realistic rates and levels of 
compressive strength gain. It may be seen in Figure 5.1 that there is a significant reduction 
in cumulative heat of hydration as the replacement level of fly ash A is increased. This 
trend is true even though in general the w/cm was decrease as the replacement level of fly 
ash A was increased. It is also significant to note that the mixtures made with fly ash A all 
have 28-day strengths that exceed that of the control mixture, yet they generate much less 
heat and this would be advantageous in mass concrete applications. It can be seen from 
Figure 5.1 that the cumulative heat of hydration development of Mixture 35% FA-A and 
50% FA-A are very similar. These mixtures also had similar strength levels. The rate of 
hydration for Mixture 35% FA-A and 50% FA-A are very similar, as shown in Figure 5.2. 
This would be an indication that the decrease in w/cm to change from a 35% to a 50% 
replacement level produced mixtures with very similar hydration kinetics.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Effect of change in fly ash A proportions and w/cm on cumulative heat of hydration 
development 
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Figure 5.2 Effect of change in fly ash A proportions and w/cm on rate of hydration 
 
 
Figure 5.3 and Figure 5.4 can be used to evaluate the effect that a change in fly ash type 
and w/cm will have on the hydration behavior. A comparison of the cumulative heat of 
hydration of the Control mixture and Mixture 35% FA-C as shown in Figure 5.3 reveals 
that the Class C fly ash retarded setting of the mixture and it only slightly reduced the 
cumulative heat of hydration. The retardation effect when the Class C fly ash (35%FA-C) 
is used can clearly be seen on the rate of hydration graph shown in Figure 5.4. Fly ash A 
and B did not retard setting much and both significantly reduce the cumulative heat of 
hydration. The cumulative heat of hydration of Mixture 35%FA-B appears to be lower than 
expected; and this issue was mentioned when the hydration parameters were discussed. The 
data shown in Figure 5.3 and Figure 5.4 show that the total heat of hydration of the 
cementitious system is significantly reduced with the use of a replacement of 35% Class F. 
The data in Figure 5.3 indicates that Class F fly ash has little contribution to the early-age 
heat development. 
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Figure 5.3 Effect of change in fly ash type and w/cm on cumulative heat of hydration development 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Effect of change in fly ash type and w/cm on rate of hydration 
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CHAPTER 6 – CONCLUSIONS  
 
 
The following are conclusions from this study: 
 
1) As would be expected, compressive strengths obtained from field-cured and standard-
cured cylinders do not provide accurate estimates of in-place strengths for concrete 
structures. This study investigated the applicability of using match-cured cylinders, the 
maturity method, and the pullout test to obtain more accurate estimates of the in-place 
concrete strength in structural members made with high-volume fly ash (HVFA) 
concretes. 
 
2) The match-cured cylinder strength data demonstrated clearly that HVFA concretes in 
actual structures have much higher early-age strengths than obtained from testing 
standard-cured cylinders. This means that HVFA concrete mixture proportions may be 
further optimized (use of lower total cementitious material contents, increase the quantity 
of fly ash, and increase the w/cm) without negative effects on construction operations that 
require attainment of specified in-place strength at early ages. 
 
3) Pullout test results have excellent correlations with compressive strength of cylinders 
for the HVFA concrete mixtures considered. While it is recommended that the correlation 
be developed for each specific concrete mixture, the results of this study show that the 
correlation is not affected greatly by the amount of fly ash and the w/cm.   
 
4) Estimated strengths based on maturity method and the pullout test method were 15 to 
20% lower compared with match-cured cylinder strengths at early ages of 2 to 7 days.  
However, these were more accurate than field-cured cylinder strengths, which were about 
20 to 50% lower. The higher strengths of the match-cured cylinders may be related to a 
systematic effect due to the nature of the specimens compared with standard molded 
cylinders. For the HVFA mixtures, the added effect discussed in the next conclusion may 
have increased the apparent long-term strength for match curing. 
 
5) Mortar cubes of HVFA mixtures have shown increased long-term strengths when 
cured at higher temperatures compared with cubes cured at the standard temperature. 
Further investigation is needed to better understand this unusual behavior and improve 
the strength estimation by the maturity method.  
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APPENDIX A  
 


Appendix A summarizes the details of the testing plan adopted for this project. 
 
The HVFA concrete mixtures included in this study are shown inTable A.1. 
 
Table A.1 Mixture proportions 


Item Control 20%FA-A 35%FA-A 50%FA-A 35%FA-B 35%FA-C 
Type I cement (pcy) 500 424 371 300 371 371 
Fly ash (pcy) 0 106 200 300 200 200 
Total Cementitious 500 530 571 600 571 571 
Fly ash (%) 0% 20% 35% 50% 35% 35% 
Water (pcy) 290 270 242 216 242 242 
w/cm 0.58 0.51 0.42 0.36 0.42 0.42 
w/c 0.58 0.64 0.65 0.72 0.65 0.65 
Type A WR(oz/cy) 4 oz 4 oz 4 oz 4 oz 4 oz 4 oz 
Type F HRWR (oz/cy) 0 0 Adjust Adjust Adjust Adjust 
Lab-Concrete X  X X  X 
Field-Block X  X X  X 
Field-Slab X   X   
Lab-Mortar X X X X X X 


 
The target slump will be 4 to 6 in. 


 
Task 2. Activation Energy (ASTM C1074). 
Objectives: 


• Establish the activation energy of the different cementitious systems. 
• Examine whether there is a relationship between the activation energy and the 


amount of fly ash. 
 


a. Mixtures: 
 
 Six (6) mortar mixtures will be used for this study 


 
i. Portland cement only 
ii. Class F fly ash at 3 levels (20, 35, 50 % of total cementitious material) 
iii. Intermediate (10%) and high (25%) lime Class C fly ash at 35% only 
 


b. Fly ash concrete mixtures are proportioned so that early strength at 3 and 
7 days will be comparable to that of the Portland cement control 
mixture. The target strength value for the control mixture will be 
between 4000-5000 psi. The mortar mixtures will be proportioned so 
that the ratios of FA/C are the same as the ratios of CA/C in the 
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corresponding concretes, as recommended in Annex A1 of ASTM 
C1074. 


 
c. Mortars will be mixed and cured at 4 temperatures (7.2°C (45oF), 21oC 


(70oF), 37.8oC (100°F), and 48.9oC (120 °F)). The mortar cubes will be 
cured in lime-saturated water baths. 


 
d. Mortar cubes will be tested for compressive strength at 6 different ages. 


These ages are equivalent ages based on curing at 23oC (73°F), the ages 
are 1, 2, 4, 7, 14, and 28 days. 


 
Table A.2 Initial activation energy 


 
e. Total of sixteen (24) 2-in. cubes will be made per batch 


 
i. 3 cubes for each age (3 × 6 =18) 
ii. 2 cubes with one iButtons sensor each will be prepared to record 


mortar  temperature. 
iii. 4 extra cubes 
 


f. Cube temperature will be recorded with an iButton sensor at 60-min 
interval.  


 
g. Cubes will be tested for compressive strength at each age in accordance 


with ASTM C109. 
 


h. Strength-age relationship will be determined by regression analysis. 
 


i. Determine k values by fitting the following equation to the strength-age 
data for each curing temperature. 


 
( ) ( )
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o
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=
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)(     15 


 
S(t) = Compressive strength at age t 
k(T) = Initial slope of strength-age curve divided by Su (the rate 


constant for initial strength development) 
to = Age when strength development is assumed to begin 


Mixture Proportion Initial activation energy 
Control: Portland Cement Only 40,000 J/mol 
20% Class F Ash 38,000 J/mol 
35% Class F Ash  32,000 J/mol 
50% Class F Ash  28,000 J/mol 
35% Class C Ash (Cao=10%) 34,000 J/mol 
35% Class C Ash (Cao=25%) 36,000 J/mol 
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Su = Limiting strength 
 


j. Regression analysis will be used to calculate best-fit values for Su, to, 
and k. 


 
k. Plot the natural logarithm of the k-values as a function of the reciprocal 


absolute temperature (degrees Kelvin). Determine the best-fitting 
straight line through the four points. The negative of the slope of the line 
is the value of the activation energy divided by the gas constant. 


 
     ( ) ( ) RTEaTk a−= lnln    16 


 
Task 3. Strength-Maturity (Equivalent Age) Relationship and Pullout Test Strength 
Relationship. 


 Objectives: 
• Establish the strength-maturity relationships for each concrete 


mixture. 
• Establish the relationship between pullout strength and cylinder 


strength for each concrete mixture. 
 


a. Four mixtures will be tested to establish the strength maturity relationship 
at standard temperature. (Table 1) 
 
i. Portland cement mixture  
ii. 35 and 50% Class F fly ash mixture 
iii. 35% Class C fly ash (25% lime) mixture 


 
b. 4 in. by 8 in. concrete cylinders will be prepared and cured in accordance 


with ASTM C192/C192 M. 
 
c. Three (3) cylinders will be tested at each age (1, 2, 4, 7, 14, 28 days). Two 


cylinders in each mixture will have embedded sensor (mid-depth) to 
obtain the temperature-age relationship (for use in calculating equivalent 
age). 


 
d. Cylinders will be cured in lime-saturated water bath at 73oF. Specimen 


will be put in the water bath immediately after casting. 
 
e. Perform compressive strength tests at ages of 1, 2, 4, 7, and 14, and 28 


days according to ASTM C39/C39M. Test three specimens at each age 
and compute the average strength. Unbonded neoprene pads will be used 
to cap the specimens. 


 
f. Plot the average compressive strength as a function of equivalent age at 


73oF. The activation energy values obtained in Task 1 and the measured 
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temperature histories will be used to calculate the equivalent ages at each 
test age.  


 
Pullout Test Correlation (ASTM C900) 


 
a. 8-in. concrete cubes will be cast with 4 pullout inserts per cube, one on 


each of the 4 vertical faces (Figure A.1). 
 
b. Four mixtures will be used to obtain the relationship between pullout 


strength and cylinder compressive strength (Table 1) 
 
i) Portland cement mixture  
ii) 35 and 50% Class F fly ash mixtures 
iii) 35% Class C fly ash (25% lime) mixture 


 
c. Eight pullout tests (2 cubes) will be performed at the same time as the 


cylinder compressive strength tests (1, 2, 4, 7, 14, 28 days). Twelve cubes 
per mixture will be prepared. One iButton sensor 1 in. from the bottom of 
the mold (at the center of the horizontal plane of the cube) will be 
embedded in each of the two 28-day cubes. The average of these two will 
be used for our comparison/maturity calculations. 


 
d. Cure the cubes in the same water bath as the cylinders. Pullout mold will 


be put into bath right after casting. Strip molds 24 hours after casting1. 
 


e. When compressive strength tests are performed in step (c), perform 8 
pullout tests at the same time. 


 
f. Results from these tests will be used to establish the strength relationship 


for the pullout test. The procedures in ACI 228.1R will be used to obtain 
the strength relationship. 


 
g. The pullout strength relationships will be examined to determine whether 


there is a unique relationship applicable to all mixtures, or if each mixture 
requires a unique relationship. Compare the relationships with the 
manufacturer’s recommended relationship. 


                                                 
1We will do a 50% trial mix and see if strength at 24 hours is adequate for stripping. If yes, we will strip; If 
Not we will skip 1 day test for that mix and start at 2 days. 
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Figure A.1 Specimens for task 3 


 
Task 4. Field Testing 
 
 Objectives: 


• To simulate the use of maturity method and pullout test to estimate early-
age in-place strength of HVFA mixtures. 


• To compare estimated strengths by maturity and pullout testing with 
strength based on temperature-matched curing (Figure A.2). 


• To demonstrate that in-place strength development of HVFA mixtures will 
be greater than that of standard-cured cylinders. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
Figure A.2 Schematic of field testing 
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Part 1: Concrete block (mass concrete) 
 
a. One 2 ft by 2 ft by 6 ft block will be cast for each mixture with seven 


temperature sensors inside each block (Figure A.3). Thermocouple sensor 
will be used to drive a temperature-matched curing system. 


 
b. A temperature-matched curing system will be used to obtain the best-


estimate of the actual in-place compressive strength at different ages. 
Eight cylinders will be prepared for temperature-matched curing. At actual 
ages of 2, 4, and 7 days, six (6) temperature-matched cylinders will be 
tested. We will need to test 2 cylinders at each age. One cylinder will have 
an iButton sensor to measure the concrete temperature. This cylinder 
should not be tested for strength. We will thus have one spare that could 
be tested at an age where the two breaks are not close to each other. The 
average cylinder strength will represent the actual in-place strength.  


 
c. Ten additional 4 in. by 8 in. cylinders will be prepared when each block is 


cast. Nine cylinders will be field-cured according to ASTM C31/C31M 
and three replicates will be tested at each age of 2, 4, and 7 days. One 
cylinder will be cast with an iButton sensor at mid-depth to monitor 
temperature of field cure cylinder. 


 
d. Twenty four pullout inserts will be cast at the mid-depth of block mold in 


accordance to ASTM C900. Eight pullout tests/age will be performed 
exactly at the same age at which the match-cured and field-cured cylinders 
are tested. All pullout inserts will be randomly placed at the same 
elevation. 


 
e. Two days pullout strength will be tested through the access panels while 


the form work is still attached, to simulate the actual field test (Early 
stripping). Block molds will be stripped after 3days to do a pullout test 
using conventional way for other 2 ages (4 and 7 days). Block will be 
cured using waterproof cover and curing blanket all the time to provide 
good curing of the concrete. 


 
f. Four mixtures will be used for the field concrete blocks along with field 


companion cylinders 
i. Portland cement mixture  
ii. 35 and 50% Class F fly ash mixture 
iii. 35% Class C fly ash (25% lime) mixture 


 
g. Eight iButtons will be placed in each concrete block to monitor 


temperature of the specimen with age (Figure A.3).The temperature-
match- cured cylinders will follow the temperature history of the 
thermocouple sensor with 1.0 in. cover and placed at mid-depth of the 
block, as shown in Figure A.3 (denoted by a star). 
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Figure A.3 Concrete bock and temperature sensor locations  
(P4 is used for maturity calculations) 


 
h. Use the strength-maturity relationship and the pullout strength relationship 


to estimate the in-place concrete strength and compare with the strength of 
the temperature match-cured cylinders.  


 
Part 2: Concrete slab (pavement) 
 
a. One concrete slab of size 8 ft. by 8 ft by 7 in. for each of the two mixtures 


shown in Table A.1 will be cast. 
 
b. Mixtures for concrete slabs. 


 
i. Portland cement mixture 
ii. 50% Class F fly ash mixture 


 
c. Concrete cylinders will be prepared for temperature-matched curing, field 


curing, and standard curing as was done for the concrete block tests. 
 


d. Twenty four pullout test inserts will be floated into the top of each slab 
with accordance to ASTM C900. 


 
e. Five iButtons shown in Figure A.4 will be used in each slab to record 


temperature of the slab. Two temperature sensors will be placed at mid 
depth, and other two sensors will be embedded at 2 in. from the top 
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surface. The thermocouple sensor will be used to drive the temperature-
matched curing system. 


 
f. At actual ages of 2, 4, and 7 days, cylinders (field-cured and match-


cured) will be tested for compressive strength. At the same ages, 8 
pullouts tests will be conducted. Concrete strength estimated based on the 
strength maturity relationship and the pullout test strength relationship 
would be compared with the measured compressive strength of the 
match-cured cylinders. 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Figure A.4 Concrete slab and temperature sensor locations  


(P4 is used for maturity calculations) 
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APPENDIX B  
 
Appendix B summarizes the compressive strength results on 2 in. mortar cubes. 
 


Table B.1 Compressive strength -trial 1 (Control mixture) 
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  1.25 915 5.4 
  2.50 1442 1.3 


45 4.99 2117 3.9 
 9.98 2863 0.7 
  26.24 3555 1.3 


  69.00 4302 0.6 
  0.71 1100 0.5 
  1.42 2021 2.3 


70 2.84 2872 1.9 


  5.69 3513 0.9 


  13.21 3919 1.0 


  30.70 4953 2.4 


 0.34 1006 2.5 
 0.69 2188 5.8 
 1.37 2846 1.4 


100 2.75 3354 0.5 
 5.92 3975 2.2 
 12.77 3975 2.2 
  0.21 523 3.0 
  0.41 1931 0.2 


120 0.82 2531 2.3 
  1.65 3052 5.4 
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Table B.2 Compressive strength -trial 2 (Control mixture) 
 


 
Temp (oF) Age (Days) Strength (psi) COV (%) 


  0.94 228 1.1 
  1.87 1015 3.0 


45 3.74 1877 0.8 
  7.48 2776 1.6 
  14.97 3328 5.0 
  32.14 3845 6.8 
  69.00 4582 1.8 
    
  0.43 318 3.8 
  0.85 1259 0.6 


70 1.7 1902 3.0 
  3.41 2767 1.4 
  6.82 3220 3.8 
  14.47 3652 0.6 
  30.71 4289 4.5 
    
  0.19 241 1.3 
  0.36 1401 0.2 


120 0.71 2179 4.0 
  1.41 2692 6.3 
  2.82 3156 1.7 
  4.59 3293 0.9 
  7.48 3620 5.2 
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Table B.3 Compressive strength -trial 1 (20% FA-A) 
 


Temp (oF) Age (Days) Strength (psi) COV (%) 
  1.28 268 0.5 
  2.56 1067 1.3 


45 5.12 1896 1.7 
  10.23 2513 4.0 
  25.99 4100 0.8 


  66 5077 0.5 
  0.86 1088 1.9 
  1.73 1956 3.3 


70 3.45 2842 1.1 
  6.9 3654 2.2 
  14.52 4428 3.1 


  30.56 5166 2.2 


 0.42 1017 0.7 


 0.84 2088 1.5 


100 1.69 2869 4.5 


 3.37 3807 2.8 


 6.69 4309 2.4 


 13.28 5066 1.9 
    
  0.25 925 5.8 
  0.51 1978 4.1 


120 1.01 2990 0.3 
  2.02 3648 1.5 
  4.02 4788 0.9 
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Table B.4 Compressive strength –trial 1 (35% FA-A) 
Temp (oF) Age (Days) Strength (psi) COV (%) 


  1.42 262 5.9 
  2.85 708 2.0 


45 5.69 1213 1.0 
  11.38 1579 4.8 
  25.69 2096 0.3 


  58.00 2438 3.3 


 1.10 942 2.0 
  2.20 1558 2.8 


70 4.41 1954 1.6 
  8.81 2371 0.8 
  16.30 2745 1.3 


  30.14 3628 0.4 


 0.59 1083 0.6 


 1.18 1641 2.0 


 2.36 2150 0.5 


100 4.71 2656 1.8 


 8.39 3430 1.1 


 14.94 4498 1.2 
  0.35 750 1.6 
  0.71 1369 0.4 


120 1.41 1833 1.8 
  2.83 2646 2.9 
  5.25 4172 1.9 
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Table B.5 Compressive strength –trial 2 (35% FA-A) 
 
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Table B.6 Compressive strength –trial 3 (35% FA-A) 
Temp (oF) Age (Days) Strength (psi) COV (%) 


  0.83 225 7.8 
  1.65 1063 8.3 


70 3.30 1638 0.1 
  6.60 2338 0.7 


  30.14 3420 4.3 


  94.11 4938 0.7 
  0.26 325 10.8 
  0.53 819 9.7 


120 1.07 1394 1.9 
  2.12 2196 2.1 


  4.55 3269 4.5 


  9.75 4125 0.3 


  26.03 5400 0.1 
 


 


Temp (oF) Age (Days) Strength (psi) COV (%) 
  1.42 296 11.2 
  2.84 715 5.5 


45 5.69 1185 1.2 
  11.37 1521 1.3 
  22.76 2000 9.2 
  36.27 2208 2.6 
  58.02 2368 0.5 
  0.95 305 0.6 
  1.65 975 2.0 


70 3.30 1650 0.5 
  6.55 2160 1.8 
  13.22 2630 1.1 
  19.96 2875 1.1 
  30.20 3261 1.1 


  0.26 209 5.3 
  0.53 896 2.3 


120 1.06 1886 5.6 
  2.12 2600 1.6 
  4.24 3403 1.4 
  6.43 4045 0.3 
  9.74 4558 4.1 
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Table B.7 Compressive strength –trial 1 (50% FA-A) 
 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  1.66 335 4.6 
  3.32 879 1.6 


45 6.64 1900 2.4 
  13.29 2646 2.2 
  26.54 3709 3.7 


  1.18 1083 0.6 


  2.35 1846 0.3 


70 4.71 2948 0.3 


  9.41 4050 1.8 


  16.77 5069 1.4 


  29.87 6210 3.7 


 0.70 1621 1.9 


 1.40 2750 1.9 


100 2.79 3975 0.6 


 5.58 5328 4.4 


 9.50 6546 4.4 


 16.16 7344 2.1 
  0.42 1274 2.4 


  0.84 2543` 3.5 


120 1.67 3708 3.7 


  3.35 5344 1.1 


  6.10 6523 0.8 
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Table B.8 Compressive strength –trial 2 (50% FA-A) 
Temp (oF) Age (Days) Strength (psi) COV(%) 


 1.50 305 11.4 
 2.98 1068 2.6 


45 5.95 2051 1.5 
 11.95 2946 5.1 
 23.91 4061 2.5 
 35.57 4588 1.4 
 53.50 4965 0.7 
 0.94 762 1.9 


70 1.88 1760 1.3 


 3.80 2760 0.7 
 7.58 3642 3.2 
 14.96 4430 4.4 
 29.86 5430 0.1 
 0.26 502 9.0 
 0.50 1627 1.3 


120 1.00 2883 2.4 
 2.00 3966 3.1 
 4.02 5631 0.5 
 6.69 6388 2.7 
 11.12 6620 0.1 


 


Table B.9 Compressive strength –trial 3 (50% FA-A) 
Temp (oF) Age (Days) Strength (psi) COV(%) 


  0.47 235 12.2 
  0.94 792 3.9 


70 1.88 1625 0.7 
  4.05 2473 1.4 
  10.54 3575 3.2 
  29.92 5143 4.6 
  90.95 6958 0.2 
  0.26 425 15.5 


120 0.52 1423 3.6 
  1.04 2668 5.7 
  2.08 3880 2.9 
  4.82 5896 3.3 
  11.12 6479 4.7 
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Table B.10 Compressive strength –trial 4 (50% FA-A) 
 


 


 


 


 


 


 


 


 


 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  0.47 160 2.2 
  0.95 838 2.1 


70 1.89 1613 1.0 
  3.76 2400 2.2 
  30.09 5613 2.2 
  93.00 7313 8.4 
  0.26 505 1.4 


120 0.51 1331 0.6 
  1.04 2306 0.3 
  2.08 2751 3.9 
  4.80 5118 3.9 
  11.08 6975 0.7 
  30.1 7688 2.9 
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Table B.11 Compressive strength –trial 1 (35% FA-B) 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Table B.12 Compressive strength –trial 2 (35% FA-B) 
 


 


 


 


 


 


 


 


 


 


  


Temp (oF) Age (Days) Strength (psi) COV(%) 
  1.37 286 2.4 
  2.74 917 2.0 


45 5.48 1788 1.2 
  10.96 2854 0.9 
  25.64 3683 1.2 
  1.00 1155 3.9 
  2.00 2042 1.2 


70 4.01 2838 0.7 
  8.01 3600 4.9 
  15.58 4269 0.3 
  30.28 4778 2.1 
 0.52 673 1.4 
 1.03 1308 1.1 


100 2.07 2050 1.2 
 4.13 2688 1.2 
 7.71 3374 3.6 
 14.37 4090 1.6 
  0.31 802 1.1 
  0.62 1823 3.2 


120 1.24 2908 3.2 
  2.48 3718 0.4 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  0.65 396 7.7 
  1.3 1221 1.6 


70 2.6 2118 2.3 
  5.21 2893 2.1 
  10.37 3538 0.8 
  17.65 4088 2.8 
  30.28 4818 1.2 


  0.26 250 4.3 
  0.53 1558 2.4 


120 1.05 2550 1.7 
  2.11 3444 3.4 
  4.20 4551 0.4 
  6.20 5188 2.5 


   9.12 5654 2.2 
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Table B.13 Compressive strength –trial 1 (35% FA-C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  1.33 132 0.5 
  2.66 384 2.0 


45 5.33 1004 0.7 
  10.65 1871 1.0 
  25.91 2983 0.4 


  63.00 3877 1.3 
  0.86 363 5.9 


  1.73 1167 1.6 


70 3.45 2033 0.3 


  6.90 2872 2.4 


  14.52 3666 1.5 


  30.56 4657 0.7 


 0.49 133 2.8 


 0.98 671 1.0 


100 1.95 1493 1.0 


 3.90 2196 1.1 


 7.34 3332 1.2 


 13.81 4516 1.1 


  0.29 207 3.6 
  0.59 1050 2.7 


120 1.17 2494 0.4 
  2.34 3729 1.6 
  4.47 5341 3.0 
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Table B.14 Compressive strength –trial 2 (35% FA-C) 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
Table B.15 Compressive strength –trial 3 (35% FA-C) 


Temp (oF) Age (Days) Strength (psi) COV(%) 
  0.80 156 6.1 
  1.60 750 0.7 


70 3.22 1536 3.8 
  6.48 2256 1.6 
  30.44 3906 2.9 


  92.04 5444 0.5 
  0.29 184 2.8 


  0.58 750 0.0 


120 1.17 1675 5.2 


  2.34 2838 9.3 


  4.46 4494 0.1 


  8.54 5263 0.3 


  23.96 6090 0.0 


 
  


Temp (oF) Age (Days) Strength (psi) COV(%) 
  0.80 268 6.1 
  1.62 904 0.7 


70 3.22 1713 3.8 
  6.43 2385 1.6 
  12.90 3084 2.9 


  19.82 3597 0.5 
  30.388 4035 2.2 
  0.29 223 3.3 
  0.59 1096 1.7 


120 1.16 1580 3.9 
  2.33 3127 3.1 
  4.68 4204 1.7 
  6.32 5075 5.9 
  8.53 5113 0.2 
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APPENDIX C  
 
Appendix C summarizes compressive strength test results for field and laboratory testing. 
 


Table C.1 Compressive strength –standard cure concrete cylinders-block (Control mixture) 


 
Table C.2 Compressive strength concrete cylinders-slab (Control mixture) 


 
Table C.3Compressive strength -concrete cylinders-block (35% FA-A) 


 
Table C.4 Compressive strength -concrete cylinders-block (50% FA-A) 


  


Age (Days) Standard Cure (psi) COV (%) Field Cure (psi) COV(%) Match Cure (psi) COV(%) 
              
1 1023 5.0         
2 1714 2.0 1249 2.1 2810 0.2 
4 2449 3.1 2021 3.6 3452 0.2 
7 2692 2.2 2615 4.2 3861 2.1 


14 3470 5.5         
28 4378 2.1         


Age (Days) Standard Cure (psi)  COV(%) Field Cure(psi) COV(%) Match Cure (psi)  COV(%) 
       


1       
2   1717 3.1 2825 1.3 
4   2288 13.3 3625 3.4 
7   3148 2.3 4289 0.6 


14       
28 5182 4.4     


Age (Days) Standard Cure (psi)  COV (%) Field Cure (psi) COV (%) Match Cure (psi) COV (%) 
             
1 699 2.3        
2 1034 3.0 813 1.0 1802 4.2 
4 1402 3.2 1374 2.2 2450 3.1 
7 1820 5.5 1722 11.1 2786 5.3 


14 2609 3.1         
28 3505 2.1        


Age (days) Standard Cure (psi) COV (%) Field Cure (psi) COV (%) Match Cure (psi) COV(%) 
       
1 1039 5.1     
2 1662 2.7 1155 2.3 2156 0.8 
4 2372 3.7 2216 1.5 2823 1.0 
7 2832 1.1 2599 0.1 3251 3.2 


14 3668 1.2     
28 4811 0.4     
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Table C.5 Compressive strength -concrete cylinders-slab (50% FA-A) 


 
 
 
 
 
 


Table C.6 Compressive strength -concrete cylinders-block (35% FA-C) 


 
  


Age (Days) Field Cure (psi) COV (%) In-Place (psi) COV (%) 
     
2 1263 2.1 1491 3.6 
4 2159 1.1 2262 1.4 
7 2485 0.6 2545 3.3 


Age (Days) Standard Cure (psi) COV (%) Field Cure (psi) COV (%) Match Cure(psi) COV (%) 
       


1 807 1.8     
2 1781 6.1 1732 4.4 3422 3.2 
4 2822 3.9 2998 1.3 4405 0.1 
7 3503 0.2 3695 1.4 4953 1.71 


14 4104 2.5     
28 5212 1.2     
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APPENDIX D  
 
This Appendix D summarizes the results for pullout force on 8 in. concrete cube and field 
cure blocks and slabs. The plot for compressive strength vs. pullout force for standard 
cure 8 in. concrete cube are also shown with best fit exponential equation used for 
strength vs. pullout force correlations. Finally, the calculated pullout forces for the blocks 
and slabs are converted to compressive strength estimates using the developed pullout 
load-compressive strength correlations (Figures D.1 to D.4) 
 


Table D.1 Pullout force on 8 in. cube concrete specimen (Control mixture) 
Age (Days) Pullout Force (kN) COV(%) 


    
1 8.45 15.4 
2 12.50 8.4 
4 15.63 5.4 
7 17.90 3.3 


14 21.61 4.7 
28 26.89 8.0 


 
Table D.2 Pullout force on 8in. cube concrete specimen (35% FA-A) 


 
 
 
 
 
 
 


 
Table D.3 Pullout force on 8in. cube concrete specimen (50% FA-A) 


 
 


 
 
 
 
 
 
 


Table D.4 Pullout force on 8in. cube concrete specimen (35% FA-C) 
Age (Days) Pullout Force (kN) COV (%) 


1 7.16 14.0 
2 12.86 11.0 
4 18.30 8.7 
7 20.84 4.2 


14 22.49 6.1 
28 30.28 7.1 


 
 
 
 


Age (Days) Pullout Force (kN) COV (%) 
1 7.19 6.9 
2 9.40 17.8 
4 10.59 5.9 
7 13.41 6.9 


14 18.03 9.1 
28 22.86 4.3 


Age (Days) Pullout Force (kN) COV (%) 
1 10.44 21.9 
2 13.97 17.8 
4 17.36 15.1 
7 19.58 12.3 


14 25.45 11.2 
28 29.69 7.9 
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Figure D.1 Strength vs. pullout force (Control mixture) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure D.2 Strength vs. pullout force (35% FA-A) 
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Figure D.3 Strength vs. pullout force (50% FA-A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure D.4 Strength vs. pullout force (35% FA-C) 


0


1000


2000


3000


4000


5000


6000


0 5 10 15 20 25 30 35


C
om


pr
es


si
ve


 S
tr


en
gt


h 
(p


si
)


Pullout Load (kN)


Day 1
Day 2
Day 4
Day 7
Day 14
Day 28
Average
Predicted Strength


0


1000


2000


3000


4000


5000


6000


0 5 10 15 20 25 30 35


C
om


pr
es


si
ve


  S
tr


en
gt


h 
(p


si
)


Pullout Load(kN)


Day 1
Day 2
Day 4
Day 7
Day 14
Day 28
Average
Predicted Strength







89 
 


Table D.5 Pullout force on concrete block field-cured (Control mixture) 
 
 
 
 


 
Table D.6 Pullout force on concrete slab field-cured (Control mixture) 


 
 
 
 


 
Table D.7 Pullout force on concrete block field-cured (35% FA-A) 


 
 
 
 
 


 
Table D.8 Pullout force on concrete block field-cured (50% FA-A) 


 
 
 
 
 


 
Table D.9 Pullout force on concrete slab field-cured (50% FA-A) 


 
 
 
 
 


 
Table D.10 Pullout force on concrete block field-cured (35% FA-C) 


 


  


Age (Days) Pullout Force (kN) COV (%) Estimated Strength (psi) 
2 17.175 6.7 2590 
4 18.525 3.7 2836 
7 21.525 4.2 3395 


Age (Days) Pullout Force (kN) COV(%) Estimated Strength (psi) 
2 16.33 7.5 2437 
4 19.03 4.7 2928 
7 20.69 9.1 3237 


Age (days) Pullout Force (kN) COV(%) Estimated Strength (psi) 
2 10.75 4.2 1325 
4 11.09 5.7 1379 
7 13.64 9.1 1804 


Age (Days) Pullout Force (kN) COV (%) Estimated Strength (psi) 
2 16.60 16.4 2151 
4 17.50 16.7 2311 
7 18.21 10.4 2441 


Age (Days) Pullout Force (kN) COV (%) Estimated Strength (psi) 
2 11.79 6.7 1349 
4 14.83 7.4 1844 
7 17.10 5.7 2240 


Age (Days) Pullout Force (kN) COV (%) Estimated Strength (psi) 
2 20.35 5.3 3325 
4 22.99 2.8 3858 
7 24.28 12.0 4123 
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APPENDIX E  
 
This appendix helps understand the strength estimations from maturity. For each of the 6 
field tested cases (4 blocks and 2 slabs) corresponding temperature vs. age profiles are 
presented as two plots: 
 


 
1. Figure A.4 in Appendix A for the block and slab respectively 


2. The second plot shows the temperature profiles inside the following four 
scenarios – standard-cured cylinders, field-cured cylinders, match-cured cylinders and 
iButtons closest to the thermocouple use for match curing.  
This is followed by the strength predictions from maturity for each of the 6 cases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure E.1 Ambient temperature profile during field testing from October to November 
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Figure E.2 Temperature profile of block (Control mixture) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure E.3 Temperature profile control mixture 
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Figure E.4 Temperature profile of slab (Control mixture) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure E.5 Temperature profile of block (50% FA-A) 
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Figure E.6 Temperature profile 50% FA-A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure E.7.Temperature profile of Slab (50% FA-A) 
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Figure E.8 Temperature profile of block (35% FA-A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Figure E.9.Temperature profile 35% FA-A 
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Figure E.10 Temperature profile of block (35% FA-C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 
Figure E.11 Temperature profile 35% FA-C
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Table E.1 Strength prediction using maturity and pullout correlation 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


Mixture Concrete 
Element 


Actual Age 
(Days) 


Equivalent Age 
(23oC) (days) 


Strength Prediction  
Maturity Method 


(psi) 


Pullout Load
 (kN) 


Strength Prediction 
Pullout Correlation 


(psi) 


  2 3.60 2322 17.2 2590 
 Block 4 6.21 2922 18.5 2836 


Control 
Mixture  7 8.51 3271 21.5 3395 


  2 1.7 1605 16.3 2437 
 Slab 4 2.8 2069 19.0 2928 
  7 4.5 2561 20.7 3237 
  2 2.2 1058 10.8 1325 


35% FA-A Block 4 4.3 1477 11.1 1379 
  7 7.1 1925 13.6 1804 
  2 2.4 1769 16.6 2151 
 Block 4 4.6 2434 17.5 2311 


50% FA-A  7 6.6 2887 18.2 2441 
 Slab 2 1.6 1448 11.8 1349 
  4 3.2 2014 14.8 1844 
  7 5.1 2550 17.1 2240 
  2 3.7 2685 20.4 3325 


35% FA-C Block 4 6.4 3496 23.0 3858 
  7 9.6 4035 24.3 4123 
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Table E.2  Strength comparison between various curing condition and predicted strength 
 
 


   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* values in the brackets are strength percent difference between match cure and  that column 


 
  


Mixture Concrete 
Element 


Actual Age 
(Days) 


Match Cure 
Strength (psi) 


 


Strength Prediction 
Maturity Method 


(psi)* 


Strength 
Prediction 


Pullout 
Correlation (psi)* 


Field Cure 
(psi)* 


    2 2810 2322 (-17.4) 2590 (-7.8) 1249 (-55.6) 
  Block 4 3452 2922 (-15.4) 2836 (-17.8) 2021 (-41.5) 
Control 
Mixture   7 3861 3271 (-15.3) 3395 (-12.1) 2615 (-32.3) 
    2 2825 1605 (-43.2) 2437 (-13.7) 1717 (-39.2) 
  Slab 4 3625 2069 (-42.9) 2928 (-19.2) 2288 (-36.9) 
    7 4289 2561 (-40.3) 3237 (-24.5) 3148 (-26.6) 
    2 1802 1058 (-41.3) 1325 (-26.5) 813 (-54.9) 


35% FA-A Block 4 2450 1477 (-39.7) 1379 (-43.7) 1374 (-43.9) 
    7 2786 1925 (-30.9) 1804 (-35.2) 1722 (-38.2) 
    2 2156 1769 (-17.9) 2151 (-0.2) 1155 (-46.4) 
  Block 4 2823 2434 ( -13.8) 2311 (-18.1) 2216 (-21.5) 


50% FA-A   7 3251 2887 (-11.2) 2441 (-24.9) 2599 (-20.1) 
  Slab 2 1491 1448 (-2.9) 1349 (-9.5) 1263 (-15.3) 
    4 2262 2014 (-11.0) 1844 (-18.5) 2159 (-4.6) 
    7 2545 2550 (0.2) 2240 (-12.0) 2485 (-2.4) 
    2 3422 2685 (-21.5) 3325 (-2.8) 1732 (-49.4) 


35% FA-C Block 4 4405 3496 (-20.6) 3858 (-12.4) 2998 (-31.9) 
    7 4953 4035 (-18.5) 4123 (-16.8) 3695 (-25.4) 







 


 
 
 


98


Table E.3 Average percent differences between match-cured and various other in-place strength prediction techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


  


Mixture Concrete 
Element Maturity Method, % Pullout, % Field Cure 


         
  Block 16.0 12.6 43.1 
Control        
         
  Slab 42.1 19.1 34.2 
         
         


35% FA-A Block 37.3 35.1 45.7 
         
         
  Block 14.3 14.4 29.3 


50% FA-A        
         
    Slab 4.6 13.3 7.4 
         
         


35% FA-C Block 20.2 10.7 35.6 
         


 
Average 


  


 
22.4 


 


 
17.5 


 
32.6 
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Table E.4 Maturity calculations control mixture-block  


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 


0.0 12.8 - -  0 0.00 
0.3 12.8 12.8 0.55 0.18 0.18 620 
0.7 12.8 12.8 0.55 0.18 0.36 626 
1.0 12.8 12.8 0.55 0.18 0.54 632 
1.3 12.8 12.8 0.55 0.18 0.72 638 
1.7 14.0 13.4 0.59 0.19 0.92 644 
2.0 14.5 14.3 0.61 0.20 1.12 650 
2.3 14.5 14.5 0.61 0.20 1.32 656 
2.7 15.0 14.8 0.63 0.21 1.53 663 
3.0 15.0 15.0 0.63 0.21 1.73 669 
3.3 15.5 15.3 0.65 0.21 1.95 676 
3.7 15.5 15.5 0.65 0.21 2.16 683 
4.0 16.0 15.8 0.67 0.22 2.38 689 
4.3 16.5 16.3 0.69 0.23 2.60 696 
4.7 17.0 16.8 0.71 0.23 2.84 703 
5.0 17.0 17.0 0.71 0.23 3.07 711 
5.3 17.5 17.3 0.73 0.24 3.31 718 
5.7 18.0 17.8 0.75 0.25 3.56 725 
6.0 18.5 18.3 0.77 0.25 3.81 733 
6.3 19.0 18.8 0.79 0.26 4.07 741 
6.7 19.5 19.3 0.82 0.27 4.34 749 
7.0 20.5 20.0 0.87 0.29 4.63 758 


7.3 21.0 20.8 0.89 0.29 4.92 767 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
7.7 21.5 21.3 0.92 0.30 5.23 776 
8.0 22.0 21.8 0.94 0.31 5.54 785 
8.3 22.5 22.3 0.97 0.32 5.86 794 
8.7 23.5 23.0 1.03 0.34 6.20 804 
9.0 24.0 23.8 1.06 0.35 6.55 814 
9.3 25.0 24.5 1.12 0.37 6.92 825 
9.7 25.5 25.3 1.15 0.38 7.30 836 


10.0 26.5 26.0 1.22 0.40 7.70 848 
10.3 27.5 27.0 1.29 0.42 8.12 860 
10.7 28.5 28.0 1.36 0.45 8.57 873 
11.0 29.5 29.0 1.44 0.47 9.05 886 
11.3 30.5 30.0 1.52 0.50 9.55 900 
11.7 31.0 30.8 1.56 0.51 10.06 914 
12.0 31.5 31.3 1.60 0.53 10.59 929 
12.3 32.0 31.8 1.64 0.54 11.13 944 
12.7 32.5 32.3 1.69 0.56 11.69 959 
13.0 33.0 32.8 1.73 0.57 12.26 975 
13.3 33.0 33.0 1.73 0.57 12.83 990 
13.7 33.5 33.3 1.78 0.59 13.42 1006 
14.0 34.0 33.8 1.83 0.60 14.02 1022 
14.3 34.0 34.0 1.83 0.60 14.62 1038 
14.7 34.5 34.3 1.88 0.62 15.24 1054 
15.0 34.5 34.5 1.88 0.62 15.86 1070 
15.3 35.0 34.8 1.93 0.64 16.50 1086 
15.7 35.0 35.0 1.93 0.64 17.13 1102 
16.0 35.5 35.3 1.98 0.65 17.79 1119 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.3 35.5 35.5 1.98 0.65 18.44 1135 
16.7 35.5 35.5 1.98 0.65 19.09 1151 
17.0 36.0 35.8 2.03 0.67 19.76 1168 
17.3 36.0 36.0 2.03 0.67 20.43 1184 
17.7 36.0 36.0 2.03 0.67 21.10 1200 
18.0 36.5 36.3 2.08 0.69 21.79 1217 
18.3 36.5 36.5 2.08 0.69 22.47 1233 
18.7 36.5 36.5 2.08 0.69 23.16 1249 
19.0 37.0 36.8 2.14 0.71 23.87 1266 
19.3 37.0 37.0 2.14 0.71 24.57 1282 
19.7 37.0 37.0 2.14 0.71 25.28 1299 
20.0 37.0 37.0 2.14 0.71 25.98 1315 
20.3 37.0 37.0 2.14 0.71 26.69 1331 
20.7 37.5 37.3 2.19 0.72 27.41 1347 
21.0 37.5 37.5 2.19 0.72 28.14 1363 
21.3 37.5 37.5 2.19 0.72 28.86 1379 
21.7 37.5 37.5 2.19 0.72 29.58 1395 
22.0 37.5 37.5 2.19 0.72 30.31 1411 
22.3 37.5 37.5 2.19 0.72 31.03 1426 
22.7 37.5 37.5 2.19 0.72 31.76 1442 
23.0 37.5 37.5 2.19 0.72 32.48 1457 
23.3 37.5 37.5 2.19 0.72 33.20 1472 
23.7 37.5 37.5 2.19 0.72 33.93 1487 
24.0 37.5 37.5 2.19 0.72 34.65 1502 
24.3 37.5 37.5 2.19 0.72 35.38 1517 
24.7 37.5 37.5 2.19 0.72 36.10 1531 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
25.0 37.5 37.5 2.19 0.72 36.82 1546 
25.3 38.0 37.8 2.25 0.74 37.57 1561 
25.7 38.0 38.0 2.25 0.74 38.31 1576 
26.0 38.0 38.0 2.25 0.74 39.05 1590 
26.3 38.5 38.3 2.31 0.76 39.81 1605 
26.7 38.5 38.5 2.31 0.76 40.58 1620 
27.0 38.5 38.5 2.31 0.76 41.34 1634 
27.3 38.5 38.5 2.31 0.76 42.10 1649 
27.7 39.0 38.8 2.37 0.78 42.88 1663 
28.0 39.0 39.0 2.37 0.78 43.66 1678 
28.3 39.0 39.0 2.37 0.78 44.45 1692 
28.7 39.0 39.0 2.37 0.78 45.23 1707 
29.0 39.0 39.0 2.37 0.78 46.01 1721 
29.3 39.0 39.0 2.37 0.78 46.79 1735 
29.7 39.0 39.0 2.37 0.78 47.57 1749 
30.0 39.0 39.0 2.37 0.78 48.36 1763 
30.3 39.5 39.3 2.43 0.80 49.16 1777 
30.7 39.5 39.5 2.43 0.80 49.96 1791 
31.0 39.5 39.5 2.43 0.80 50.76 1805 
31.3 39.0 39.3 2.37 0.78 51.54 1818 
31.7 39.0 39.0 2.37 0.78 52.33 1832 
32.0 39.0 39.0 2.37 0.78 53.11 1845 
32.3 39.0 39.0 2.37 0.78 53.89 1858 
32.7 39.0 39.0 2.37 0.78 54.67 1871 
33.0 39.0 39.0 2.37 0.78 55.45 1884 
33.3 39.0 39.0 2.37 0.78 56.24 1897 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
33.7 39.0 39.0 2.37 0.78 57.02 1909 
34.0 38.5 38.8 2.31 0.76 57.78 1922 
34.3 38.5 38.5 2.31 0.76 58.54 1934 
34.7 38.5 38.5 2.31 0.76 59.30 1946 
35.0 38.5 38.5 2.31 0.76 60.07 1958 
35.3 38.0 38.3 2.25 0.74 60.81 1969 
35.7 38.0 38.0 2.25 0.74 61.55 1981 
36.0 38.0 38.0 2.25 0.74 62.29 1992 
36.3 38.0 38.0 2.25 0.74 63.04 2004 
36.7 38.0 38.0 2.25 0.74 63.78 2015 
37.0 37.5 37.8 2.19 0.72 64.50 2026 
37.3 37.5 37.5 2.19 0.72 65.23 2037 
37.7 37.5 37.5 2.19 0.72 65.95 2047 
38.0 37.5 37.5 2.19 0.72 66.68 2058 
38.3 37.5 37.5 2.19 0.72 67.40 2069 
38.7 37.0 37.3 2.14 0.71 68.11 2079 
39.0 37.0 37.0 2.14 0.71 68.81 2089 
39.3 37.0 37.0 2.14 0.71 69.52 2099 
39.7 37.0 37.0 2.14 0.71 70.22 2109 
40.0 36.5 36.8 2.08 0.69 70.91 2119 
40.3 36.5 36.5 2.08 0.69 71.60 2128 
40.7 36.5 36.5 2.08 0.69 72.28 2138 
41.0 36.5 36.5 2.08 0.69 72.97 2148 
41.3 36.0 36.3 2.03 0.67 73.64 2157 
41.7 36.0 36.0 2.03 0.67 74.31 2166 
42.0 36.0 36.0 2.03 0.67 74.98 2175 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.3 36.0 36.0 2.03 0.67 75.65 2184 
42.7 35.5 35.8 1.98 0.65 76.30 2193 
43.0 35.5 35.5 1.98 0.65 76.95 2202 
43.3 35.5 35.5 1.98 0.65 77.61 2210 
43.7 35.5 35.5 1.98 0.65 78.26 2219 
44.0 35.5 35.5 1.98 0.65 78.91 2227 
44.3 35.0 35.3 1.93 0.64 79.55 2236 
44.7 35.0 35.0 1.93 0.64 80.18 2244 
45.0 35.0 35.0 1.93 0.64 80.82 2252 
45.3 35.0 35.0 1.93 0.64 81.45 2260 
45.7 34.5 34.8 1.88 0.62 82.07 2268 
46.0 34.5 34.5 1.88 0.62 82.69 2276 
46.3 34.5 34.5 1.88 0.62 83.31 2284 
46.7 34.5 34.5 1.88 0.62 83.93 2292 
47.0 34.5 34.5 1.88 0.62 84.55 2299 
47.3 34.0 34.3 1.83 0.60 85.15 2307 
47.7 34.0 34.0 1.83 0.60 85.76 2314 
48.0 34.0 34.0 1.83 0.60 86.36 2322 
48.3 34.0 34.0 1.83 0.60 86.96 2329 
48.7 33.5 33.8 1.78 0.59 87.55 2336 
49.0 33.5 33.5 1.78 0.59 88.14 2343 
49.3 33.5 33.5 1.78 0.59 88.72 2350 
49.7 33.5 33.5 1.78 0.59 89.31 2357 
50.0 33.5 33.5 1.78 0.59 89.90 2364 
50.3 33.5 33.5 1.78 0.59 90.48 2371 
50.7 33.5 33.5 1.78 0.59 91.07 2378 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
51.0 33.5 33.5 1.78 0.59 91.66 2385 
51.3 33.5 33.5 1.78 0.59 92.25 2392 
51.7 33.5 33.5 1.78 0.59 92.83 2399 
52.0 33.5 33.5 1.78 0.59 93.42 2405 
52.3 33.5 33.5 1.78 0.59 94.01 2412 
52.7 33.5 33.5 1.78 0.59 94.59 2419 
53.0 33.5 33.5 1.78 0.59 95.18 2426 
53.3 33.5 33.5 1.78 0.59 95.77 2432 
53.7 33.5 33.5 1.78 0.59 96.36 2439 
54.0 33.5 33.5 1.78 0.59 96.94 2445 
54.3 33.0 33.3 1.73 0.57 97.52 2452 
54.7 33.0 33.0 1.73 0.57 98.09 2458 
55.0 33.0 33.0 1.73 0.57 98.66 2464 
55.3 32.5 32.8 1.69 0.56 99.22 2471 
55.7 32.5 32.5 1.69 0.56 99.77 2477 
56.0 32.5 32.5 1.69 0.56 100.33 2483 
56.3 32.5 32.5 1.69 0.56 100.89 2489 
56.7 32.5 32.5 1.69 0.56 101.44 2495 
57.0 32.0 32.3 1.64 0.54 101.99 2501 
57.3 32.0 32.0 1.64 0.54 102.53 2506 
57.7 32.0 32.0 1.64 0.54 103.07 2512 
58.0 32.0 32.0 1.64 0.54 103.61 2518 
58.3 31.5 31.8 1.60 0.53 104.14 2523 
58.7 31.5 31.5 1.60 0.53 104.67 2529 
59.0 31.5 31.5 1.60 0.53 105.19 2534 
59.3 31.5 31.5 1.60 0.53 105.72 2540 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
59.7 31.0 31.3 1.56 0.51 106.24 2545 
60.0 31.0 31.0 1.56 0.51 106.75 2551 
60.3 31.0 31.0 1.56 0.51 107.26 2556 
60.7 31.0 31.0 1.56 0.51 107.78 2561 
61.0 30.5 30.8 1.52 0.50 108.28 2566 
61.3 30.5 30.5 1.52 0.50 108.78 2571 
61.7 30.5 30.5 1.52 0.50 109.28 2576 
62.0 30.5 30.5 1.52 0.50 109.78 2581 
62.3 30.5 30.5 1.52 0.50 110.28 2586 
62.7 30.0 30.3 1.47 0.49 110.76 2591 
63.0 30.0 30.0 1.47 0.49 111.25 2596 
63.3 30.0 30.0 1.47 0.49 111.74 2601 
63.7 30.0 30.0 1.47 0.49 112.23 2606 
64.0 29.5 29.8 1.44 0.47 112.70 2610 
64.3 29.5 29.5 1.44 0.47 113.17 2615 
64.7 29.5 29.5 1.44 0.47 113.65 2620 
65.0 29.5 29.5 1.44 0.47 114.12 2624 
65.3 29.5 29.5 1.44 0.47 114.59 2629 
65.7 29.0 29.3 1.40 0.46 115.05 2633 
66.0 29.0 29.0 1.40 0.46 115.52 2638 
66.3 29.0 29.0 1.40 0.46 115.98 2642 
66.7 29.0 29.0 1.40 0.46 116.44 2647 
67.0 29.0 29.0 1.40 0.46 116.90 2651 
67.3 28.5 28.8 1.36 0.45 117.35 2655 
67.7 28.5 28.5 1.36 0.45 117.80 2659 
68.0 28.5 28.5 1.36 0.45 118.24 2664 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.3 28.5 28.5 1.36 0.45 118.69 2668 
68.7 28.5 28.5 1.36 0.45 119.14 2672 
69.0 28.0 28.3 1.32 0.44 119.58 2676 
69.3 28.0 28.0 1.32 0.44 120.01 2680 
69.7 28.0 28.0 1.32 0.44 120.45 2684 
70.0 28.0 28.0 1.32 0.44 120.89 2688 
70.3 28.0 28.0 1.32 0.44 121.32 2692 
70.7 27.5 27.8 1.29 0.42 121.75 2696 
71.0 27.5 27.5 1.29 0.42 122.17 2700 
71.3 27.5 27.5 1.29 0.42 122.60 2704 
71.7 27.5 27.5 1.29 0.42 123.02 2708 
72.0 27.5 27.5 1.29 0.42 123.45 2712 
72.3 27.0 27.3 1.25 0.41 123.86 2715 
72.7 27.0 27.0 1.25 0.41 124.27 2719 
73.0 27.0 27.0 1.25 0.41 124.68 2723 
73.3 27.0 27.0 1.25 0.41 125.10 2726 
73.7 27.0 27.0 1.25 0.41 125.51 2730 
74.0 27.0 27.0 1.25 0.41 125.92 2734 
74.3 27.0 27.0 1.25 0.41 126.34 2737 
74.7 27.0 27.0 1.25 0.41 126.75 2741 
75.0 27.0 27.0 1.25 0.41 127.16 2745 
75.3 27.0 27.0 1.25 0.41 127.58 2748 
75.7 27.0 27.0 1.25 0.41 127.99 2752 
76.0 27.0 27.0 1.25 0.41 128.40 2756 
76.3 27.0 27.0 1.25 0.41 128.81 2759 
76.7 26.5 26.8 1.22 0.40 129.22 2763 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
77.0 26.5 26.5 1.22 0.40 129.62 2766 
77.3 26.5 26.5 1.22 0.40 130.02 2770 
77.7 26.5 26.5 1.22 0.40 130.42 2773 
78.0 26.0 26.3 1.18 0.39 130.81 2776 
78.3 26.0 26.0 1.18 0.39 131.20 2780 
78.7 26.0 26.0 1.18 0.39 131.59 2783 
79.0 26.0 26.0 1.18 0.39 131.98 2786 
79.3 26.0 26.0 1.18 0.39 132.37 2790 
79.7 26.0 26.0 1.18 0.39 132.77 2793 
80.0 26.0 26.0 1.18 0.39 133.16 2796 
80.3 25.5 25.8 1.15 0.38 133.54 2799 
80.7 25.5 25.5 1.15 0.38 133.92 2803 
81.0 25.5 25.5 1.15 0.38 134.30 2806 
81.3 25.5 25.5 1.15 0.38 134.68 2809 
81.7 25.0 25.3 1.12 0.37 135.04 2812 
82.0 25.0 25.0 1.12 0.37 135.41 2815 
82.3 25.0 25.0 1.12 0.37 135.78 2818 
82.7 25.0 25.0 1.12 0.37 136.15 2821 
83.0 24.5 24.8 1.09 0.36 136.51 2824 
83.3 24.5 24.5 1.09 0.36 136.87 2827 
83.7 24.5 24.5 1.09 0.36 137.23 2830 
84.0 24.5 24.5 1.09 0.36 137.59 2833 
84.3 24.0 24.3 1.06 0.35 137.94 2836 
84.7 24.0 24.0 1.06 0.35 138.29 2839 
85.0 24.0 24.0 1.06 0.35 138.64 2841 
85.3 24.0 24.0 1.06 0.35 138.99 2844 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
85.7 23.5 23.8 1.03 0.34 139.33 2847 
86.0 23.5 23.5 1.03 0.34 139.67 2850 
86.3 23.5 23.5 1.03 0.34 140.01 2852 
86.7 23.5 23.5 1.03 0.34 140.35 2855 
87.0 23.0 23.3 1.00 0.33 140.68 2858 
87.3 23.0 23.0 1.00 0.33 141.01 2860 
87.7 23.0 23.0 1.00 0.33 141.34 2863 
88.0 23.0 23.0 1.00 0.33 141.67 2866 
88.3 23.0 23.0 1.00 0.33 142.00 2868 
88.7 22.5 22.8 0.97 0.32 142.32 2871 
89.0 22.5 22.5 0.97 0.32 142.64 2873 
89.3 22.5 22.5 0.97 0.32 142.96 2876 
89.7 22.5 22.5 0.97 0.32 143.28 2878 
90.0 22.5 22.5 0.97 0.32 143.60 2881 
90.3 22.0 22.3 0.94 0.31 143.91 2883 
90.7 22.0 22.0 0.94 0.31 144.22 2886 
91.0 22.0 22.0 0.94 0.31 144.53 2888 
91.3 22.0 22.0 0.94 0.31 144.85 2890 
91.7 21.5 21.8 0.92 0.30 145.15 2893 
92.0 21.5 21.5 0.92 0.30 145.45 2895 
92.3 21.5 21.5 0.92 0.30 145.75 2898 
92.7 21.5 21.5 0.92 0.30 146.06 2900 
93.0 21.5 21.5 0.92 0.30 146.36 2902 
93.3 21.5 21.5 0.92 0.30 146.66 2904 
93.7 21.0 21.3 0.89 0.29 146.96 2907 
94.0 21.0 21.0 0.89 0.29 147.25 2909 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.3 21.0 21.0 0.89 0.29 147.55 2911 
94.7 21.0 21.0 0.89 0.29 147.84 2913 
95.0 21.0 21.0 0.89 0.29 148.13 2916 
95.3 20.5 20.8 0.87 0.29 148.42 2918 
95.7 20.5 20.5 0.87 0.29 148.71 2920 
96.0 20.5 20.5 0.87 0.29 148.99 2922 
96.3 20.5 20.5 0.87 0.29 149.28 2924 
96.7 20.5 20.5 0.87 0.29 149.56 2926 
97.0 20.5 20.5 0.87 0.29 149.85 2929 
97.3 20.5 20.5 0.87 0.29 150.14 2931 
97.7 20.5 20.5 0.87 0.29 150.42 2933 
98.0 20.5 20.5 0.87 0.29 150.71 2935 
98.3 20.5 20.5 0.87 0.29 150.99 2937 
98.7 20.5 20.5 0.87 0.29 151.28 2939 
99.0 20.5 20.5 0.87 0.29 151.57 2941 
99.3 20.5 20.5 0.87 0.29 151.85 2943 
99.7 20.5 20.5 0.87 0.29 152.14 2945 


100.0 21.0 20.8 0.89 0.29 152.43 2948 
100.3 21.0 21.0 0.89 0.29 152.73 2950 
100.7 20.5 20.8 0.87 0.29 153.01 2952 
101.0 20.5 20.5 0.87 0.29 153.30 2954 
101.3 20.5 20.5 0.87 0.29 153.58 2956 
101.7 20.5 20.5 0.87 0.29 153.87 2958 
102.0 20.0 20.3 0.84 0.28 154.15 2960 
102.3 20.0 20.0 0.84 0.28 154.43 2962 
102.7 20.5 20.3 0.87 0.29 154.71 2964 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
103.0 20.0 20.3 0.84 0.28 154.99 2966 
103.3 20.0 20.0 0.84 0.28 155.27 2968 
103.7 20.0 20.0 0.84 0.28 155.55 2970 
104.0 20.0 20.0 0.84 0.28 155.82 2972 
104.3 20.0 20.0 0.84 0.28 156.10 2974 
104.7 20.0 20.0 0.84 0.28 156.38 2976 
105.0 20.0 20.0 0.84 0.28 156.66 2978 
105.3 20.0 20.0 0.84 0.28 156.93 2980 
105.7 20.0 20.0 0.84 0.28 157.21 2982 
106.0 20.0 20.0 0.84 0.28 157.49 2984 
106.3 20.0 20.0 0.84 0.28 157.77 2986 
106.7 19.5 19.8 0.82 0.27 158.04 2988 
107.0 19.5 19.5 0.82 0.27 158.31 2990 
107.3 19.5 19.5 0.82 0.27 158.58 2992 
107.7 19.5 19.5 0.82 0.27 158.85 2994 
108.0 19.5 19.5 0.82 0.27 159.12 2996 
108.3 19.5 19.5 0.82 0.27 159.39 2997 
108.7 19.5 19.5 0.82 0.27 159.66 2999 
109.0 19.5 19.5 0.82 0.27 159.93 3001 
109.3 19.5 19.5 0.82 0.27 160.20 3003 
109.7 19.5 19.5 0.82 0.27 160.47 3005 
110.0 19.5 19.5 0.82 0.27 160.74 3007 
110.3 19.0 19.3 0.79 0.26 161.00 3009 
110.7 19.0 19.0 0.79 0.26 161.26 3010 
111.0 19.0 19.0 0.79 0.26 161.52 3012 
111.3 19.0 19.0 0.79 0.26 161.78 3014 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
111.7 19.0 19.0 0.79 0.26 162.05 3016 
112.0 19.0 19.0 0.79 0.26 162.31 3018 
112.3 19.0 19.0 0.79 0.26 162.57 3020 
112.7 19.0 19.0 0.79 0.26 162.83 3021 
113.0 19.0 19.0 0.79 0.26 163.09 3023 
113.3 19.0 19.0 0.79 0.26 163.36 3025 
113.7 19.0 19.0 0.79 0.26 163.62 3027 
114.0 19.0 19.0 0.79 0.26 163.88 3028 
114.3 19.0 19.0 0.79 0.26 164.14 3030 
114.7 19.0 19.0 0.79 0.26 164.40 3032 
115.0 19.0 19.0 0.79 0.26 164.67 3034 
115.3 18.5 18.8 0.77 0.25 164.92 3035 
115.7 18.5 18.5 0.77 0.25 165.18 3037 
116.0 18.5 18.5 0.77 0.25 165.43 3039 
116.3 18.5 18.5 0.77 0.25 165.68 3041 
116.7 18.5 18.5 0.77 0.25 165.94 3042 
117.0 18.5 18.5 0.77 0.25 166.19 3044 
117.3 18.5 18.5 0.77 0.25 166.45 3046 
117.7 18.5 18.5 0.77 0.25 166.70 3047 
118.0 18.5 18.5 0.77 0.25 166.96 3049 
118.3 18.5 18.5 0.77 0.25 167.21 3051 
118.7 18.5 18.5 0.77 0.25 167.47 3053 
119.0 18.5 18.5 0.77 0.25 167.72 3054 
119.3 18.5 18.5 0.77 0.25 167.98 3056 
119.7 18.5 18.5 0.77 0.25 168.23 3058 
120.0 18.5 18.5 0.77 0.25 168.48 3059 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.3 18.5 18.5 0.77 0.25 168.74 3061 
120.7 18.5 18.5 0.77 0.25 168.99 3063 
121.0 18.0 18.3 0.75 0.25 169.24 3064 
121.3 18.0 18.0 0.75 0.25 169.49 3066 
121.7 18.0 18.0 0.75 0.25 169.74 3067 
122.0 18.0 18.0 0.75 0.25 169.98 3069 
122.3 18.0 18.0 0.75 0.25 170.23 3071 
122.7 18.0 18.0 0.75 0.25 170.48 3072 
123.0 18.0 18.0 0.75 0.25 170.72 3074 
123.3 18.0 18.0 0.75 0.25 170.97 3076 
123.7 18.5 18.3 0.77 0.25 171.23 3077 
124.0 18.5 18.5 0.77 0.25 171.48 3079 
124.3 18.5 18.5 0.77 0.25 171.73 3080 
124.7 18.5 18.5 0.77 0.25 171.99 3082 
125.0 18.5 18.5 0.77 0.25 172.24 3084 
125.3 18.5 18.5 0.77 0.25 172.50 3085 
125.7 18.5 18.5 0.77 0.25 172.75 3087 
126.0 18.5 18.5 0.77 0.25 173.01 3089 
126.3 18.5 18.5 0.77 0.25 173.26 3090 
126.7 18.5 18.5 0.77 0.25 173.52 3092 
127.0 18.5 18.5 0.77 0.25 173.77 3094 
127.3 18.5 18.5 0.77 0.25 174.03 3095 
127.7 18.5 18.5 0.77 0.25 174.28 3097 
128.0 18.5 18.5 0.77 0.25 174.53 3098 
128.3 18.5 18.5 0.77 0.25 174.79 3100 
128.7 18.5 18.5 0.77 0.25 175.04 3102 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
129.0 18.5 18.5 0.77 0.25 175.30 3103 
129.3 18.5 18.5 0.77 0.25 175.55 3105 
129.7 18.0 18.3 0.75 0.25 175.80 3106 
130.0 18.0 18.0 0.75 0.25 176.05 3108 
130.3 18.0 18.0 0.75 0.25 176.29 3109 
130.7 18.0 18.0 0.75 0.25 176.54 3111 
131.0 18.0 18.0 0.75 0.25 176.79 3113 
131.3 18.0 18.0 0.75 0.25 177.04 3114 
131.7 18.0 18.0 0.75 0.25 177.28 3116 
132.0 18.0 18.0 0.75 0.25 177.53 3117 
132.3 18.0 18.0 0.75 0.25 177.78 3119 
132.7 18.0 18.0 0.75 0.25 178.02 3120 
133.0 18.0 18.0 0.75 0.25 178.27 3122 
133.3 18.0 18.0 0.75 0.25 178.52 3123 
133.7 18.0 18.0 0.75 0.25 178.77 3125 
134.0 18.0 18.0 0.75 0.25 179.01 3126 
134.3 18.0 18.0 0.75 0.25 179.26 3128 
134.7 18.0 18.0 0.75 0.25 179.51 3129 
135.0 18.0 18.0 0.75 0.25 179.75 3131 
135.3 18.0 18.0 0.75 0.25 180.00 3132 
135.7 18.0 18.0 0.75 0.25 180.25 3134 
136.0 18.0 18.0 0.75 0.25 180.50 3135 
136.3 18.0 18.0 0.75 0.25 180.74 3137 
136.7 17.5 17.8 0.73 0.24 180.98 3138 
137.0 17.5 17.5 0.73 0.24 181.22 3140 
137.3 17.5 17.5 0.73 0.24 181.46 3141 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
137.7 17.5 17.5 0.73 0.24 181.70 3143 
138.0 17.5 17.5 0.73 0.24 181.94 3144 
138.3 17.5 17.5 0.73 0.24 182.18 3146 
138.7 17.5 17.5 0.73 0.24 182.42 3147 
139.0 17.5 17.5 0.73 0.24 182.66 3149 
139.3 17.5 17.5 0.73 0.24 182.90 3150 
139.7 17.5 17.5 0.73 0.24 183.14 3152 
140.0 17.5 17.5 0.73 0.24 183.38 3153 
140.3 17.5 17.5 0.73 0.24 183.62 3154 
140.7 17.5 17.5 0.73 0.24 183.86 3156 
141.0 17.5 17.5 0.73 0.24 184.10 3157 
141.3 17.5 17.5 0.73 0.24 184.34 3159 
141.7 17.5 17.5 0.73 0.24 184.58 3160 
142.0 17.5 17.5 0.73 0.24 184.82 3162 
142.3 17.0 17.3 0.71 0.23 185.06 3163 
142.7 17.0 17.0 0.71 0.23 185.29 3164 
143.0 17.0 17.0 0.71 0.23 185.52 3166 
143.3 17.0 17.0 0.71 0.23 185.75 3167 
143.7 17.0 17.0 0.71 0.23 185.99 3168 
144.0 17.0 17.0 0.71 0.23 186.22 3170 
144.3 17.0 17.0 0.71 0.23 186.45 3171 
144.7 17.0 17.0 0.71 0.23 186.69 3173 
145.0 17.0 17.0 0.71 0.23 186.92 3174 
145.3 17.5 17.3 0.73 0.24 187.16 3175 
145.7 17.5 17.5 0.73 0.24 187.40 3177 
146.0 17.5 17.5 0.73 0.24 187.64 3178 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.3 17.5 17.5 0.73 0.24 187.88 3180 
146.7 17.5 17.5 0.73 0.24 188.12 3181 
147.0 18.0 17.8 0.75 0.25 188.37 3182 
147.3 18.0 18.0 0.75 0.25 188.61 3184 
147.7 18.0 18.0 0.75 0.25 188.86 3185 
148.0 18.0 18.0 0.75 0.25 189.11 3187 
148.3 18.5 18.3 0.77 0.25 189.36 3188 
148.7 18.5 18.5 0.77 0.25 189.62 3190 
149.0 18.5 18.5 0.77 0.25 189.87 3191 
149.3 18.5 18.5 0.77 0.25 190.13 3193 
149.7 19.0 18.8 0.79 0.26 190.39 3194 
150.0 19.0 19.0 0.79 0.26 190.65 3196 
150.3 19.0 19.0 0.79 0.26 190.91 3197 
150.7 19.0 19.0 0.79 0.26 191.17 3199 
151.0 19.0 19.0 0.79 0.26 191.44 3200 
151.3 19.0 19.0 0.79 0.26 191.70 3202 
151.7 19.0 19.0 0.79 0.26 191.96 3203 
152.0 19.0 19.0 0.79 0.26 192.22 3205 
152.3 19.0 19.0 0.79 0.26 192.49 3206 
152.7 19.0 19.0 0.79 0.26 192.75 3208 
153.0 19.0 19.0 0.79 0.26 193.01 3209 
153.3 19.0 19.0 0.79 0.26 193.27 3211 
153.7 19.0 19.0 0.79 0.26 193.53 3212 
154.0 19.0 19.0 0.79 0.26 193.80 3213 
154.3 19.0 19.0 0.79 0.26 194.06 3215 
154.7 19.0 19.0 0.79 0.26 194.32 3216 







 


 
 
 


117


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
155.0 19.0 19.0 0.79 0.26 194.58 3218 
155.3 19.0 19.0 0.79 0.26 194.84 3219 
155.7 18.5 18.8 0.77 0.25 195.10 3221 
156.0 18.5 18.5 0.77 0.25 195.35 3222 
156.3 18.5 18.5 0.77 0.25 195.61 3224 
156.7 18.5 18.5 0.77 0.25 195.86 3225 
157.0 18.5 18.5 0.77 0.25 196.12 3226 
157.3 18.5 18.5 0.77 0.25 196.37 3228 
157.7 18.5 18.5 0.77 0.25 196.63 3229 
158.0 18.5 18.5 0.77 0.25 196.88 3231 
158.3 18.5 18.5 0.77 0.25 197.13 3232 
158.7 18.5 18.5 0.77 0.25 197.39 3234 
159.0 18.5 18.5 0.77 0.25 197.64 3235 
159.3 18.5 18.5 0.77 0.25 197.90 3236 
159.7 18.5 18.5 0.77 0.25 198.15 3238 
160.0 18.5 18.5 0.77 0.25 198.41 3239 
160.3 18.5 18.5 0.77 0.25 198.66 3240 
160.7 18.0 18.3 0.75 0.25 198.91 3242 
161.0 18.0 18.0 0.75 0.25 199.16 3243 
161.3 18.0 18.0 0.75 0.25 199.40 3245 
161.7 18.0 18.0 0.75 0.25 199.65 3246 
162.0 18.0 18.0 0.75 0.25 199.90 3247 
162.3 18.0 18.0 0.75 0.25 200.14 3249 
162.7 18.0 18.0 0.75 0.25 200.39 3250 
163.0 18.0 18.0 0.75 0.25 200.64 3251 
163.3 18.0 18.0 0.75 0.25 200.89 3253 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
163.7 18.0 18.0 0.75 0.25 201.13 3254 
164.0 18.0 18.0 0.75 0.25 201.38 3255 
164.3 18.0 18.0 0.75 0.25 201.63 3257 
164.7 18.0 18.0 0.75 0.25 201.88 3258 
165.0 17.5 17.8 0.73 0.24 202.12 3259 
165.3 17.5 17.5 0.73 0.24 202.36 3260 
165.7 17.5 17.5 0.73 0.24 202.60 3262 
166.0 17.5 17.5 0.73 0.24 202.84 3263 
166.3 17.5 17.5 0.73 0.24 203.08 3264 
166.7 17.5 17.5 0.73 0.24 203.32 3266 
167.0 17.5 17.5 0.73 0.24 203.56 3267 
167.3 17.5 17.5 0.73 0.24 203.80 3268 
167.7 17.5 17.5 0.73 0.24 204.04 3269 
168.0 17.5 17.5 0.73 0.24 204.28 3271 
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Table E.5 Maturity calculations 35% FA-A-block 
 


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 


0.0 12.8 - -  0 0.00 
0.3 14.5 13.6 0.83 0.27 0.27 502 
0.7 14.5 14.5 0.83 0.27 0.55 505 
1.0 15.0 14.8 0.84 0.28 0.82 508 
1.3 15.0 15.0 0.84 0.28 1.10 511 
1.7 15.0 15.0 0.84 0.28 1.38 514 
2.0 15.5 15.3 0.85 0.28 1.66 518 
2.3 15.5 15.5 0.85 0.28 1.94 521 
2.7 16.0 15.8 0.86 0.28 2.22 524 
3.0 16.0 16.0 0.86 0.28 2.50 527 
3.3 16.5 16.3 0.87 0.29 2.79 531 
3.7 16.5 16.5 0.87 0.29 3.08 534 
4.0 17.0 16.8 0.88 0.29 3.37 537 
4.3 17.0 17.0 0.88 0.29 3.65 541 
4.7 17.5 17.3 0.89 0.29 3.95 544 
5.0 17.5 17.5 0.89 0.29 4.24 547 
5.3 18.0 17.8 0.90 0.30 4.54 551 
5.7 18.5 18.3 0.91 0.30 4.84 554 
6.0 18.5 18.5 0.91 0.30 5.13 558 
6.3 19.0 18.8 0.92 0.30 5.44 561 
6.7 19.5 19.3 0.93 0.31 5.74 564 
7.0 19.5 19.5 0.93 0.31 6.05 568 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
7.3 20.0 19.8 0.94 0.31 6.36 571 
7.7 20.5 20.3 0.95 0.31 6.67 575 
8.0 21.0 20.8 0.96 0.32 6.99 579 
8.3 21.5 21.3 0.97 0.32 7.31 582 
8.7 22.0 21.8 0.98 0.32 7.63 586 
9.0 22.5 22.3 0.99 0.33 7.96 589 
9.3 23.0 22.8 1.00 0.33 8.29 593 
9.7 23.5 23.3 1.01 0.33 8.62 597 


10.0 24.5 24.0 1.03 0.34 8.96 601 
10.3 25.0 24.8 1.04 0.34 9.30 605 
10.7 26.0 25.5 1.07 0.35 9.66 608 
11.0 26.5 26.3 1.08 0.36 10.01 612 
11.3 27.0 26.8 1.09 0.36 10.37 616 
11.7 27.5 27.3 1.10 0.36 10.73 620 
12.0 27.5 27.5 1.10 0.36 11.10 625 
12.3 28.0 27.8 1.11 0.37 11.46 629 
12.7 28.5 28.3 1.12 0.37 11.83 633 
13.0 28.5 28.5 1.12 0.37 12.20 637 
13.3 29.0 28.8 1.13 0.37 12.58 641 
13.7 29.0 29.0 1.13 0.37 12.95 645 
14.0 29.5 29.3 1.15 0.38 13.33 649 
14.3 29.5 29.5 1.15 0.38 13.71 653 
14.7 30.0 29.8 1.16 0.38 14.09 657 
15.0 30.0 30.0 1.16 0.38 14.47 662 
15.3 30.0 30.0 1.16 0.38 14.85 666 
15.7 30.5 30.3 1.17 0.39 15.24 670 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.0 30.5 30.5 1.17 0.39 15.63 674 
16.3 30.5 30.5 1.17 0.39 16.01 678 
16.7 31.0 30.8 1.18 0.39 16.40 683 
17.0 31.0 31.0 1.18 0.39 16.79 687 
17.3 31.0 31.0 1.18 0.39 17.18 691 
17.7 31.5 31.3 1.19 0.39 17.58 695 
18.0 31.5 31.5 1.19 0.39 17.97 700 
18.3 31.5 31.5 1.19 0.39 18.36 704 
18.7 31.5 31.5 1.19 0.39 18.76 708 
19.0 32.0 31.8 1.21 0.40 19.16 712 
19.3 32.0 32.0 1.21 0.40 19.55 716 
19.7 32.0 32.0 1.21 0.40 19.95 721 
20.0 32.0 32.0 1.21 0.40 20.35 725 
20.3 32.0 32.0 1.21 0.40 20.75 729 
20.7 32.0 32.0 1.21 0.40 21.14 733 
21.0 32.5 32.3 1.22 0.40 21.55 738 
21.3 32.5 32.5 1.22 0.40 21.95 742 
21.7 32.5 32.5 1.22 0.40 22.35 746 
22.0 32.5 32.5 1.22 0.40 22.75 750 
22.3 32.5 32.5 1.22 0.40 23.15 755 
22.7 32.5 32.5 1.22 0.40 23.56 759 
23.0 32.5 32.5 1.22 0.40 23.96 763 
23.3 32.5 32.5 1.22 0.40 24.36 767 
23.7 33.0 32.8 1.23 0.41 24.77 771 
24.0 33.0 33.0 1.23 0.41 25.17 776 
24.3 33.0 33.0 1.23 0.41 25.58 780 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
24.7 33.0 33.0 1.23 0.41 25.98 784 
25.0 33.0 33.0 1.23 0.41 26.39 788 
25.3 33.0 33.0 1.23 0.41 26.80 793 
25.7 33.0 33.0 1.23 0.41 27.20 797 
26.0 33.0 33.0 1.23 0.41 27.61 801 
26.3 33.0 33.0 1.23 0.41 28.01 805 
26.7 33.0 33.0 1.23 0.41 28.42 809 
27.0 33.0 33.0 1.23 0.41 28.83 813 
27.3 33.0 33.0 1.23 0.41 29.23 818 
27.7 33.0 33.0 1.23 0.41 29.64 822 
28.0 33.0 33.0 1.23 0.41 30.04 826 
28.3 33.0 33.0 1.23 0.41 30.45 830 
28.7 33.0 33.0 1.23 0.41 30.86 834 
29.0 33.0 33.0 1.23 0.41 31.26 838 
29.3 33.0 33.0 1.23 0.41 31.67 842 
29.7 33.0 33.0 1.23 0.41 32.07 846 
30.0 33.0 33.0 1.23 0.41 32.48 851 
30.3 33.0 33.0 1.23 0.41 32.89 855 
30.7 33.0 33.0 1.23 0.41 33.29 859 
31.0 33.0 33.0 1.23 0.41 33.70 863 
31.3 33.0 33.0 1.23 0.41 34.10 867 
31.7 33.0 33.0 1.23 0.41 34.51 871 
32.0 33.0 33.0 1.23 0.41 34.91 875 
32.3 33.0 33.0 1.23 0.41 35.32 879 
32.7 33.0 33.0 1.23 0.41 35.73 883 
33.0 33.0 33.0 1.23 0.41 36.13 887 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
33.3 33.0 33.0 1.23 0.41 36.54 891 
33.7 33.0 33.0 1.23 0.41 36.94 895 
34.0 33.0 33.0 1.23 0.41 37.35 899 
34.3 33.0 33.0 1.23 0.41 37.76 903 
34.7 32.5 32.8 1.22 0.40 38.16 907 
35.0 32.5 32.5 1.22 0.40 38.56 911 
35.3 32.5 32.5 1.22 0.40 38.96 915 
35.7 32.5 32.5 1.22 0.40 39.36 919 
36.0 32.5 32.5 1.22 0.40 39.77 923 
36.3 32.5 32.5 1.22 0.40 40.17 927 
36.7 32.5 32.5 1.22 0.40 40.57 931 
37.0 32.5 32.5 1.22 0.40 40.97 935 
37.3 32.5 32.5 1.22 0.40 41.37 939 
37.7 32.5 32.5 1.22 0.40 41.78 943 
38.0 32.0 32.3 1.21 0.40 42.17 946 
38.3 32.0 32.0 1.21 0.40 42.57 950 
38.7 32.0 32.0 1.21 0.40 42.97 954 
39.0 32.0 32.0 1.21 0.40 43.37 958 
39.3 32.0 32.0 1.21 0.40 43.77 962 
39.7 32.0 32.0 1.21 0.40 44.16 966 
40.0 32.0 32.0 1.21 0.40 44.56 969 
40.3 32.0 32.0 1.21 0.40 44.96 973 
40.7 32.0 32.0 1.21 0.40 45.36 977 
41.0 32.0 32.0 1.21 0.40 45.75 981 
41.3 31.5 31.8 1.19 0.39 46.15 984 
41.7 31.5 31.5 1.19 0.39 46.54 988 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.0 31.5 31.5 1.19 0.39 46.94 992 
42.3 31.5 31.5 1.19 0.39 47.33 996 
42.7 31.5 31.5 1.19 0.39 47.72 999 
43.0 31.5 31.5 1.19 0.39 48.12 1003 
43.3 31.5 31.5 1.19 0.39 48.51 1007 
43.7 31.5 31.5 1.19 0.39 48.91 1011 
44.0 31.5 31.5 1.19 0.39 49.30 1014 
44.3 31.5 31.5 1.19 0.39 49.69 1018 
44.7 31.0 31.3 1.18 0.39 50.08 1022 
45.0 31.0 31.0 1.18 0.39 50.47 1025 
45.3 31.0 31.0 1.18 0.39 50.86 1029 
45.7 31.0 31.0 1.18 0.39 51.25 1033 
46.0 31.0 31.0 1.18 0.39 51.64 1036 
46.3 31.0 31.0 1.18 0.39 52.03 1040 
46.7 31.0 31.0 1.18 0.39 52.42 1043 
47.0 31.0 31.0 1.18 0.39 52.81 1047 
47.3 31.0 31.0 1.18 0.39 53.20 1051 
47.7 31.0 31.0 1.18 0.39 53.59 1054 
48.0 31.0 31.0 1.18 0.39 53.98 1058 
48.3 31.0 31.0 1.18 0.39 54.37 1061 
48.7 31.0 31.0 1.18 0.39 54.76 1065 
49.0 31.0 31.0 1.18 0.39 55.15 1069 
49.3 31.0 31.0 1.18 0.39 55.54 1072 
49.7 30.5 30.8 1.17 0.39 55.93 1076 
50.0 30.5 30.5 1.17 0.39 56.31 1079 
50.3 30.5 30.5 1.17 0.39 56.70 1083 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
50.7 30.5 30.5 1.17 0.39 57.09 1086 
51.0 30.5 30.5 1.17 0.39 57.47 1090 
51.3 30.5 30.5 1.17 0.39 57.86 1093 
51.7 30.5 30.5 1.17 0.39 58.24 1097 
52.0 30.5 30.5 1.17 0.39 58.63 1100 
52.3 30.5 30.5 1.17 0.39 59.02 1104 
52.7 30.5 30.5 1.17 0.39 59.40 1107 
53.0 30.5 30.5 1.17 0.39 59.79 1111 
53.3 30.5 30.5 1.17 0.39 60.17 1114 
53.7 30.0 30.3 1.16 0.38 60.56 1118 
54.0 30.0 30.0 1.16 0.38 60.94 1121 
54.3 30.0 30.0 1.16 0.38 61.32 1124 
54.7 30.0 30.0 1.16 0.38 61.70 1128 
55.0 30.0 30.0 1.16 0.38 62.08 1131 
55.3 30.0 30.0 1.16 0.38 62.47 1135 
55.7 29.5 29.8 1.15 0.38 62.84 1138 
56.0 29.5 29.5 1.15 0.38 63.22 1141 
56.3 29.5 29.5 1.15 0.38 63.60 1145 
56.7 29.5 29.5 1.15 0.38 63.98 1148 
57.0 29.5 29.5 1.15 0.38 64.36 1151 
57.3 29.0 29.3 1.13 0.37 64.73 1155 
57.7 29.0 29.0 1.13 0.37 65.10 1158 
58.0 29.0 29.0 1.13 0.37 65.48 1161 
58.3 29.0 29.0 1.13 0.37 65.85 1165 
58.7 29.0 29.0 1.13 0.37 66.23 1168 
59.0 28.5 28.8 1.12 0.37 66.60 1171 







 


 
 
 


126


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
59.3 28.5 28.5 1.12 0.37 66.97 1174 
59.7 28.5 28.5 1.12 0.37 67.34 1178 
60.0 28.5 28.5 1.12 0.37 67.71 1181 
60.3 28.5 28.5 1.12 0.37 68.08 1184 
60.7 28.5 28.5 1.12 0.37 68.45 1187 
61.0 28.0 28.3 1.11 0.37 68.82 1190 
61.3 28.0 28.0 1.11 0.37 69.18 1194 
61.7 28.0 28.0 1.11 0.37 69.55 1197 
62.0 28.0 28.0 1.11 0.37 69.92 1200 
62.3 28.0 28.0 1.11 0.37 70.28 1203 
62.7 27.5 27.8 1.10 0.36 70.65 1206 
63.0 27.5 27.5 1.10 0.36 71.01 1209 
63.3 27.5 27.5 1.10 0.36 71.37 1213 
63.7 27.5 27.5 1.10 0.36 71.74 1216 
64.0 27.5 27.5 1.10 0.36 72.10 1219 
64.3 27.0 27.3 1.09 0.36 72.46 1222 
64.7 27.0 27.0 1.09 0.36 72.82 1225 
65.0 27.0 27.0 1.09 0.36 73.18 1228 
65.3 27.0 27.0 1.09 0.36 73.53 1231 
65.7 27.0 27.0 1.09 0.36 73.89 1234 
66.0 27.0 27.0 1.09 0.36 74.25 1237 
66.3 26.5 26.8 1.08 0.36 74.61 1240 
66.7 26.5 26.5 1.08 0.36 74.96 1243 
67.0 26.5 26.5 1.08 0.36 75.32 1246 
67.3 26.5 26.5 1.08 0.36 75.67 1249 
67.7 26.5 26.5 1.08 0.36 76.03 1252 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.0 26.0 26.3 1.07 0.35 76.38 1255 
68.3 26.0 26.0 1.07 0.35 76.73 1258 
68.7 26.0 26.0 1.07 0.35 77.08 1261 
69.0 26.0 26.0 1.07 0.35 77.44 1264 
69.3 26.0 26.0 1.07 0.35 77.79 1267 
69.7 26.0 26.0 1.07 0.35 78.14 1270 
70.0 25.5 25.8 1.05 0.35 78.49 1273 
70.3 25.5 25.5 1.05 0.35 78.84 1276 
70.7 25.5 25.5 1.05 0.35 79.18 1279 
71.0 25.5 25.5 1.05 0.35 79.53 1281 
71.3 25.5 25.5 1.05 0.35 79.88 1284 
71.7 25.5 25.5 1.05 0.35 80.23 1287 
72.0 25.5 25.5 1.05 0.35 80.58 1290 
72.3 25.5 25.5 1.05 0.35 80.92 1293 
72.7 25.5 25.5 1.05 0.35 81.27 1296 
73.0 25.5 25.5 1.05 0.35 81.62 1299 
73.3 25.5 25.5 1.05 0.35 81.97 1302 
73.7 25.5 25.5 1.05 0.35 82.32 1304 
74.0 25.0 25.3 1.04 0.34 82.66 1307 
74.3 25.0 25.0 1.04 0.34 83.00 1310 
74.7 25.0 25.0 1.04 0.34 83.35 1313 
75.0 25.0 25.0 1.04 0.34 83.69 1316 
75.3 25.0 25.0 1.04 0.34 84.04 1319 
75.7 25.0 25.0 1.04 0.34 84.38 1321 
76.0 25.0 25.0 1.04 0.34 84.73 1324 
76.3 25.0 25.0 1.04 0.34 85.07 1327 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
76.7 25.0 25.0 1.04 0.34 85.41 1330 
77.0 25.0 25.0 1.04 0.34 85.76 1333 
77.3 25.0 25.0 1.04 0.34 86.10 1335 
77.7 24.5 24.8 1.03 0.34 86.44 1338 
78.0 24.5 24.5 1.03 0.34 86.78 1341 
78.3 24.5 24.5 1.03 0.34 87.13 1344 
78.7 24.5 24.5 1.03 0.34 87.47 1346 
79.0 24.0 24.3 1.02 0.34 87.80 1349 
79.3 24.0 24.0 1.02 0.34 88.14 1352 
79.7 24.0 24.0 1.02 0.34 88.48 1355 
80.0 24.0 24.0 1.02 0.34 88.81 1357 
80.3 24.0 24.0 1.02 0.34 89.15 1360 
80.7 23.5 23.8 1.01 0.33 89.49 1363 
81.0 23.5 23.5 1.01 0.33 89.82 1365 
81.3 23.5 23.5 1.01 0.33 90.15 1368 
81.7 23.5 23.5 1.01 0.33 90.49 1371 
82.0 23.5 23.5 1.01 0.33 90.82 1373 
82.3 23.0 23.3 1.00 0.33 91.15 1376 
82.7 23.0 23.0 1.00 0.33 91.48 1379 
83.0 23.0 23.0 1.00 0.33 91.81 1381 
83.3 23.0 23.0 1.00 0.33 92.14 1384 
83.7 23.0 23.0 1.00 0.33 92.47 1386 
84.0 22.5 22.8 0.99 0.33 92.80 1389 
84.3 22.5 22.5 0.99 0.33 93.12 1392 
84.7 22.5 22.5 0.99 0.33 93.45 1394 
85.0 22.5 22.5 0.99 0.33 93.78 1397 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
85.3 22.5 22.5 0.99 0.33 94.10 1399 
85.7 22.0 22.3 0.98 0.32 94.42 1402 
86.0 22.0 22.0 0.98 0.32 94.75 1404 
86.3 22.0 22.0 0.98 0.32 95.07 1407 
86.7 22.0 22.0 0.98 0.32 95.39 1409 
87.0 22.0 22.0 0.98 0.32 95.72 1412 
87.3 21.5 21.8 0.97 0.32 96.04 1414 
87.7 21.5 21.5 0.97 0.32 96.36 1417 
88.0 21.5 21.5 0.97 0.32 96.68 1419 
88.3 21.5 21.5 0.97 0.32 96.99 1422 
88.7 21.5 21.5 0.97 0.32 97.31 1424 
89.0 21.0 21.3 0.96 0.32 97.63 1427 
89.3 21.0 21.0 0.96 0.32 97.95 1429 
89.7 21.0 21.0 0.96 0.32 98.26 1432 
90.0 21.0 21.0 0.96 0.32 98.58 1434 
90.3 21.0 21.0 0.96 0.32 98.89 1437 
90.7 21.0 21.0 0.96 0.32 99.21 1439 
91.0 20.5 20.8 0.95 0.31 99.52 1441 
91.3 20.5 20.5 0.95 0.31 99.84 1444 
91.7 20.5 20.5 0.95 0.31 100.15 1446 
92.0 20.5 20.5 0.95 0.31 100.46 1449 
92.3 20.5 20.5 0.95 0.31 100.77 1451 
92.7 20.0 20.3 0.94 0.31 101.08 1453 
93.0 20.0 20.0 0.94 0.31 101.39 1456 
93.3 20.0 20.0 0.94 0.31 101.70 1458 
93.7 20.0 20.0 0.94 0.31 102.01 1460 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.0 20.0 20.0 0.94 0.31 102.32 1463 
94.3 20.0 20.0 0.94 0.31 102.63 1465 
94.7 20.0 20.0 0.94 0.31 102.94 1468 
95.0 20.0 20.0 0.94 0.31 103.25 1470 
95.3 20.5 20.3 0.95 0.31 103.56 1472 
95.7 20.5 20.5 0.95 0.31 103.87 1475 
96.0 20.5 20.5 0.95 0.31 104.19 1477 
96.3 20.5 20.5 0.95 0.31 104.50 1479 
96.7 20.5 20.5 0.95 0.31 104.81 1482 
97.0 21.0 20.8 0.96 0.32 105.13 1484 
97.3 21.0 21.0 0.96 0.32 105.44 1486 
97.7 21.0 21.0 0.96 0.32 105.76 1489 
98.0 21.0 21.0 0.96 0.32 106.08 1491 
98.3 21.0 21.0 0.96 0.32 106.39 1494 
98.7 20.5 20.8 0.95 0.31 106.70 1496 
99.0 21.0 20.8 0.96 0.32 107.02 1498 
99.3 21.0 21.0 0.96 0.32 107.34 1501 
99.7 21.5 21.3 0.97 0.32 107.66 1503 
100.0 21.5 21.5 0.97 0.32 107.98 1505 
100.3 21.5 21.5 0.97 0.32 108.30 1508 
100.7 21.5 21.5 0.97 0.32 108.61 1510 
101.0 21.5 21.5 0.97 0.32 108.93 1513 
101.3 21.5 21.5 0.97 0.32 109.25 1515 
101.7 21.5 21.5 0.97 0.32 109.57 1517 
102.0 21.5 21.5 0.97 0.32 109.89 1520 
102.3 21.5 21.5 0.97 0.32 110.21 1522 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
102.7 21.5 21.5 0.97 0.32 110.53 1524 
103.0 21.5 21.5 0.97 0.32 110.85 1527 
103.3 21.5 21.5 0.97 0.32 111.17 1529 
103.7 21.0 21.3 0.96 0.32 111.49 1531 
104.0 21.0 21.0 0.96 0.32 111.80 1534 
104.3 21.0 21.0 0.96 0.32 112.12 1536 
104.7 21.0 21.0 0.96 0.32 112.43 1538 
105.0 21.0 21.0 0.96 0.32 112.75 1541 
105.3 21.0 21.0 0.96 0.32 113.07 1543 
105.7 21.0 21.0 0.96 0.32 113.38 1545 
106.0 21.0 21.0 0.96 0.32 113.70 1548 
106.3 21.0 21.0 0.96 0.32 114.02 1550 
106.7 21.0 21.0 0.96 0.32 114.33 1552 
107.0 21.0 21.0 0.96 0.32 114.65 1555 
107.3 20.5 20.8 0.95 0.31 114.96 1557 
107.7 20.5 20.5 0.95 0.31 115.27 1559 
108.0 20.5 20.5 0.95 0.31 115.59 1561 
108.3 20.5 20.5 0.95 0.31 115.90 1564 
108.7 20.5 20.5 0.95 0.31 116.21 1566 
109.0 20.5 20.5 0.95 0.31 116.52 1568 
109.3 20.5 20.5 0.95 0.31 116.84 1571 
109.7 20.5 20.5 0.95 0.31 117.15 1573 
110.0 20.5 20.5 0.95 0.31 117.46 1575 
110.3 20.5 20.5 0.95 0.31 117.77 1577 
110.7 20.0 20.3 0.94 0.31 118.08 1579 
111.0 20.0 20.0 0.94 0.31 118.39 1582 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
111.3 20.0 20.0 0.94 0.31 118.70 1584 
111.7 20.0 20.0 0.94 0.31 119.01 1586 
112.0 20.0 20.0 0.94 0.31 119.32 1588 
112.3 20.0 20.0 0.94 0.31 119.63 1591 
112.7 20.0 20.0 0.94 0.31 119.94 1593 
113.0 20.0 20.0 0.94 0.31 120.25 1595 
113.3 20.0 20.0 0.94 0.31 120.56 1597 
113.7 19.5 19.8 0.93 0.31 120.86 1599 
114.0 19.5 19.5 0.93 0.31 121.17 1602 
114.3 19.5 19.5 0.93 0.31 121.48 1604 
114.7 19.5 19.5 0.93 0.31 121.78 1606 
115.0 19.5 19.5 0.93 0.31 122.09 1608 
115.3 19.5 19.5 0.93 0.31 122.39 1610 
115.7 19.5 19.5 0.93 0.31 122.70 1612 
116.0 19.5 19.5 0.93 0.31 123.00 1615 
116.3 19.0 19.3 0.92 0.30 123.31 1617 
116.7 19.0 19.0 0.92 0.30 123.61 1619 
117.0 19.0 19.0 0.92 0.30 123.91 1621 
117.3 19.0 19.0 0.92 0.30 124.21 1623 
117.7 19.0 19.0 0.92 0.30 124.52 1625 
118.0 19.0 19.0 0.92 0.30 124.82 1627 
118.3 19.0 19.0 0.92 0.30 125.12 1629 
118.7 19.0 19.0 0.92 0.30 125.42 1632 
119.0 19.0 19.0 0.92 0.30 125.73 1634 
119.3 19.0 19.0 0.92 0.30 126.03 1636 
119.7 19.0 19.0 0.92 0.30 126.33 1638 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.0 19.5 19.3 0.93 0.31 126.64 1640 
120.3 19.5 19.5 0.93 0.31 126.94 1642 
120.7 19.5 19.5 0.93 0.31 127.25 1644 
121.0 19.5 19.5 0.93 0.31 127.56 1646 
121.3 19.5 19.5 0.93 0.31 127.86 1649 
121.7 19.5 19.5 0.93 0.31 128.17 1651 
122.0 19.5 19.5 0.93 0.31 128.47 1653 
122.3 19.5 19.5 0.93 0.31 128.78 1655 
122.7 20.0 19.8 0.94 0.31 129.09 1657 
123.0 20.0 20.0 0.94 0.31 129.40 1659 
123.3 20.0 20.0 0.94 0.31 129.71 1661 
123.7 20.0 20.0 0.94 0.31 130.02 1663 
124.0 20.0 20.0 0.94 0.31 130.33 1666 
124.3 20.0 20.0 0.94 0.31 130.64 1668 
124.7 20.5 20.3 0.95 0.31 130.95 1670 
125.0 20.0 20.3 0.94 0.31 131.26 1672 
125.3 20.0 20.0 0.94 0.31 131.57 1674 
125.7 20.0 20.0 0.94 0.31 131.88 1676 
126.0 20.0 20.0 0.94 0.31 132.19 1678 
126.3 20.0 20.0 0.94 0.31 132.49 1680 
126.7 20.0 20.0 0.94 0.31 132.80 1683 
127.0 20.0 20.0 0.94 0.31 133.11 1685 
127.3 20.0 20.0 0.94 0.31 133.42 1687 
127.7 20.0 20.0 0.94 0.31 133.73 1689 
128.0 20.0 20.0 0.94 0.31 134.04 1691 
128.3 20.0 20.0 0.94 0.31 134.35 1693 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
128.7 20.0 20.0 0.94 0.31 134.66 1695 
129.0 20.0 20.0 0.94 0.31 134.97 1697 
129.3 20.0 20.0 0.94 0.31 135.28 1699 
129.7 20.0 20.0 0.94 0.31 135.59 1701 
130.0 19.5 19.8 0.93 0.31 135.89 1704 
130.3 19.5 19.5 0.93 0.31 136.20 1706 
130.7 19.5 19.5 0.93 0.31 136.50 1708 
131.0 19.5 19.5 0.93 0.31 136.81 1710 
131.3 19.5 19.5 0.93 0.31 137.12 1712 
131.7 19.5 19.5 0.93 0.31 137.42 1714 
132.0 19.5 19.5 0.93 0.31 137.73 1716 
132.3 19.5 19.5 0.93 0.31 138.03 1718 
132.7 19.5 19.5 0.93 0.31 138.34 1720 
133.0 19.5 19.5 0.93 0.31 138.65 1722 
133.3 19.5 19.5 0.93 0.31 138.95 1724 
133.7 19.5 19.5 0.93 0.31 139.26 1726 
134.0 19.5 19.5 0.93 0.31 139.56 1728 
134.3 19.5 19.5 0.93 0.31 139.87 1730 
134.7 19.5 19.5 0.93 0.31 140.18 1732 
135.0 19.5 19.5 0.93 0.31 140.48 1734 
135.3 19.5 19.5 0.93 0.31 140.79 1736 
135.7 19.5 19.5 0.93 0.31 141.09 1738 
136.0 19.5 19.5 0.93 0.31 141.40 1740 
136.3 19.0 19.3 0.92 0.30 141.70 1742 
136.7 19.0 19.0 0.92 0.30 142.00 1744 
137.0 19.0 19.0 0.92 0.30 142.31 1746 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
137.3 19.0 19.0 0.92 0.30 142.61 1748 
137.7 19.0 19.0 0.92 0.30 142.91 1750 
138.0 19.0 19.0 0.92 0.30 143.21 1752 
138.3 19.0 19.0 0.92 0.30 143.52 1754 
138.7 19.0 19.0 0.92 0.30 143.82 1756 
139.0 19.0 19.0 0.92 0.30 144.12 1758 
139.3 19.0 19.0 0.92 0.30 144.42 1760 
139.7 19.0 19.0 0.92 0.30 144.73 1762 
140.0 19.0 19.0 0.92 0.30 145.03 1764 
140.3 19.0 19.0 0.92 0.30 145.33 1766 
140.7 19.0 19.0 0.92 0.30 145.63 1768 
141.0 19.0 19.0 0.92 0.30 145.94 1770 
141.3 19.0 19.0 0.92 0.30 146.24 1772 
141.7 19.0 19.0 0.92 0.30 146.54 1774 
142.0 19.0 19.0 0.92 0.30 146.84 1776 
142.3 19.0 19.0 0.92 0.30 147.15 1778 
142.7 19.0 19.0 0.92 0.30 147.45 1780 
143.0 19.0 19.0 0.92 0.30 147.75 1782 
143.3 19.0 19.0 0.92 0.30 148.06 1784 
143.7 19.0 19.0 0.92 0.30 148.36 1786 
144.0 19.0 19.0 0.92 0.30 148.66 1788 
144.3 19.0 19.0 0.92 0.30 148.96 1790 
144.7 19.5 19.3 0.93 0.31 149.27 1792 
145.0 19.5 19.5 0.93 0.31 149.57 1794 
145.3 19.5 19.5 0.93 0.31 149.88 1796 
145.7 19.5 19.5 0.93 0.31 150.19 1798 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.0 20.0 19.8 0.94 0.31 150.50 1800 
146.3 20.0 20.0 0.94 0.31 150.80 1802 
146.7 20.0 20.0 0.94 0.31 151.11 1803 
147.0 20.0 20.0 0.94 0.31 151.42 1805 
147.3 20.0 20.0 0.94 0.31 151.73 1807 
147.7 20.0 20.0 0.94 0.31 152.04 1809 
148.0 20.0 20.0 0.94 0.31 152.35 1811 
148.3 20.0 20.0 0.94 0.31 152.66 1813 
148.7 20.0 20.0 0.94 0.31 152.97 1815 
149.0 20.0 20.0 0.94 0.31 153.28 1817 
149.3 20.0 20.0 0.94 0.31 153.59 1819 
149.7 20.0 20.0 0.94 0.31 153.90 1821 
150.0 20.0 20.0 0.94 0.31 154.21 1823 
150.3 20.0 20.0 0.94 0.31 154.52 1825 
150.7 20.0 20.0 0.94 0.31 154.83 1827 
151.0 20.0 20.0 0.94 0.31 155.13 1829 
151.3 20.0 20.0 0.94 0.31 155.44 1831 
151.7 20.0 20.0 0.94 0.31 155.75 1833 
152.0 20.0 20.0 0.94 0.31 156.06 1835 
152.3 20.0 20.0 0.94 0.31 156.37 1837 
152.7 20.0 20.0 0.94 0.31 156.68 1839 
153.0 20.0 20.0 0.94 0.31 156.99 1841 
153.3 20.0 20.0 0.94 0.31 157.30 1843 
153.7 20.0 20.0 0.94 0.31 157.61 1845 
154.0 20.0 20.0 0.94 0.31 157.92 1847 
154.3 20.0 20.0 0.94 0.31 158.23 1848 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
154.7 20.0 20.0 0.94 0.31 158.54 1850 
155.0 20.0 20.0 0.94 0.31 158.85 1852 
155.3 20.0 20.0 0.94 0.31 159.16 1854 
155.7 20.0 20.0 0.94 0.31 159.46 1856 
156.0 19.5 19.8 0.93 0.31 159.77 1858 
156.3 19.5 19.5 0.93 0.31 160.08 1860 
156.7 19.5 19.5 0.93 0.31 160.38 1862 
157.0 19.5 19.5 0.93 0.31 160.69 1864 
157.3 19.5 19.5 0.93 0.31 160.99 1866 
157.7 19.5 19.5 0.93 0.31 161.30 1868 
158.0 19.5 19.5 0.93 0.31 161.61 1869 
158.3 19.5 19.5 0.93 0.31 161.91 1871 
158.7 19.5 19.5 0.93 0.31 162.22 1873 
159.0 19.5 19.5 0.93 0.31 162.52 1875 
159.3 19.5 19.5 0.93 0.31 162.83 1877 
159.7 19.5 19.5 0.93 0.31 163.14 1879 
160.0 19.5 19.5 0.93 0.31 163.44 1881 
160.3 19.5 19.5 0.93 0.31 163.75 1883 
160.7 19.5 19.5 0.93 0.31 164.05 1884 
161.0 19.5 19.5 0.93 0.31 164.36 1886 
161.3 19.5 19.5 0.93 0.31 164.66 1888 
161.7 19.5 19.5 0.93 0.31 164.97 1890 
162.0 19.5 19.5 0.93 0.31 165.28 1892 
162.3 19.5 19.5 0.93 0.31 165.58 1894 
162.7 19.0 19.3 0.92 0.30 165.88 1896 
163.0 19.0 19.0 0.92 0.30 166.19 1897 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
163.3 19.0 19.0 0.92 0.30 166.49 1899 
163.7 19.0 19.0 0.92 0.30 166.79 1901 
164.0 19.0 19.0 0.92 0.30 167.09 1903 
164.3 19.0 19.0 0.92 0.30 167.40 1905 
164.7 19.0 19.0 0.92 0.30 167.70 1907 
165.0 19.0 19.0 0.92 0.30 168.00 1908 
165.3 19.0 19.0 0.92 0.30 168.31 1910 
165.7 19.0 19.0 0.92 0.30 168.61 1912 
166.0 19.0 19.0 0.92 0.30 168.91 1914 
166.3 19.0 19.0 0.92 0.30 169.21 1916 
166.7 19.0 19.0 0.92 0.30 169.52 1918 
167.0 19.0 19.0 0.92 0.30 169.82 1919 
167.3 19.0 19.0 0.92 0.30 170.12 1921 
167.7 19.0 19.0 0.92 0.30 170.42 1923 
168.0 19.0 19.0 0.92 0.30 170.73 1925 
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Table E.6 Maturity calculations 50% FA-A-block 


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 


0.0 13.9 - -  0 0.00 
0.3 16.0 14.9 0.72 0.24 0.24 683 
0.7 16.0 16.0 0.72 0.24 0.48 688 
1.0 16.0 16.0 0.72 0.24 0.71 694 
1.3 16.5 16.3 0.74 0.24 0.96 699 
1.7 16.5 16.5 0.74 0.24 1.20 705 
2.0 17.0 16.8 0.76 0.25 1.45 710 
2.3 17.0 17.0 0.76 0.25 1.70 716 
2.7 17.0 17.0 0.76 0.25 1.95 722 
3.0 17.5 17.3 0.77 0.26 2.20 727 
3.3 17.5 17.5 0.77 0.26 2.46 733 
3.7 18.0 17.8 0.79 0.26 2.72 739 
4.0 18.0 18.0 0.79 0.26 2.98 745 
4.3 18.5 18.3 0.81 0.27 3.25 751 
4.7 18.5 18.5 0.81 0.27 3.52 757 
5.0 19.0 18.8 0.83 0.27 3.79 763 
5.3 19.5 19.3 0.85 0.28 4.07 769 
5.7 19.5 19.5 0.85 0.28 4.35 775 
6.0 20.0 19.8 0.87 0.29 4.64 781 
6.3 20.5 20.3 0.89 0.29 4.93 788 
6.7 21.0 20.8 0.91 0.30 5.23 794 
7.0 21.0 21.0 0.91 0.30 5.53 801 


7.3 21.5 21.3 0.93 0.31 5.84 
808 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
7.7 22.5 22.0 0.98 0.32 6.16 815 
8.0 23.0 22.8 1.00 0.33 6.49 822 
8.3 23.5 23.3 1.02 0.34 6.83 829 
8.7 24.0 23.8 1.05 0.35 7.18 837 
9.0 24.5 24.3 1.07 0.35 7.53 844 
9.3 25.0 24.8 1.10 0.36 7.89 852 
9.7 25.5 25.3 1.12 0.37 8.26 860 


10.0 25.5 25.5 1.12 0.37 8.63 868 
10.3 26.0 25.8 1.15 0.38 9.01 876 
10.7 26.0 26.0 1.15 0.38 9.39 884 
11.0 26.0 26.0 1.15 0.38 9.77 892 
11.3 26.5 26.3 1.17 0.39 10.15 900 
11.7 26.5 26.5 1.17 0.39 10.54 908 
12.0 27.0 26.8 1.20 0.40 10.93 917 
12.3 27.0 27.0 1.20 0.40 11.33 925 
12.7 27.0 27.0 1.20 0.40 11.73 933 
13.0 27.5 27.3 1.23 0.40 12.13 941 
13.3 27.5 27.5 1.23 0.40 12.53 950 
13.7 27.5 27.5 1.23 0.40 12.94 958 
14.0 28.0 27.8 1.25 0.41 13.35 967 
14.3 28.0 28.0 1.25 0.41 13.77 975 
14.7 28.0 28.0 1.25 0.41 14.18 984 
15.0 28.0 28.0 1.25 0.41 14.59 992 
15.3 28.5 28.3 1.28 0.42 15.02 1001 
15.7 28.5 28.5 1.28 0.42 15.44 1009 
16.0 28.5 28.5 1.28 0.42 15.86 1018 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.3 28.5 28.5 1.28 0.42 16.28 1026 
16.7 29.0 28.8 1.31 0.43 16.72 1035 
17.0 29.0 29.0 1.31 0.43 17.15 1044 
17.3 29.0 29.0 1.31 0.43 17.58 1052 
17.7 29.0 29.0 1.31 0.43 18.01 1061 
18.0 29.0 29.0 1.31 0.43 18.44 1069 
18.3 29.5 29.3 1.34 0.44 18.89 1078 
18.7 29.5 29.5 1.34 0.44 19.33 1087 
19.0 29.5 29.5 1.34 0.44 19.77 1095 
19.3 29.5 29.5 1.34 0.44 20.21 1104 
19.7 29.5 29.5 1.34 0.44 20.65 1113 
20.0 29.5 29.5 1.34 0.44 21.09 1121 
20.3 30.0 29.8 1.37 0.45 21.55 1130 
20.7 30.0 30.0 1.37 0.45 22.00 1139 
21.0 30.0 30.0 1.37 0.45 22.45 1147 
21.3 30.0 30.0 1.37 0.45 22.90 1156 
21.7 30.0 30.0 1.37 0.45 23.35 1165 
22.0 30.0 30.0 1.37 0.45 23.80 1173 
22.3 30.0 30.0 1.37 0.45 24.25 1182 
22.7 30.0 30.0 1.37 0.45 24.71 1190 
23.0 30.0 30.0 1.37 0.45 25.16 1199 
23.3 30.5 30.3 1.40 0.46 25.62 1208 
23.7 30.5 30.5 1.40 0.46 26.08 1216 
24.0 30.5 30.5 1.40 0.46 26.54 1225 
24.3 30.5 30.5 1.40 0.46 27.00 1233 
24.7 30.5 30.5 1.40 0.46 27.47 1242 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
25.0 30.5 30.5 1.40 0.46 27.93 1251 
25.3 30.5 30.5 1.40 0.46 28.39 1259 
25.7 31.0 30.8 1.43 0.47 28.86 1268 
26.0 31.0 31.0 1.43 0.47 29.33 1276 
26.3 31.0 31.0 1.43 0.47 29.80 1285 
26.7 31.0 31.0 1.43 0.47 30.27 1294 
27.0 31.0 31.0 1.43 0.47 30.75 1302 
27.3 31.0 31.0 1.43 0.47 31.22 1311 
27.7 31.0 31.0 1.43 0.47 31.69 1319 
28.0 31.0 31.0 1.43 0.47 32.16 1328 
28.3 31.0 31.0 1.43 0.47 32.63 1336 
28.7 31.0 31.0 1.43 0.47 33.10 1344 
29.0 31.0 31.0 1.43 0.47 33.58 1353 
29.3 31.0 31.0 1.43 0.47 34.05 1361 
29.7 31.0 31.0 1.43 0.47 34.52 1369 
30.0 31.0 31.0 1.43 0.47 34.99 1378 
30.3 31.0 31.0 1.43 0.47 35.46 1386 
30.7 31.0 31.0 1.43 0.47 35.93 1394 
31.0 31.0 31.0 1.43 0.47 36.41 1403 
31.3 31.0 31.0 1.43 0.47 36.88 1411 
31.7 31.0 31.0 1.43 0.47 37.35 1419 
32.0 30.5 30.8 1.40 0.46 37.81 1427 
32.3 30.5 30.5 1.40 0.46 38.27 1435 
32.7 30.5 30.5 1.40 0.46 38.73 1443 
33.0 30.5 30.5 1.40 0.46 39.20 1451 
33.3 30.5 30.5 1.40 0.46 39.66 1458 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
33.7 30.5 30.5 1.40 0.46 40.12 1466 
34.0 30.5 30.5 1.40 0.46 40.58 1474 
34.3 30.5 30.5 1.40 0.46 41.04 1482 
34.7 30.5 30.5 1.40 0.46 41.50 1490 
35.0 30.5 30.5 1.40 0.46 41.96 1497 
35.3 30.5 30.5 1.40 0.46 42.43 1505 
35.7 30.5 30.5 1.40 0.46 42.89 1513 
36.0 30.5 30.5 1.40 0.46 43.35 1520 
36.3 30.5 30.5 1.40 0.46 43.81 1528 
36.7 30.0 30.3 1.37 0.45 44.26 1535 
37.0 30.0 30.0 1.37 0.45 44.71 1543 
37.3 30.0 30.0 1.37 0.45 45.17 1550 
37.7 30.0 30.0 1.37 0.45 45.62 1558 
38.0 30.0 30.0 1.37 0.45 46.07 1565 
38.3 30.0 30.0 1.37 0.45 46.52 1572 
38.7 30.0 30.0 1.37 0.45 46.97 1580 
39.0 30.0 30.0 1.37 0.45 47.42 1587 
39.3 30.0 30.0 1.37 0.45 47.87 1594 
39.7 30.0 30.0 1.37 0.45 48.33 1601 
40.0 29.5 29.8 1.34 0.44 48.77 1609 
40.3 29.5 29.5 1.34 0.44 49.21 1616 
40.7 29.5 29.5 1.34 0.44 49.65 1623 
41.0 29.5 29.5 1.34 0.44 50.09 1630 
41.3 29.5 29.5 1.34 0.44 50.53 1637 
41.7 29.5 29.5 1.34 0.44 50.98 1644 
42.0 29.5 29.5 1.34 0.44 51.42 1651 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.3 29.5 29.5 1.34 0.44 51.86 1657 
42.7 29.5 29.5 1.34 0.44 52.30 1664 
43.0 29.5 29.5 1.34 0.44 52.74 1671 
43.3 29.0 29.3 1.31 0.43 53.18 1678 
43.7 29.0 29.0 1.31 0.43 53.61 1685 
44.0 29.0 29.0 1.31 0.43 54.04 1691 
44.3 29.0 29.0 1.31 0.43 54.47 1698 
44.7 29.0 29.0 1.31 0.43 54.90 1705 
45.0 29.0 29.0 1.31 0.43 55.34 1711 
45.3 29.0 29.0 1.31 0.43 55.77 1718 
45.7 29.0 29.0 1.31 0.43 56.20 1724 
46.0 29.0 29.0 1.31 0.43 56.63 1731 
46.3 29.0 29.0 1.31 0.43 57.06 1738 
46.7 28.5 28.8 1.28 0.42 57.49 1744 
47.0 28.5 28.5 1.28 0.42 57.91 1750 
47.3 28.5 28.5 1.28 0.42 58.33 1757 
47.7 28.5 28.5 1.28 0.42 58.76 1763 
48.0 28.5 28.5 1.28 0.42 59.18 1769 
48.3 28.5 28.5 1.28 0.42 59.60 1776 
48.7 28.5 28.5 1.28 0.42 60.02 1782 
49.0 28.5 28.5 1.28 0.42 60.45 1788 
49.3 28.5 28.5 1.28 0.42 60.87 1794 
49.7 28.5 28.5 1.28 0.42 61.29 1801 
50.0 28.5 28.5 1.28 0.42 61.71 1807 
50.3 28.5 28.5 1.28 0.42 62.14 1813 
50.7 28.5 28.5 1.28 0.42 62.56 1819 







 


 
 
 


145


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
51.0 28.5 28.5 1.28 0.42 62.98 1825 
51.3 28.5 28.5 1.28 0.42 63.40 1832 
51.7 28.5 28.5 1.28 0.42 63.83 1838 
52.0 28.5 28.5 1.28 0.42 64.25 1844 
52.3 28.5 28.5 1.28 0.42 64.67 1850 
52.7 28.0 28.3 1.25 0.41 65.09 1856 
53.0 28.0 28.0 1.25 0.41 65.50 1862 
53.3 28.0 28.0 1.25 0.41 65.91 1868 
53.7 28.0 28.0 1.25 0.41 66.33 1874 
54.0 28.0 28.0 1.25 0.41 66.74 1880 
54.3 28.0 28.0 1.25 0.41 67.15 1885 
54.7 28.0 28.0 1.25 0.41 67.57 1891 
55.0 28.0 28.0 1.25 0.41 67.98 1897 
55.3 28.0 28.0 1.25 0.41 68.39 1903 
55.7 28.0 28.0 1.25 0.41 68.81 1909 
56.0 28.0 28.0 1.25 0.41 69.22 1915 
56.3 28.0 28.0 1.25 0.41 69.63 1920 
56.7 27.5 27.8 1.23 0.40 70.04 1926 
57.0 27.5 27.5 1.23 0.40 70.44 1932 
57.3 27.5 27.5 1.23 0.40 70.85 1937 
57.7 27.5 27.5 1.23 0.40 71.25 1943 
58.0 27.5 27.5 1.23 0.40 71.66 1948 
58.3 27.5 27.5 1.23 0.40 72.06 1954 
58.7 27.5 27.5 1.23 0.40 72.46 1960 
59.0 27.5 27.5 1.23 0.40 72.87 1965 
59.3 27.5 27.5 1.23 0.40 73.27 1971 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
59.7 27.0 27.3 1.20 0.40 73.67 1976 
60.0 27.0 27.0 1.20 0.40 74.06 1981 
60.3 27.0 27.0 1.20 0.40 74.46 1987 
60.7 27.0 27.0 1.20 0.40 74.86 1992 
61.0 27.0 27.0 1.20 0.40 75.25 1997 
61.3 27.0 27.0 1.20 0.40 75.65 2003 
61.7 27.0 27.0 1.20 0.40 76.04 2008 
62.0 27.0 27.0 1.20 0.40 76.44 2013 
62.3 27.0 27.0 1.20 0.40 76.83 2019 
62.7 27.0 27.0 1.20 0.40 77.23 2024 
63.0 27.0 27.0 1.20 0.40 77.62 2029 
63.3 26.5 26.8 1.17 0.39 78.01 2034 
63.7 26.5 26.5 1.17 0.39 78.40 2039 
64.0 26.5 26.5 1.17 0.39 78.78 2045 
64.3 26.5 26.5 1.17 0.39 79.17 2050 
64.7 26.5 26.5 1.17 0.39 79.56 2055 
65.0 26.5 26.5 1.17 0.39 79.94 2060 
65.3 26.5 26.5 1.17 0.39 80.33 2065 
65.7 26.5 26.5 1.17 0.39 80.72 2070 
66.0 26.5 26.5 1.17 0.39 81.10 2075 
66.3 26.5 26.5 1.17 0.39 81.49 2080 
66.7 26.5 26.5 1.17 0.39 81.88 2085 
67.0 26.0 26.3 1.15 0.38 82.26 2090 
67.3 26.0 26.0 1.15 0.38 82.63 2095 
67.7 26.0 26.0 1.15 0.38 83.01 2100 
68.0 26.0 26.0 1.15 0.38 83.39 2105 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.3 26.0 26.0 1.15 0.38 83.77 2109 
68.7 26.0 26.0 1.15 0.38 84.15 2114 
69.0 26.0 26.0 1.15 0.38 84.52 2119 
69.3 26.0 26.0 1.15 0.38 84.90 2124 
69.7 26.0 26.0 1.15 0.38 85.28 2129 
70.0 26.0 26.0 1.15 0.38 85.66 2133 
70.3 26.0 26.0 1.15 0.38 86.04 2138 
70.7 26.0 26.0 1.15 0.38 86.42 2143 
71.0 26.0 26.0 1.15 0.38 86.79 2148 
71.3 26.0 26.0 1.15 0.38 87.17 2153 
71.7 26.0 26.0 1.15 0.38 87.55 2157 
72.0 25.5 25.8 1.12 0.37 87.92 2162 
72.3 25.5 25.5 1.12 0.37 88.29 2167 
72.7 25.5 25.5 1.12 0.37 88.66 2171 
73.0 25.0 25.3 1.10 0.36 89.02 2176 
73.3 25.0 25.0 1.10 0.36 89.38 2180 
73.7 25.5 25.3 1.12 0.37 89.75 2185 
74.0 25.0 25.3 1.10 0.36 90.11 2189 
74.3 25.0 25.0 1.10 0.36 90.47 2194 
74.7 25.0 25.0 1.10 0.36 90.84 2198 
75.0 25.0 25.0 1.10 0.36 91.20 2203 
75.3 25.0 25.0 1.10 0.36 91.56 2207 
75.7 25.0 25.0 1.10 0.36 91.92 2211 
76.0 25.0 25.0 1.10 0.36 92.28 2216 
76.3 24.5 24.8 1.07 0.35 92.64 2220 
76.7 24.5 24.5 1.07 0.35 92.99 2224 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
77.0 24.5 24.5 1.07 0.35 93.34 2229 
77.3 24.5 24.5 1.07 0.35 93.70 2233 
77.7 24.5 24.5 1.07 0.35 94.05 2237 
78.0 24.5 24.5 1.07 0.35 94.40 2241 
78.3 24.5 24.5 1.07 0.35 94.76 2246 
78.7 24.5 24.5 1.07 0.35 95.11 2250 
79.0 24.0 24.3 1.05 0.35 95.45 2254 
79.3 24.0 24.0 1.05 0.35 95.80 2258 
79.7 24.0 24.0 1.05 0.35 96.15 2262 
80.0 24.0 24.0 1.05 0.35 96.49 2266 
80.3 24.0 24.0 1.05 0.35 96.84 2271 
80.7 24.0 24.0 1.05 0.35 97.18 2275 
81.0 23.5 23.8 1.02 0.34 97.52 2279 
81.3 23.5 23.5 1.02 0.34 97.86 2283 
81.7 23.5 23.5 1.02 0.34 98.19 2287 
82.0 23.0 23.3 1.00 0.33 98.52 2290 
82.3 23.0 23.0 1.00 0.33 98.85 2294 
82.7 23.0 23.0 1.00 0.33 99.18 2298 
83.0 23.0 23.0 1.00 0.33 99.51 2302 
83.3 22.5 22.8 0.98 0.32 99.84 2306 
83.7 22.5 22.5 0.98 0.32 100.16 2310 
84.0 22.5 22.5 0.98 0.32 100.48 2313 
84.3 22.5 22.5 0.98 0.32 100.80 2317 
84.7 22.0 22.3 0.96 0.32 101.12 2321 
85.0 22.0 22.0 0.96 0.32 101.43 2324 
85.3 22.0 22.0 0.96 0.32 101.75 2328 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
85.7 22.0 22.0 0.96 0.32 102.06 2332 
86.0 22.0 22.0 0.96 0.32 102.38 2335 
86.3 21.5 21.8 0.93 0.31 102.69 2339 
86.7 21.5 21.5 0.93 0.31 103.00 2342 
87.0 21.5 21.5 0.93 0.31 103.30 2346 
87.3 21.5 21.5 0.93 0.31 103.61 2349 
87.7 21.5 21.5 0.93 0.31 103.92 2353 
88.0 21.0 21.3 0.91 0.30 104.22 2356 
88.3 21.0 21.0 0.91 0.30 104.52 2360 
88.7 21.0 21.0 0.91 0.30 104.82 2363 
89.0 21.0 21.0 0.91 0.30 105.12 2367 
89.3 21.0 21.0 0.91 0.30 105.42 2370 
89.7 21.0 21.0 0.91 0.30 105.73 2373 
90.0 21.0 21.0 0.91 0.30 106.03 2377 
90.3 20.5 20.8 0.89 0.29 106.32 2380 
90.7 20.5 20.5 0.89 0.29 106.61 2383 
91.0 20.5 20.5 0.89 0.29 106.91 2387 
91.3 20.5 20.5 0.89 0.29 107.20 2390 
91.7 20.0 20.3 0.87 0.29 107.49 2393 
92.0 20.0 20.0 0.87 0.29 107.78 2396 
92.3 20.0 20.0 0.87 0.29 108.06 2400 
92.7 20.0 20.0 0.87 0.29 108.35 2403 
93.0 20.0 20.0 0.87 0.29 108.64 2406 
93.3 20.0 20.0 0.87 0.29 108.93 2409 
93.7 20.0 20.0 0.87 0.29 109.21 2412 
94.0 20.0 20.0 0.87 0.29 109.50 2416 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.3 20.0 20.0 0.87 0.29 109.79 2419 
94.7 20.0 20.0 0.87 0.29 110.07 2422 
95.0 19.5 19.8 0.85 0.28 110.35 2425 
95.3 19.5 19.5 0.85 0.28 110.63 2428 
95.7 19.5 19.5 0.85 0.28 110.92 2431 
96.0 19.5 19.5 0.85 0.28 111.20 2434 
96.3 18.5 19.0 0.81 0.27 111.46 2437 
96.7 19.0 18.8 0.83 0.27 111.74 2440 
97.0 19.0 19.0 0.83 0.27 112.01 2443 
97.3 19.0 19.0 0.83 0.27 112.29 2446 
97.7 19.0 19.0 0.83 0.27 112.56 2449 
98.0 19.0 19.0 0.83 0.27 112.83 2452 
98.3 19.0 19.0 0.83 0.27 113.11 2455 
98.7 19.0 19.0 0.83 0.27 113.38 2458 
99.0 19.0 19.0 0.83 0.27 113.66 2461 
99.3 19.0 19.0 0.83 0.27 113.93 2464 
99.7 19.0 19.0 0.83 0.27 114.20 2467 


100.0 19.0 19.0 0.83 0.27 114.48 2470 
100.3 19.0 19.0 0.83 0.27 114.75 2473 
100.7 18.5 18.8 0.81 0.27 115.02 2476 
101.0 18.5 18.5 0.81 0.27 115.29 2478 
101.3 18.5 18.5 0.81 0.27 115.55 2481 
101.7 18.5 18.5 0.81 0.27 115.82 2484 
102.0 18.5 18.5 0.81 0.27 116.09 2487 
102.3 18.5 18.5 0.81 0.27 116.36 2490 
102.7 18.5 18.5 0.81 0.27 116.63 2493 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
103.0 18.5 18.5 0.81 0.27 116.89 2496 
103.3 18.0 18.3 0.79 0.26 117.15 2498 
103.7 18.0 18.0 0.79 0.26 117.42 2501 
104.0 18.0 18.0 0.79 0.26 117.68 2504 
104.3 18.0 18.0 0.79 0.26 117.94 2507 
104.7 18.0 18.0 0.79 0.26 118.20 2509 
105.0 18.0 18.0 0.79 0.26 118.46 2512 
105.3 18.0 18.0 0.79 0.26 118.72 2515 
105.7 18.0 18.0 0.79 0.26 118.98 2518 
106.0 18.0 18.0 0.79 0.26 119.25 2520 
106.3 17.5 17.8 0.77 0.26 119.50 2523 
106.7 17.5 17.5 0.77 0.26 119.76 2526 
107.0 17.5 17.5 0.77 0.26 120.01 2528 
107.3 17.5 17.5 0.77 0.26 120.27 2531 
107.7 17.5 17.5 0.77 0.26 120.52 2534 
108.0 17.5 17.5 0.77 0.26 120.78 2536 
108.3 17.5 17.5 0.77 0.26 121.03 2539 
108.7 17.5 17.5 0.77 0.26 121.29 2542 
109.0 17.0 17.3 0.76 0.25 121.54 2544 
109.3 17.0 17.0 0.76 0.25 121.79 2547 
109.7 17.0 17.0 0.76 0.25 122.03 2549 
110.0 17.0 17.0 0.76 0.25 122.28 2552 
110.3 17.0 17.0 0.76 0.25 122.53 2554 
110.7 17.0 17.0 0.76 0.25 122.78 2557 
111.0 16.5 16.8 0.74 0.24 123.03 2560 
111.3 16.5 16.5 0.74 0.24 123.27 2562 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
111.7 16.5 16.5 0.74 0.24 123.51 2564 
112.0 16.5 16.5 0.74 0.24 123.76 2567 
112.3 16.5 16.5 0.74 0.24 124.00 2569 
112.7 16.5 16.5 0.74 0.24 124.24 2572 
113.0 16.0 16.3 0.72 0.24 124.48 2574 
113.3 16.0 16.0 0.72 0.24 124.72 2577 
113.7 16.0 16.0 0.72 0.24 124.95 2579 
114.0 16.0 16.0 0.72 0.24 125.19 2582 
114.3 16.0 16.0 0.72 0.24 125.43 2584 
114.7 16.0 16.0 0.72 0.24 125.67 2586 
115.0 15.5 15.8 0.70 0.23 125.90 2589 
115.3 15.5 15.5 0.70 0.23 126.13 2591 
115.7 15.5 15.5 0.70 0.23 126.36 2593 
116.0 15.5 15.5 0.70 0.23 126.60 2596 
116.3 15.5 15.5 0.70 0.23 126.83 2598 
116.7 15.5 15.5 0.70 0.23 127.06 2600 
117.0 15.5 15.5 0.70 0.23 127.29 2603 
117.3 15.0 15.3 0.69 0.23 127.52 2605 
117.7 15.5 15.3 0.70 0.23 127.75 2607 
118.0 15.5 15.5 0.70 0.23 127.98 2610 
118.3 15.5 15.5 0.70 0.23 128.21 2612 
118.7 15.5 15.5 0.70 0.23 128.44 2614 
119.0 15.5 15.5 0.70 0.23 128.68 2617 
119.3 15.5 15.5 0.70 0.23 128.91 2619 
119.7 15.5 15.5 0.70 0.23 129.14 2621 
120.0 15.5 15.5 0.70 0.23 129.37 2624 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.3 15.0 15.3 0.69 0.23 129.60 2626 
120.7 15.5 15.3 0.70 0.23 129.83 2628 
121.0 15.5 15.5 0.70 0.23 130.06 2630 
121.3 15.5 15.5 0.70 0.23 130.29 2633 
121.7 15.5 15.5 0.70 0.23 130.53 2635 
122.0 15.5 15.5 0.70 0.23 130.76 2637 
122.3 15.5 15.5 0.70 0.23 130.99 2640 
122.7 15.5 15.5 0.70 0.23 131.22 2642 
123.0 15.0 15.3 0.69 0.23 131.45 2644 
123.3 15.0 15.0 0.69 0.23 131.67 2646 
123.7 15.0 15.0 0.69 0.23 131.90 2648 
124.0 15.0 15.0 0.69 0.23 132.13 2651 
124.3 15.0 15.0 0.69 0.23 132.35 2653 
124.7 15.0 15.0 0.69 0.23 132.58 2655 
125.0 15.0 15.0 0.69 0.23 132.81 2657 
125.3 15.0 15.0 0.69 0.23 133.03 2660 
125.7 15.0 15.0 0.69 0.23 133.26 2662 
126.0 15.0 15.0 0.69 0.23 133.49 2664 
126.3 15.0 15.0 0.69 0.23 133.71 2666 
126.7 14.5 14.8 0.67 0.22 133.93 2668 
127.0 14.5 14.5 0.67 0.22 134.15 2670 
127.3 14.5 14.5 0.67 0.22 134.37 2673 
127.7 14.5 14.5 0.67 0.22 134.60 2675 
128.0 14.5 14.5 0.67 0.22 134.82 2677 
128.3 14.5 14.5 0.67 0.22 135.04 2679 
128.7 14.5 14.5 0.67 0.22 135.26 2681 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
129.0 14.5 14.5 0.67 0.22 135.48 2683 
129.3 14.5 14.5 0.67 0.22 135.70 2685 
129.7 14.0 14.3 0.65 0.22 135.92 2687 
130.0 14.0 14.0 0.65 0.22 136.13 2689 
130.3 14.0 14.0 0.65 0.22 136.35 2692 
130.7 14.0 14.0 0.65 0.22 136.56 2694 
131.0 14.0 14.0 0.65 0.22 136.78 2696 
131.3 14.0 14.0 0.65 0.22 136.99 2698 
131.7 14.0 14.0 0.65 0.22 137.21 2700 
132.0 14.0 14.0 0.65 0.22 137.43 2702 
132.3 14.0 14.0 0.65 0.22 137.64 2704 
132.7 14.0 14.0 0.65 0.22 137.86 2706 
133.0 14.0 14.0 0.65 0.22 138.07 2708 
133.3 14.0 14.0 0.65 0.22 138.29 2710 
133.7 13.5 13.8 0.64 0.21 138.50 2712 
134.0 13.5 13.5 0.64 0.21 138.71 2714 
134.3 13.5 13.5 0.64 0.21 138.92 2716 
134.7 13.5 13.5 0.64 0.21 139.13 2718 
135.0 13.5 13.5 0.64 0.21 139.34 2720 
135.3 13.5 13.5 0.64 0.21 139.55 2722 
135.7 13.5 13.5 0.64 0.21 139.76 2724 
136.0 13.5 13.5 0.64 0.21 139.97 2726 
136.3 13.5 13.5 0.64 0.21 140.18 2728 
136.7 13.0 13.3 0.62 0.21 140.39 2730 
137.0 13.0 13.0 0.62 0.21 140.59 2732 
137.3 13.0 13.0 0.62 0.21 140.80 2734 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
137.7 13.0 13.0 0.62 0.21 141.00 2736 
138.0 13.0 13.0 0.62 0.21 141.21 2737 
138.3 13.0 13.0 0.62 0.21 141.41 2739 
138.7 13.0 13.0 0.62 0.21 141.62 2741 
139.0 12.5 12.8 0.61 0.20 141.82 2743 
139.3 12.5 12.5 0.61 0.20 142.02 2745 
139.7 12.5 12.5 0.61 0.20 142.22 2747 
140.0 12.5 12.5 0.61 0.20 142.42 2749 
140.3 12.5 12.5 0.61 0.20 142.62 2751 
140.7 12.5 12.5 0.61 0.20 142.82 2752 
141.0 12.5 12.5 0.61 0.20 143.02 2754 
141.3 12.5 12.5 0.61 0.20 143.22 2756 
141.7 12.0 12.3 0.59 0.20 143.42 2758 
142.0 12.0 12.0 0.59 0.20 143.61 2760 
142.3 12.0 12.0 0.59 0.20 143.81 2762 
142.7 12.0 12.0 0.59 0.20 144.00 2763 
143.0 12.0 12.0 0.59 0.20 144.20 2765 
143.3 12.0 12.0 0.59 0.20 144.39 2767 
143.7 12.0 12.0 0.59 0.20 144.59 2769 
144.0 12.0 12.0 0.59 0.20 144.78 2771 
144.3 12.0 12.0 0.59 0.20 144.98 2772 
144.7 12.0 12.0 0.59 0.20 145.18 2774 
145.0 12.0 12.0 0.59 0.20 145.37 2776 
145.3 12.0 12.0 0.59 0.20 145.57 2778 
145.7 12.0 12.0 0.59 0.20 145.76 2779 
146.0 12.0 12.0 0.59 0.20 145.96 2781 







 


 
 
 


156


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.3 12.0 12.0 0.59 0.20 146.15 2783 
146.7 12.0 12.0 0.59 0.20 146.35 2785 
147.0 12.0 12.0 0.59 0.20 146.54 2787 
147.3 12.0 12.0 0.59 0.20 146.74 2788 
147.7 12.0 12.0 0.59 0.20 146.93 2790 
148.0 12.0 12.0 0.59 0.20 147.13 2792 
148.3 12.0 12.0 0.59 0.20 147.33 2794 
148.7 11.5 11.8 0.58 0.19 147.52 2795 
149.0 11.5 11.5 0.58 0.19 147.71 2797 
149.3 11.5 11.5 0.58 0.19 147.90 2799 
149.7 11.5 11.5 0.58 0.19 148.09 2801 
150.0 11.5 11.5 0.58 0.19 148.28 2802 
150.3 11.5 11.5 0.58 0.19 148.47 2804 
150.7 11.5 11.5 0.58 0.19 148.66 2806 
151.0 11.5 11.5 0.58 0.19 148.85 2807 
151.3 11.5 11.5 0.58 0.19 149.04 2809 
151.7 11.0 11.3 0.56 0.19 149.23 2811 
152.0 11.0 11.0 0.56 0.19 149.41 2812 
152.3 11.0 11.0 0.56 0.19 149.60 2814 
152.7 11.0 11.0 0.56 0.19 149.79 2816 
153.0 11.0 11.0 0.56 0.19 149.97 2817 
153.3 11.0 11.0 0.56 0.19 150.16 2819 
153.7 11.0 11.0 0.56 0.19 150.34 2821 
154.0 11.0 11.0 0.56 0.19 150.53 2822 
154.3 11.0 11.0 0.56 0.19 150.72 2824 
154.7 11.0 11.0 0.56 0.19 150.90 2826 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
155.0 11.0 11.0 0.56 0.19 151.09 2827 
155.3 10.5 10.8 0.55 0.18 151.27 2829 
155.7 10.5 10.5 0.55 0.18 151.45 2831 
156.0 10.5 10.5 0.55 0.18 151.63 2832 
156.3 10.5 10.5 0.55 0.18 151.81 2834 
156.7 10.5 10.5 0.55 0.18 151.99 2835 
157.0 10.5 10.5 0.55 0.18 152.18 2837 
157.3 10.5 10.5 0.55 0.18 152.36 2839 
157.7 10.5 10.5 0.55 0.18 152.54 2840 
158.0 10.5 10.5 0.55 0.18 152.72 2842 
158.3 10.5 10.5 0.55 0.18 152.90 2843 
158.7 10.5 10.5 0.55 0.18 153.08 2845 
159.0 10.5 10.5 0.55 0.18 153.26 2847 
159.3 10.0 10.3 0.54 0.18 153.44 2848 
159.7 10.0 10.0 0.54 0.18 153.62 2850 
160.0 10.0 10.0 0.54 0.18 153.79 2851 
160.3 10.0 10.0 0.54 0.18 153.97 2853 
160.7 10.0 10.0 0.54 0.18 154.15 2854 
161.0 10.0 10.0 0.54 0.18 154.33 2856 
161.3 10.0 10.0 0.54 0.18 154.50 2857 
161.7 10.0 10.0 0.54 0.18 154.68 2859 
162.0 9.5 9.8 0.52 0.17 154.85 2860 
162.3 9.5 9.5 0.52 0.17 155.02 2862 
162.7 9.5 9.5 0.52 0.17 155.20 2863 
163.0 9.5 9.5 0.52 0.17 155.37 2865 
163.3 9.5 9.5 0.52 0.17 155.54 2866 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
163.7 9.5 9.5 0.52 0.17 155.71 2868 
164.0 9.5 9.5 0.52 0.17 155.89 2869 
164.3 9.5 9.5 0.52 0.17 156.06 2871 
164.7 9.5 9.5 0.52 0.17 156.23 2872 
165.0 9.5 9.5 0.52 0.17 156.40 2874 
165.3 9.5 9.5 0.52 0.17 156.58 2875 
165.7 9.5 9.5 0.52 0.17 156.75 2877 
166.0 9.5 9.5 0.52 0.17 156.92 2878 
166.3 9.5 9.5 0.52 0.17 157.09 2880 
166.7 9.5 9.5 0.52 0.17 157.27 2881 
167.0 9.5 9.5 0.52 0.17 157.44 2883 
167.3 9.5 9.5 0.52 0.17 157.61 2884 
167.7 9.5 9.5 0.52 0.17 157.78 2886 
168.0 9.5 9.5 0.52 0.17 157.96 2887 
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Table E.7 Maturity calculations 35% FA-C-block 


Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 


0.0 22.2 - -  0 0.00 
0.3 26.0 24.1 1.12 0.37 0.37 21 
0.7 26.0 26.0 1.12 0.37 0.74 42 
1.0 26.5 26.3 1.14 0.38 1.12 63 
1.3 26.5 26.5 1.14 0.38 1.50 84 
1.7 26.5 26.5 1.14 0.38 1.87 105 
2.0 27.0 26.8 1.17 0.38 2.26 126 
2.3 27.0 27.0 1.17 0.38 2.64 146 
2.7 27.5 27.3 1.19 0.39 3.03 168 
3.0 28.0 27.8 1.21 0.40 3.43 189 
3.3 28.5 28.3 1.23 0.41 3.84 210 
3.7 29.0 28.8 1.26 0.41 4.26 232 
4.0 29.5 29.3 1.28 0.42 4.68 254 
4.3 30.5 30.0 1.33 0.44 5.12 277 
4.7 31.0 30.8 1.35 0.45 5.56 300 
5.0 31.5 31.3 1.38 0.45 6.02 323 
5.3 32.0 31.8 1.40 0.46 6.48 347 
5.7 32.5 32.3 1.43 0.47 6.95 370 
6.0 32.5 32.5 1.43 0.47 7.43 394 
6.3 33.0 32.8 1.46 0.48 7.91 417 
6.7 33.5 33.3 1.48 0.49 8.40 441 
7.0 33.5 33.5 1.48 0.49 8.88 465 
7.3 34.0 33.8 1.51 0.50 9.38 489 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
7.7 34.0 34.0 1.51 0.50 9.88 512 
8.0 34.5 34.3 1.54 0.51 10.39 536 
8.3 35.0 34.8 1.57 0.52 10.90 560 
8.7 35.0 35.0 1.57 0.52 11.42 584 
9.0 35.5 35.3 1.59 0.53 11.95 608 
9.3 36.0 35.8 1.62 0.54 12.48 633 
9.7 36.0 36.0 1.62 0.54 13.02 657 


10.0 36.5 36.3 1.65 0.54 13.56 681 
10.3 37.0 36.8 1.68 0.55 14.12 706 
10.7 37.5 37.3 1.71 0.56 14.68 730 
11.0 37.5 37.5 1.71 0.56 15.25 755 
11.3 38.0 37.8 1.74 0.57 15.82 779 
11.7 38.5 38.3 1.77 0.58 16.41 804 
12.0 38.5 38.5 1.77 0.58 16.99 829 
12.3 39.0 38.8 1.80 0.60 17.59 854 
12.7 39.5 39.3 1.84 0.61 18.19 879 
13.0 39.5 39.5 1.84 0.61 18.80 903 
13.3 40.0 39.8 1.87 0.62 19.41 928 
13.7 40.0 40.0 1.87 0.62 20.03 953 
14.0 40.5 40.3 1.90 0.63 20.66 978 
14.3 40.5 40.5 1.90 0.63 21.28 1002 
14.7 41.0 40.8 1.93 0.64 21.92 1027 
15.0 41.0 41.0 1.93 0.64 22.56 1051 
15.3 41.5 41.3 1.97 0.65 23.21 1076 
15.7 41.5 41.5 1.97 0.65 23.86 1101 
16.0 41.5 41.5 1.97 0.65 24.51 1125 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.3 42.0 41.8 2.00 0.66 25.17 1149 
16.7 42.0 42.0 2.00 0.66 25.83 1173 
17.0 42.0 42.0 2.00 0.66 26.49 1197 
17.3 42.5 42.3 2.04 0.67 27.16 1221 
17.7 42.5 42.5 2.04 0.67 27.83 1245 
18.0 42.5 42.5 2.04 0.67 28.50 1268 
18.3 42.5 42.5 2.04 0.67 29.17 1292 
18.7 43.0 42.8 2.07 0.68 29.86 1315 
19.0 43.0 43.0 2.07 0.68 30.54 1338 
19.3 43.0 43.0 2.07 0.68 31.22 1361 
19.7 43.0 43.0 2.07 0.68 31.91 1384 
20.0 43.0 43.0 2.07 0.68 32.59 1406 
20.3 43.0 43.0 2.07 0.68 33.27 1429 
20.7 43.5 43.3 2.11 0.69 33.97 1451 
21.0 43.5 43.5 2.11 0.69 34.66 1473 
21.3 43.5 43.5 2.11 0.69 35.36 1495 
21.7 43.5 43.5 2.11 0.69 36.05 1517 
22.0 43.5 43.5 2.11 0.69 36.75 1538 
22.3 43.5 43.5 2.11 0.69 37.44 1560 
22.7 43.5 43.5 2.11 0.69 38.14 1581 
23.0 43.5 43.5 2.11 0.69 38.83 1602 
23.3 43.5 43.5 2.11 0.69 39.53 1622 
23.7 43.5 43.5 2.11 0.69 40.22 1643 
24.0 43.5 43.5 2.11 0.69 40.92 1663 
24.3 43.5 43.5 2.11 0.69 41.61 1683 
24.7 43.5 43.5 2.11 0.69 42.31 1703 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
25.0 43.5 43.5 2.11 0.69 43.00 1723 
25.3 43.5 43.5 2.11 0.69 43.70 1743 
25.7 43.5 43.5 2.11 0.69 44.39 1762 
26.0 43.5 43.5 2.11 0.69 45.09 1781 
26.3 43.5 43.5 2.11 0.69 45.78 1800 
26.7 43.5 43.5 2.11 0.69 46.48 1819 
27.0 43.5 43.5 2.11 0.69 47.17 1837 
27.3 43.5 43.5 2.11 0.69 47.87 1856 
27.7 43.5 43.5 2.11 0.69 48.56 1874 
28.0 43.5 43.5 2.11 0.69 49.26 1892 
28.3 43.5 43.5 2.11 0.69 49.95 1910 
28.7 43.5 43.5 2.11 0.69 50.65 1928 
29.0 43.5 43.5 2.11 0.69 51.34 1946 
29.3 43.5 43.5 2.11 0.69 52.04 1963 
29.7 43.5 43.5 2.11 0.69 52.73 1981 
30.0 43.5 43.5 2.11 0.69 53.43 1998 
30.3 43.0 43.3 2.07 0.68 54.11 2014 
30.7 43.0 43.0 2.07 0.68 54.80 2031 
31.0 43.0 43.0 2.07 0.68 55.48 2047 
31.3 43.0 43.0 2.07 0.68 56.16 2064 
31.7 43.0 43.0 2.07 0.68 56.85 2080 
32.0 43.0 43.0 2.07 0.68 57.53 2096 
32.3 43.0 43.0 2.07 0.68 58.21 2112 
32.7 42.5 42.8 2.04 0.67 58.88 2127 
33.0 42.5 42.5 2.04 0.67 59.56 2143 
33.3 42.5 42.5 2.04 0.67 60.23 2158 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
33.7 42.5 42.5 2.04 0.67 60.90 2173 
34.0 42.5 42.5 2.04 0.67 61.57 2188 
34.3 42.5 42.5 2.04 0.67 62.24 2203 
34.7 42.0 42.3 2.00 0.66 62.90 2217 
35.0 42.0 42.0 2.00 0.66 63.56 2232 
35.3 42.0 42.0 2.00 0.66 64.22 2246 
35.7 42.0 42.0 2.00 0.66 64.88 2260 
36.0 42.0 42.0 2.00 0.66 65.54 2274 
36.3 41.5 41.8 1.97 0.65 66.19 2288 
36.7 41.5 41.5 1.97 0.65 66.84 2301 
37.0 41.5 41.5 1.97 0.65 67.49 2315 
37.3 41.5 41.5 1.97 0.65 68.14 2328 
37.7 41.5 41.5 1.97 0.65 68.79 2342 
38.0 41.0 41.3 1.93 0.64 69.43 2355 
38.3 41.0 41.0 1.93 0.64 70.06 2367 
38.7 41.0 41.0 1.93 0.64 70.70 2380 
39.0 41.0 41.0 1.93 0.64 71.34 2393 
39.3 40.5 40.8 1.90 0.63 71.97 2405 
39.7 40.5 40.5 1.90 0.63 72.59 2417 
40.0 40.5 40.5 1.90 0.63 73.22 2430 
40.3 40.5 40.5 1.90 0.63 73.85 2442 
40.7 40.0 40.3 1.87 0.62 74.46 2454 
41.0 40.0 40.0 1.87 0.62 75.08 2465 
41.3 40.0 40.0 1.87 0.62 75.70 2477 
41.7 40.0 40.0 1.87 0.62 76.31 2489 
42.0 39.5 39.8 1.84 0.61 76.92 2500 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.3 39.5 39.5 1.84 0.61 77.52 2511 
42.7 39.5 39.5 1.84 0.61 78.13 2522 
43.0 39.5 39.5 1.84 0.61 78.74 2533 
43.3 39.5 39.5 1.84 0.61 79.34 2544 
43.7 39.0 39.3 1.80 0.60 79.94 2555 
44.0 39.0 39.0 1.80 0.60 80.53 2566 
44.3 39.0 39.0 1.80 0.60 81.13 2576 
44.7 39.0 39.0 1.80 0.60 81.72 2587 
45.0 38.5 38.8 1.77 0.58 82.31 2597 
45.3 38.5 38.5 1.77 0.58 82.89 2607 
45.7 38.5 38.5 1.77 0.58 83.48 2617 
46.0 38.5 38.5 1.77 0.58 84.06 2627 
46.3 38.0 38.3 1.74 0.57 84.64 2637 
46.7 38.0 38.0 1.74 0.57 85.21 2647 
47.0 38.0 38.0 1.74 0.57 85.79 2657 
47.3 38.0 38.0 1.74 0.57 86.36 2666 
47.7 37.5 37.8 1.71 0.56 86.92 2676 
48.0 37.5 37.5 1.71 0.56 87.49 2685 
48.3 37.5 37.5 1.71 0.56 88.05 2695 
48.7 37.5 37.5 1.71 0.56 88.62 2704 
49.0 37.5 37.5 1.71 0.56 89.18 2713 
49.3 37.5 37.5 1.71 0.56 89.75 2722 
49.7 37.0 37.3 1.68 0.55 90.30 2731 
50.0 37.0 37.0 1.68 0.55 90.86 2740 
50.3 37.0 37.0 1.68 0.55 91.41 2749 
50.7 37.0 37.0 1.68 0.55 91.97 2758 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
51.0 37.0 37.0 1.68 0.55 92.52 2766 
51.3 36.5 36.8 1.65 0.54 93.07 2775 
51.7 36.5 36.5 1.65 0.54 93.61 2784 
52.0 36.0 36.3 1.62 0.54 94.15 2792 
52.3 36.0 36.0 1.62 0.54 94.68 2800 
52.7 36.0 36.0 1.62 0.54 95.22 2808 
53.0 36.0 36.0 1.62 0.54 95.75 2816 
53.3 36.0 36.0 1.62 0.54 96.29 2825 
53.7 36.0 36.0 1.62 0.54 96.82 2833 
54.0 35.5 35.8 1.59 0.53 97.35 2841 
54.3 35.5 35.5 1.59 0.53 97.87 2848 
54.7 35.5 35.5 1.59 0.53 98.40 2856 
55.0 35.5 35.5 1.59 0.53 98.93 2864 
55.3 35.5 35.5 1.59 0.53 99.45 2872 
55.7 35.5 35.5 1.59 0.53 99.98 2879 
56.0 35.0 35.3 1.57 0.52 100.49 2887 
56.3 35.0 35.0 1.57 0.52 101.01 2894 
56.7 35.0 35.0 1.57 0.52 101.53 2902 
57.0 35.0 35.0 1.57 0.52 102.04 2909 
57.3 35.0 35.0 1.57 0.52 102.56 2917 
57.7 34.5 34.8 1.54 0.51 103.07 2924 
58.0 34.5 34.5 1.54 0.51 103.57 2931 
58.3 34.5 34.5 1.54 0.51 104.08 2938 
58.7 34.5 34.5 1.54 0.51 104.59 2945 
59.0 34.5 34.5 1.54 0.51 105.10 2952 
59.3 34.0 34.3 1.51 0.50 105.60 2959 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
59.7 34.0 34.0 1.51 0.50 106.09 2966 
60.0 34.0 34.0 1.51 0.50 106.59 2973 
60.3 34.0 34.0 1.51 0.50 107.09 2980 
60.7 34.0 34.0 1.51 0.50 107.59 2986 
61.0 33.5 33.8 1.48 0.49 108.08 2993 
61.3 33.5 33.5 1.48 0.49 108.57 3000 
61.7 33.5 33.5 1.48 0.49 109.06 3006 
62.0 33.5 33.5 1.48 0.49 109.55 3013 
62.3 33.5 33.5 1.48 0.49 110.03 3019 
62.7 33.0 33.3 1.46 0.48 110.52 3026 
63.0 33.0 33.0 1.46 0.48 111.00 3032 
63.3 33.0 33.0 1.46 0.48 111.48 3038 
63.7 33.0 33.0 1.46 0.48 111.96 3044 
64.0 33.0 33.0 1.46 0.48 112.44 3051 
64.3 33.0 33.0 1.46 0.48 112.92 3057 
64.7 32.5 32.8 1.43 0.47 113.39 3063 
65.0 32.5 32.5 1.43 0.47 113.86 3069 
65.3 32.5 32.5 1.43 0.47 114.33 3075 
65.7 32.5 32.5 1.43 0.47 114.81 3081 
66.0 32.5 32.5 1.43 0.47 115.28 3087 
66.3 32.0 32.3 1.40 0.46 115.74 3093 
66.7 32.0 32.0 1.40 0.46 116.20 3099 
67.0 32.0 32.0 1.40 0.46 116.67 3104 
67.3 32.0 32.0 1.40 0.46 117.13 3110 
67.7 32.0 32.0 1.40 0.46 117.59 3116 
68.0 31.5 31.8 1.38 0.45 118.05 3122 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.3 31.5 31.5 1.38 0.45 118.50 3127 
68.7 31.5 31.5 1.38 0.45 118.96 3133 
69.0 31.5 31.5 1.38 0.45 119.41 3138 
69.3 31.5 31.5 1.38 0.45 119.87 3144 
69.7 31.0 31.3 1.35 0.45 120.31 3149 
70.0 31.0 31.0 1.35 0.45 120.76 3154 
70.3 31.0 31.0 1.35 0.45 121.21 3160 
70.7 31.0 31.0 1.35 0.45 121.65 3165 
71.0 31.0 31.0 1.35 0.45 122.10 3170 
71.3 31.0 31.0 1.35 0.45 122.55 3176 
71.7 31.0 31.0 1.35 0.45 122.99 3181 
72.0 31.0 31.0 1.35 0.45 123.44 3186 
72.3 31.0 31.0 1.35 0.45 123.89 3191 
72.7 31.0 31.0 1.35 0.45 124.33 3197 
73.0 31.0 31.0 1.35 0.45 124.78 3202 
73.3 31.0 31.0 1.35 0.45 125.23 3207 
73.7 31.0 31.0 1.35 0.45 125.67 3212 
74.0 31.0 31.0 1.35 0.45 126.12 3217 
74.3 31.5 31.3 1.38 0.45 126.58 3222 
74.7 31.5 31.5 1.38 0.45 127.03 3228 
75.0 31.5 31.5 1.38 0.45 127.49 3233 
75.3 31.5 31.5 1.38 0.45 127.94 3238 
75.7 31.5 31.5 1.38 0.45 128.40 3243 
76.0 31.5 31.5 1.38 0.45 128.85 3248 
76.3 31.0 31.3 1.35 0.45 129.30 3253 
76.7 30.5 30.8 1.33 0.44 129.74 3258 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
77.0 30.5 30.5 1.33 0.44 130.17 3263 
77.3 30.5 30.5 1.33 0.44 130.61 3268 
77.7 30.5 30.5 1.33 0.44 131.05 3273 
78.0 30.5 30.5 1.33 0.44 131.49 3277 
78.3 30.5 30.5 1.33 0.44 131.93 3282 
78.7 30.5 30.5 1.33 0.44 132.37 3287 
79.0 30.5 30.5 1.33 0.44 132.80 3292 
79.3 30.5 30.5 1.33 0.44 133.24 3296 
79.7 30.5 30.5 1.33 0.44 133.68 3301 
80.0 30.0 30.3 1.30 0.43 134.11 3306 
80.3 30.0 30.0 1.30 0.43 134.54 3310 
80.7 30.0 30.0 1.30 0.43 134.97 3315 
81.0 30.0 30.0 1.30 0.43 135.40 3319 
81.3 30.0 30.0 1.30 0.43 135.83 3324 
81.7 30.0 30.0 1.30 0.43 136.26 3328 
82.0 29.5 29.8 1.28 0.42 136.69 3333 
82.3 29.5 29.5 1.28 0.42 137.11 3337 
82.7 29.5 29.5 1.28 0.42 137.53 3342 
83.0 29.5 29.5 1.28 0.42 137.95 3346 
83.3 29.5 29.5 1.28 0.42 138.38 3350 
83.7 29.5 29.5 1.28 0.42 138.80 3355 
84.0 29.0 29.3 1.26 0.41 139.21 3359 
84.3 29.0 29.0 1.26 0.41 139.63 3363 
84.7 29.0 29.0 1.26 0.41 140.04 3368 
85.0 29.0 29.0 1.26 0.41 140.46 3372 
85.3 29.0 29.0 1.26 0.41 140.87 3376 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
85.7 28.5 28.8 1.23 0.41 141.28 3380 
86.0 28.5 28.5 1.23 0.41 141.69 3384 
86.3 28.5 28.5 1.23 0.41 142.09 3388 
86.7 28.5 28.5 1.23 0.41 142.50 3392 
87.0 28.5 28.5 1.23 0.41 142.91 3396 
87.3 28.0 28.3 1.21 0.40 143.31 3400 
87.7 28.0 28.0 1.21 0.40 143.71 3404 
88.0 28.0 28.0 1.21 0.40 144.11 3408 
88.3 28.0 28.0 1.21 0.40 144.51 3412 
88.7 28.0 28.0 1.21 0.40 144.90 3416 
89.0 28.0 28.0 1.21 0.40 145.30 3420 
89.3 27.5 27.8 1.19 0.39 145.70 3424 
89.7 27.5 27.5 1.19 0.39 146.09 3428 
90.0 27.5 27.5 1.19 0.39 146.48 3431 
90.3 27.5 27.5 1.19 0.39 146.87 3435 
90.7 27.0 27.3 1.17 0.38 147.26 3439 
91.0 27.0 27.0 1.17 0.38 147.64 3442 
91.3 27.0 27.0 1.17 0.38 148.03 3446 
91.7 27.0 27.0 1.17 0.38 148.41 3450 
92.0 27.0 27.0 1.17 0.38 148.80 3453 
92.3 26.5 26.8 1.14 0.38 149.17 3457 
92.7 26.5 26.5 1.14 0.38 149.55 3461 
93.0 26.5 26.5 1.14 0.38 149.93 3464 
93.3 26.5 26.5 1.14 0.38 150.31 3468 
93.7 26.5 26.5 1.14 0.38 150.68 3471 
94.0 26.5 26.5 1.14 0.38 151.06 3475 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.3 26.5 26.5 1.14 0.38 151.44 3478 
94.7 26.5 26.5 1.14 0.38 151.82 3482 
95.0 26.5 26.5 1.14 0.38 152.19 3485 
95.3 26.5 26.5 1.14 0.38 152.57 3489 
95.7 26.5 26.5 1.14 0.38 152.95 3492 
96.0 26.5 26.5 1.14 0.38 153.33 3496 
96.3 26.5 26.5 1.14 0.38 153.70 3499 
96.7 26.5 26.5 1.14 0.38 154.08 3502 
97.0 26.5 26.5 1.14 0.38 154.46 3506 
97.3 26.5 26.5 1.14 0.38 154.84 3509 
97.7 26.5 26.5 1.14 0.38 155.21 3513 
98.0 26.5 26.5 1.14 0.38 155.59 3516 
98.3 26.5 26.5 1.14 0.38 155.97 3520 
98.7 26.5 26.5 1.14 0.38 156.35 3523 
99.0 26.5 26.5 1.14 0.38 156.72 3526 
99.3 27.0 26.8 1.17 0.38 157.11 3530 
99.7 27.0 27.0 1.17 0.38 157.49 3533 


100.0 27.0 27.0 1.17 0.38 157.88 3536 
100.3 27.0 27.0 1.17 0.38 158.26 3540 
100.7 27.0 27.0 1.17 0.38 158.65 3543 
101.0 27.0 27.0 1.17 0.38 159.03 3547 
101.3 27.0 27.0 1.17 0.38 159.42 3550 
101.7 27.0 27.0 1.17 0.38 159.80 3553 
102.0 27.0 27.0 1.17 0.38 160.18 3557 
102.3 27.0 27.0 1.17 0.38 160.57 3560 
102.7 27.0 27.0 1.17 0.38 160.95 3563 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
103.0 27.0 27.0 1.17 0.38 161.34 3567 
103.3 27.0 27.0 1.17 0.38 161.72 3570 
103.7 27.0 27.0 1.17 0.38 162.11 3573 
104.0 27.0 27.0 1.17 0.38 162.49 3577 
104.3 27.0 27.0 1.17 0.38 162.88 3580 
104.7 27.0 27.0 1.17 0.38 163.26 3583 
105.0 27.0 27.0 1.17 0.38 163.65 3586 
105.3 27.0 27.0 1.17 0.38 164.03 3590 
105.7 27.0 27.0 1.17 0.38 164.42 3593 
106.0 27.0 27.0 1.17 0.38 164.80 3596 
106.3 27.0 27.0 1.17 0.38 165.19 3599 
106.7 26.5 26.8 1.14 0.38 165.56 3602 
107.0 26.5 26.5 1.14 0.38 165.94 3606 
107.3 26.5 26.5 1.14 0.38 166.32 3609 
107.7 26.5 26.5 1.14 0.38 166.70 3612 
108.0 26.5 26.5 1.14 0.38 167.07 3615 
108.3 26.5 26.5 1.14 0.38 167.45 3618 
108.7 26.5 26.5 1.14 0.38 167.83 3621 
109.0 26.5 26.5 1.14 0.38 168.21 3624 
109.3 26.5 26.5 1.14 0.38 168.58 3627 
109.7 26.5 26.5 1.14 0.38 168.96 3630 
110.0 26.0 26.3 1.12 0.37 169.33 3633 
110.3 26.0 26.0 1.12 0.37 169.70 3636 
110.7 26.0 26.0 1.12 0.37 170.07 3639 
111.0 26.0 26.0 1.12 0.37 170.44 3642 
111.3 26.0 26.0 1.12 0.37 170.81 3645 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
111.7 26.0 26.0 1.12 0.37 171.18 3648 
112.0 26.0 26.0 1.12 0.37 171.55 3651 
112.3 26.0 26.0 1.12 0.37 171.92 3654 
112.7 26.0 26.0 1.12 0.37 172.29 3657 
113.0 25.5 25.8 1.10 0.36 172.66 3660 
113.3 25.5 25.5 1.10 0.36 173.02 3663 
113.7 25.5 25.5 1.10 0.36 173.38 3666 
114.0 25.5 25.5 1.10 0.36 173.75 3669 
114.3 25.5 25.5 1.10 0.36 174.11 3671 
114.7 25.5 25.5 1.10 0.36 174.47 3674 
115.0 25.5 25.5 1.10 0.36 174.84 3677 
115.3 25.0 25.3 1.08 0.36 175.19 3680 
115.7 25.0 25.0 1.08 0.36 175.55 3683 
116.0 25.0 25.0 1.08 0.36 175.91 3685 
116.3 25.0 25.0 1.08 0.36 176.26 3688 
116.7 25.0 25.0 1.08 0.36 176.62 3691 
117.0 25.0 25.0 1.08 0.36 176.98 3694 
117.3 25.0 25.0 1.08 0.36 177.33 3696 
117.7 25.0 25.0 1.08 0.36 177.69 3699 
118.0 25.0 25.0 1.08 0.36 178.05 3702 
118.3 25.0 25.0 1.08 0.36 178.40 3704 
118.7 25.0 25.0 1.08 0.36 178.76 3707 
119.0 25.0 25.0 1.08 0.36 179.11 3710 
119.3 25.0 25.0 1.08 0.36 179.47 3712 
119.7 25.0 25.0 1.08 0.36 179.83 3715 
120.0 25.0 25.0 1.08 0.36 180.18 3718 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.3 25.0 25.0 1.08 0.36 180.54 3721 
120.7 25.0 25.0 1.08 0.36 180.90 3723 
121.0 25.0 25.0 1.08 0.36 181.25 3726 
121.3 25.0 25.0 1.08 0.36 181.61 3728 
121.7 25.0 25.0 1.08 0.36 181.97 3731 
122.0 25.0 25.0 1.08 0.36 182.32 3734 
122.3 25.5 25.3 1.10 0.36 182.69 3736 
122.7 25.5 25.5 1.10 0.36 183.05 3739 
123.0 25.5 25.5 1.10 0.36 183.41 3742 
123.3 25.5 25.5 1.10 0.36 183.78 3744 
123.7 25.5 25.5 1.10 0.36 184.14 3747 
124.0 25.5 25.5 1.10 0.36 184.50 3750 
124.3 25.5 25.5 1.10 0.36 184.87 3752 
124.7 25.5 25.5 1.10 0.36 185.23 3755 
125.0 26.0 25.8 1.12 0.37 185.60 3758 
125.3 26.0 26.0 1.12 0.37 185.97 3760 
125.7 26.0 26.0 1.12 0.37 186.34 3763 
126.0 26.0 26.0 1.12 0.37 186.71 3766 
126.3 26.0 26.0 1.12 0.37 187.08 3768 
126.7 26.0 26.0 1.12 0.37 187.45 3771 
127.0 26.0 26.0 1.12 0.37 187.82 3774 
127.3 26.0 26.0 1.12 0.37 188.19 3776 
127.7 26.0 26.0 1.12 0.37 188.56 3779 
128.0 26.0 26.0 1.12 0.37 188.93 3781 
128.3 26.0 26.0 1.12 0.37 189.30 3784 
128.7 26.0 26.0 1.12 0.37 189.67 3787 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
129.0 26.0 26.0 1.12 0.37 190.04 3789 
129.3 25.5 25.8 1.10 0.36 190.41 3792 
129.7 25.5 25.5 1.10 0.36 190.77 3794 
130.0 25.5 25.5 1.10 0.36 191.13 3797 
130.3 25.5 25.5 1.10 0.36 191.50 3799 
130.7 25.5 25.5 1.10 0.36 191.86 3802 
131.0 25.5 25.5 1.10 0.36 192.22 3804 
131.3 25.5 25.5 1.10 0.36 192.59 3807 
131.7 25.5 25.5 1.10 0.36 192.95 3809 
132.0 25.5 25.5 1.10 0.36 193.31 3812 
132.3 25.5 25.5 1.10 0.36 193.68 3814 
132.7 25.5 25.5 1.10 0.36 194.04 3817 
133.0 25.5 25.5 1.10 0.36 194.40 3819 
133.3 25.5 25.5 1.10 0.36 194.77 3822 
133.7 25.5 25.5 1.10 0.36 195.13 3824 
134.0 25.0 25.3 1.08 0.36 195.49 3827 
134.3 25.0 25.0 1.08 0.36 195.84 3829 
134.7 25.0 25.0 1.08 0.36 196.20 3831 
135.0 25.0 25.0 1.08 0.36 196.56 3834 
135.3 25.0 25.0 1.08 0.36 196.91 3836 
135.7 25.0 25.0 1.08 0.36 197.27 3839 
136.0 25.0 25.0 1.08 0.36 197.63 3841 
136.3 25.0 25.0 1.08 0.36 197.98 3843 
136.7 25.0 25.0 1.08 0.36 198.34 3846 
137.0 25.0 25.0 1.08 0.36 198.70 3848 
137.3 25.0 25.0 1.08 0.36 199.05 3850 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
137.7 24.5 24.8 1.06 0.35 199.40 3853 
138.0 24.5 24.5 1.06 0.35 199.75 3855 
138.3 24.5 24.5 1.06 0.35 200.10 3857 
138.7 24.5 24.5 1.06 0.35 200.45 3859 
139.0 24.5 24.5 1.06 0.35 200.80 3862 
139.3 24.5 24.5 1.06 0.35 201.15 3864 
139.7 24.5 24.5 1.06 0.35 201.50 3866 
140.0 24.5 24.5 1.06 0.35 201.85 3869 
140.3 24.5 24.5 1.06 0.35 202.20 3871 
140.7 24.0 24.3 1.04 0.34 202.54 3873 
141.0 24.0 24.0 1.04 0.34 202.89 3875 
141.3 24.0 24.0 1.04 0.34 203.23 3877 
141.7 24.0 24.0 1.04 0.34 203.57 3880 
142.0 24.0 24.0 1.04 0.34 203.92 3882 
142.3 24.0 24.0 1.04 0.34 204.26 3884 
142.7 24.0 24.0 1.04 0.34 204.60 3886 
143.0 24.0 24.0 1.04 0.34 204.94 3888 
143.3 24.0 24.0 1.04 0.34 205.29 3891 
143.7 24.0 24.0 1.04 0.34 205.63 3893 
144.0 24.0 24.0 1.04 0.34 205.97 3895 
144.3 24.0 24.0 1.04 0.34 206.32 3897 
144.7 24.0 24.0 1.04 0.34 206.66 3899 
145.0 24.0 24.0 1.04 0.34 207.00 3901 
145.3 24.0 24.0 1.04 0.34 207.35 3903 
145.7 24.0 24.0 1.04 0.34 207.69 3906 
146.0 24.0 24.0 1.04 0.34 208.03 3908 







 


 
 
 


176


Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.3 24.0 24.0 1.04 0.34 208.37 3910 
146.7 24.0 24.0 1.04 0.34 208.72 3912 
147.0 24.0 24.0 1.04 0.34 209.06 3914 
147.3 24.0 24.0 1.04 0.34 209.40 3916 
147.7 24.0 24.0 1.04 0.34 209.75 3918 
148.0 24.0 24.0 1.04 0.34 210.09 3920 
148.3 24.0 24.0 1.04 0.34 210.43 3922 
148.7 24.0 24.0 1.04 0.34 210.78 3925 
149.0 24.0 24.0 1.04 0.34 211.12 3927 
149.3 24.0 24.0 1.04 0.34 211.46 3929 
149.7 24.0 24.0 1.04 0.34 211.80 3931 
150.0 24.0 24.0 1.04 0.34 212.15 3933 
150.3 24.0 24.0 1.04 0.34 212.49 3935 
150.7 24.0 24.0 1.04 0.34 212.83 3937 
151.0 24.0 24.0 1.04 0.34 213.18 3939 
151.3 24.0 24.0 1.04 0.34 213.52 3941 
151.7 24.0 24.0 1.04 0.34 213.86 3943 
152.0 24.0 24.0 1.04 0.34 214.21 3945 
152.3 23.5 23.8 1.02 0.34 214.54 3947 
152.7 23.5 23.5 1.02 0.34 214.88 3949 
153.0 23.5 23.5 1.02 0.34 215.22 3951 
153.3 23.5 23.5 1.02 0.34 215.55 3953 
153.7 23.5 23.5 1.02 0.34 215.89 3955 
154.0 23.5 23.5 1.02 0.34 216.22 3957 
154.3 23.5 23.5 1.02 0.34 216.56 3959 
154.7 23.5 23.5 1.02 0.34 216.90 3961 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
155.0 23.5 23.5 1.02 0.34 217.23 3963 
155.3 23.5 23.5 1.02 0.34 217.57 3965 
155.7 23.5 23.5 1.02 0.34 217.91 3967 
156.0 23.5 23.5 1.02 0.34 218.24 3969 
156.3 23.5 23.5 1.02 0.34 218.58 3971 
156.7 23.5 23.5 1.02 0.34 218.92 3973 
157.0 23.5 23.5 1.02 0.34 219.25 3975 
157.3 23.5 23.5 1.02 0.34 219.59 3977 
157.7 23.5 23.5 1.02 0.34 219.93 3979 
158.0 23.0 23.3 1.00 0.33 220.26 3981 
158.3 23.0 23.0 1.00 0.33 220.59 3983 
158.7 23.0 23.0 1.00 0.33 220.92 3984 
159.0 23.0 23.0 1.00 0.33 221.25 3986 
159.3 23.0 23.0 1.00 0.33 221.58 3988 
159.7 23.0 23.0 1.00 0.33 221.91 3990 
160.0 23.0 23.0 1.00 0.33 222.24 3992 
160.3 23.0 23.0 1.00 0.33 222.57 3994 
160.7 23.0 23.0 1.00 0.33 222.90 3996 
161.0 23.0 23.0 1.00 0.33 223.23 3998 
161.3 23.0 23.0 1.00 0.33 223.56 3999 
161.7 23.0 23.0 1.00 0.33 223.89 4001 
162.0 23.0 23.0 1.00 0.33 224.22 4003 
162.3 23.0 23.0 1.00 0.33 224.55 4005 
162.7 23.0 23.0 1.00 0.33 224.88 4007 
163.0 22.5 22.8 0.98 0.32 225.20 4009 
163.3 22.5 22.5 0.98 0.32 225.52 4010 
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Age 
(hours) Temperature (oC) Average Temperature 


(oC) 
Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
163.7 22.5 22.5 0.98 0.32 225.85 4012 
164.0 22.5 22.5 0.98 0.32 226.17 4014 
164.3 22.5 22.5 0.98 0.32 226.49 4016 
164.7 22.5 22.5 0.98 0.32 226.82 4018 
165.0 22.5 22.5 0.98 0.32 227.14 4019 
165.3 22.5 22.5 0.98 0.32 227.46 4021 
165.7 22.5 22.5 0.98 0.32 227.79 4023 
166.0 22.5 22.5 0.98 0.32 228.11 4025 
166.3 22.5 22.5 0.98 0.32 228.44 4027 
166.7 22.5 22.5 0.98 0.32 228.76 4028 
167.0 22.5 22.5 0.98 0.32 229.08 4030 
167.3 22.5 22.5 0.98 0.32 229.41 4032 
167.7 22.5 22.5 0.98 0.32 229.73 4034 
168.0 22.5 22.5 0.98 0.32 230.05 4035 
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Table E.8 Maturity calculations control mixture-slab 


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 


0.0 15.0 - -  0 0.00 
0.3 15.5 15.3 0.65 0.21 0.21 621 
0.7 15.0 15.3 0.63 0.21 0.42 628 
1.0 15.0 15.0 0.63 0.21 0.63 635 
1.3 15.0 15.0 0.63 0.21 0.83 641 
1.7 15.0 15.0 0.63 0.21 1.04 648 
2.0 15.0 15.0 0.63 0.21 1.25 654 
2.3 15.0 15.0 0.63 0.21 1.45 661 
2.7 15.5 15.3 0.65 0.21 1.67 667 
3.0 15.5 15.5 0.65 0.21 1.88 674 
3.3 15.5 15.5 0.65 0.21 2.09 680 
3.7 15.5 15.5 0.65 0.21 2.31 687 
4.0 16.0 15.8 0.67 0.22 2.53 694 
4.3 16.0 16.0 0.67 0.22 2.75 701 
4.7 16.5 16.3 0.69 0.23 2.97 708 
5.0 16.5 16.5 0.69 0.23 3.20 714 
5.3 17.0 16.8 0.71 0.23 3.43 722 
5.7 17.0 17.0 0.71 0.23 3.66 729 
6.0 17.5 17.3 0.73 0.24 3.90 736 
6.3 17.5 17.5 0.73 0.24 4.14 743 
6.7 18.0 17.8 0.75 0.25 4.39 751 
7.0 18.0 18.0 0.75 0.25 4.64 758 
7.3 18.5 18.3 0.77 0.25 4.89 766 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
7.7 18.5 18.5 0.77 0.25 5.15 773 
8.0 19.0 18.8 0.79 0.26 5.41 781 
8.3 19.5 19.3 0.82 0.27 5.68 789 
8.7 20.0 19.8 0.84 0.28 5.96 797 
9.0 20.0 20.0 0.84 0.28 6.23 805 
9.3 20.5 20.3 0.87 0.29 6.52 814 
9.7 21.0 20.8 0.89 0.29 6.82 822 


10.0 21.5 21.3 0.92 0.30 7.12 831 
10.3 22.0 21.8 0.94 0.31 7.43 840 
10.7 22.0 22.0 0.94 0.31 7.74 849 
11.0 22.5 22.3 0.97 0.32 8.06 858 
11.3 22.5 22.5 0.97 0.32 8.38 867 
11.7 22.5 22.5 0.97 0.32 8.70 876 
12.0 22.5 22.5 0.97 0.32 9.02 885 
12.3 22.5 22.5 0.97 0.32 9.35 894 
12.7 22.5 22.5 0.97 0.32 9.67 903 
13.0 22.5 22.5 0.97 0.32 9.99 912 
13.3 22.5 22.5 0.97 0.32 10.31 921 
13.7 22.5 22.5 0.97 0.32 10.63 930 
14.0 22.5 22.5 0.97 0.32 10.95 939 
14.3 22.5 22.5 0.97 0.32 11.27 948 
14.7 22.0 22.3 0.94 0.31 11.58 956 
15.0 22.0 22.0 0.94 0.31 11.89 965 
15.3 22.0 22.0 0.94 0.31 12.20 973 
15.7 22.0 22.0 0.94 0.31 12.52 982 
16.0 22.0 22.0 0.94 0.31 12.83 990 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.3 22.0 22.0 0.94 0.31 13.14 998 
16.7 22.0 22.0 0.94 0.31 13.45 1007 
17.0 21.5 21.8 0.92 0.30 13.75 1015 
17.3 21.5 21.5 0.92 0.30 14.06 1023 
17.7 21.5 21.5 0.92 0.30 14.36 1031 
18.0 21.5 21.5 0.92 0.30 14.66 1039 
18.3 21.5 21.5 0.92 0.30 14.97 1046 
18.7 21.0 21.3 0.89 0.29 15.26 1054 
19.0 21.0 21.0 0.89 0.29 15.55 1062 
19.3 21.0 21.0 0.89 0.29 15.85 1069 
19.7 21.0 21.0 0.89 0.29 16.14 1077 
20.0 20.5 20.8 0.87 0.29 16.43 1084 
20.3 20.5 20.5 0.87 0.29 16.72 1092 
20.7 20.5 20.5 0.87 0.29 17.00 1099 
21.0 20.5 20.5 0.87 0.29 17.29 1106 
21.3 20.5 20.5 0.87 0.29 17.57 1113 
21.7 20.5 20.5 0.87 0.29 17.86 1121 
22.0 20.0 20.3 0.84 0.28 18.14 1127 
22.3 20.0 20.0 0.84 0.28 18.41 1134 
22.7 20.0 20.0 0.84 0.28 18.69 1141 
23.0 20.0 20.0 0.84 0.28 18.97 1148 
23.3 20.0 20.0 0.84 0.28 19.25 1155 
23.7 20.5 20.3 0.87 0.29 19.53 1162 
24.0 20.5 20.5 0.87 0.29 19.82 1169 
24.3 20.5 20.5 0.87 0.29 20.11 1176 
24.7 20.5 20.5 0.87 0.29 20.39 1183 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
25.0 21.0 20.8 0.89 0.29 20.69 1190 
25.3 21.0 21.0 0.89 0.29 20.98 1197 
25.7 21.0 21.0 0.89 0.29 21.27 1205 
26.0 21.5 21.3 0.92 0.30 21.58 1212 
26.3 21.5 21.5 0.92 0.30 21.88 1219 
26.7 21.5 21.5 0.92 0.30 22.18 1226 
27.0 22.0 21.8 0.94 0.31 22.49 1234 
27.3 22.0 22.0 0.94 0.31 22.81 1241 
27.7 22.0 22.0 0.94 0.31 23.12 1248 
28.0 22.0 22.0 0.94 0.31 23.43 1256 
28.3 22.0 22.0 0.94 0.31 23.74 1263 
28.7 22.0 22.0 0.94 0.31 24.05 1270 
29.0 22.0 22.0 0.94 0.31 24.37 1278 
29.3 22.0 22.0 0.94 0.31 24.68 1285 
29.7 22.0 22.0 0.94 0.31 24.99 1292 
30.0 22.0 22.0 0.94 0.31 25.30 1299 
30.3 21.5 21.8 0.92 0.30 25.60 1306 
30.7 21.5 21.5 0.92 0.30 25.91 1313 
31.0 21.5 21.5 0.92 0.30 26.21 1320 
31.3 21.5 21.5 0.92 0.30 26.51 1327 
31.7 21.0 21.3 0.89 0.29 26.81 1333 
32.0 21.0 21.0 0.89 0.29 27.10 1340 
32.3 21.0 21.0 0.89 0.29 27.39 1347 
32.7 21.0 21.0 0.89 0.29 27.69 1353 
33.0 21.0 21.0 0.89 0.29 27.98 1360 
33.3 20.5 20.8 0.87 0.29 28.27 1366 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
33.7 20.5 20.5 0.87 0.29 28.56 1372 
34.0 20.5 20.5 0.87 0.29 28.84 1379 
34.3 20.5 20.5 0.87 0.29 29.13 1385 
34.7 20.0 20.3 0.84 0.28 29.41 1391 
35.0 20.0 20.0 0.84 0.28 29.68 1397 
35.3 20.0 20.0 0.84 0.28 29.96 1403 
35.7 20.0 20.0 0.84 0.28 30.24 1409 
36.0 20.0 20.0 0.84 0.28 30.52 1415 
36.3 20.0 20.0 0.84 0.28 30.79 1421 
36.7 19.5 19.8 0.82 0.27 31.06 1427 
37.0 19.5 19.5 0.82 0.27 31.33 1433 
37.3 19.5 19.5 0.82 0.27 31.60 1438 
37.7 19.5 19.5 0.82 0.27 31.87 1444 
38.0 19.5 19.5 0.82 0.27 32.14 1450 
38.3 19.5 19.5 0.82 0.27 32.41 1455 
38.7 19.5 19.5 0.82 0.27 32.68 1461 
39.0 19.5 19.5 0.82 0.27 32.95 1467 
39.3 19.0 19.3 0.79 0.26 33.21 1472 
39.7 19.0 19.0 0.79 0.26 33.48 1478 
40.0 19.0 19.0 0.79 0.26 33.74 1483 
40.3 19.0 19.0 0.79 0.26 34.00 1489 
40.7 19.0 19.0 0.79 0.26 34.26 1494 
41.0 19.0 19.0 0.79 0.26 34.53 1499 
41.3 19.0 19.0 0.79 0.26 34.79 1505 
41.7 19.0 19.0 0.79 0.26 35.05 1510 
42.0 19.0 19.0 0.79 0.26 35.31 1516 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.3 18.5 18.8 0.77 0.25 35.57 1521 
42.7 18.5 18.5 0.77 0.25 35.82 1526 
43.0 18.5 18.5 0.77 0.25 36.08 1531 
43.3 18.5 18.5 0.77 0.25 36.33 1536 
43.7 18.5 18.5 0.77 0.25 36.58 1541 
44.0 18.5 18.5 0.77 0.25 36.84 1546 
44.3 18.5 18.5 0.77 0.25 37.09 1551 
44.7 18.5 18.5 0.77 0.25 37.35 1557 
45.0 18.5 18.5 0.77 0.25 37.60 1562 
45.3 18.5 18.5 0.77 0.25 37.86 1567 
45.7 18.0 18.3 0.75 0.25 38.10 1572 
46.0 18.0 18.0 0.75 0.25 38.35 1576 
46.3 18.0 18.0 0.75 0.25 38.60 1581 
46.7 18.0 18.0 0.75 0.25 38.85 1586 
47.0 18.0 18.0 0.75 0.25 39.09 1591 
47.3 18.0 18.0 0.75 0.25 39.34 1596 
47.7 18.0 18.0 0.75 0.25 39.59 1601 
48.0 18.0 18.0 0.75 0.25 39.83 1605 
48.3 18.0 18.0 0.75 0.25 40.08 1610 
48.7 18.0 18.0 0.75 0.25 40.33 1615 
49.0 18.0 18.0 0.75 0.25 40.58 1620 
49.3 18.0 18.0 0.75 0.25 40.82 1624 
49.7 18.0 18.0 0.75 0.25 41.07 1629 
50.0 18.0 18.0 0.75 0.25 41.32 1634 
50.3 16.5 17.3 0.69 0.23 41.54 1638 
50.7 16.0 16.3 0.67 0.22 41.76 1642 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
51.0 15.5 15.8 0.65 0.21 41.98 1646 
51.3 16.0 15.8 0.67 0.22 42.20 1651 
51.7 16.0 16.0 0.67 0.22 42.42 1655 
52.0 16.0 16.0 0.67 0.22 42.63 1659 
52.3 16.0 16.0 0.67 0.22 42.85 1663 
52.7 16.0 16.0 0.67 0.22 43.07 1667 
53.0 16.0 16.0 0.67 0.22 43.29 1671 
53.3 16.0 16.0 0.67 0.22 43.51 1675 
53.7 16.0 16.0 0.67 0.22 43.73 1679 
54.0 16.0 16.0 0.67 0.22 43.95 1683 
54.3 16.0 16.0 0.67 0.22 44.17 1687 
54.7 16.0 16.0 0.67 0.22 44.39 1691 
55.0 16.0 16.0 0.67 0.22 44.61 1696 
55.3 16.0 16.0 0.67 0.22 44.83 1700 
55.7 16.0 16.0 0.67 0.22 45.05 1704 
56.0 16.0 16.0 0.67 0.22 45.27 1708 
56.3 16.0 16.0 0.67 0.22 45.49 1712 
56.7 16.0 16.0 0.67 0.22 45.71 1716 
57.0 16.0 16.0 0.67 0.22 45.93 1720 
57.3 16.0 16.0 0.67 0.22 46.15 1724 
57.7 15.5 15.8 0.65 0.21 46.36 1727 
58.0 15.5 15.5 0.65 0.21 46.57 1731 
58.3 15.5 15.5 0.65 0.21 46.79 1735 
58.7 15.5 15.5 0.65 0.21 47.00 1739 
59.0 15.0 15.3 0.63 0.21 47.21 1743 
59.3 15.0 15.0 0.63 0.21 47.41 1746 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
59.7 14.5 14.8 0.61 0.20 47.61 1750 
60.0 14.5 14.5 0.61 0.20 47.82 1753 
60.3 14.0 14.3 0.59 0.19 48.01 1757 
60.7 14.0 14.0 0.59 0.19 48.20 1760 
61.0 14.0 14.0 0.59 0.19 48.40 1764 
61.3 13.5 13.8 0.57 0.19 48.59 1767 
61.7 13.5 13.5 0.57 0.19 48.78 1770 
62.0 13.5 13.5 0.57 0.19 48.97 1774 
62.3 13.5 13.5 0.57 0.19 49.15 1777 
62.7 13.5 13.5 0.57 0.19 49.34 1780 
63.0 13.0 13.3 0.56 0.18 49.53 1784 
63.3 13.0 13.0 0.56 0.18 49.71 1787 
63.7 13.0 13.0 0.56 0.18 49.89 1790 
64.0 13.0 13.0 0.56 0.18 50.08 1793 
64.3 13.0 13.0 0.56 0.18 50.26 1796 
64.7 13.0 13.0 0.56 0.18 50.44 1799 
65.0 13.0 13.0 0.56 0.18 50.63 1803 
65.3 13.0 13.0 0.56 0.18 50.81 1806 
65.7 13.0 13.0 0.56 0.18 50.99 1809 
66.0 13.0 13.0 0.56 0.18 51.18 1812 
66.3 13.0 13.0 0.56 0.18 51.36 1815 
66.7 13.0 13.0 0.56 0.18 51.54 1818 
67.0 13.0 13.0 0.56 0.18 51.73 1821 
67.3 13.0 13.0 0.56 0.18 51.91 1825 
67.7 13.0 13.0 0.56 0.18 52.09 1828 
68.0 13.0 13.0 0.56 0.18 52.28 1831 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.3 13.0 13.0 0.56 0.18 52.46 1834 
68.7 13.0 13.0 0.56 0.18 52.64 1837 
69.0 12.5 12.8 0.54 0.18 52.82 1840 
69.3 12.5 12.5 0.54 0.18 53.00 1843 
69.7 13.0 12.8 0.56 0.18 53.18 1846 
70.0 12.5 12.8 0.54 0.18 53.36 1849 
70.3 12.5 12.5 0.54 0.18 53.54 1852 
70.7 12.5 12.5 0.54 0.18 53.71 1855 
71.0 12.5 12.5 0.54 0.18 53.89 1858 
71.3 13.0 12.8 0.56 0.18 54.08 1861 
71.7 13.0 13.0 0.56 0.18 54.26 1864 
72.0 13.0 13.0 0.56 0.18 54.44 1867 
72.3 13.0 13.0 0.56 0.18 54.63 1870 
72.7 13.0 13.0 0.56 0.18 54.81 1873 
73.0 13.0 13.0 0.56 0.18 54.99 1876 
73.3 13.0 13.0 0.56 0.18 55.18 1879 
73.7 13.0 13.0 0.56 0.18 55.36 1882 
74.0 13.0 13.0 0.56 0.18 55.54 1885 
74.3 13.0 13.0 0.56 0.18 55.72 1888 
74.7 13.0 13.0 0.56 0.18 55.91 1891 
75.0 13.0 13.0 0.56 0.18 56.09 1894 
75.3 13.0 13.0 0.56 0.18 56.27 1897 
75.7 13.0 13.0 0.56 0.18 56.46 1900 
76.0 13.0 13.0 0.56 0.18 56.64 1903 
76.3 13.0 13.0 0.56 0.18 56.82 1906 
76.7 13.0 13.0 0.56 0.18 57.01 1909 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
77.0 13.0 13.0 0.56 0.18 57.19 1912 
77.3 13.0 13.0 0.56 0.18 57.37 1915 
77.7 13.0 13.0 0.56 0.18 57.56 1918 
78.0 13.0 13.0 0.56 0.18 57.74 1921 
78.3 13.0 13.0 0.56 0.18 57.92 1924 
78.7 13.0 13.0 0.56 0.18 58.11 1927 
79.0 13.0 13.0 0.56 0.18 58.29 1930 
79.3 13.0 13.0 0.56 0.18 58.47 1933 
79.7 13.0 13.0 0.56 0.18 58.66 1936 
80.0 13.0 13.0 0.56 0.18 58.84 1938 
80.3 13.0 13.0 0.56 0.18 59.02 1941 
80.7 13.0 13.0 0.56 0.18 59.21 1944 
81.0 13.0 13.0 0.56 0.18 59.39 1947 
81.3 13.0 13.0 0.56 0.18 59.57 1950 
81.7 13.0 13.0 0.56 0.18 59.76 1953 
82.0 13.0 13.0 0.56 0.18 59.94 1956 
82.3 13.0 13.0 0.56 0.18 60.12 1959 
82.7 13.0 13.0 0.56 0.18 60.31 1961 
83.0 13.0 13.0 0.56 0.18 60.49 1964 
83.3 13.0 13.0 0.56 0.18 60.67 1967 
83.7 13.0 13.0 0.56 0.18 60.86 1970 
84.0 13.0 13.0 0.56 0.18 61.04 1973 
84.3 13.0 13.0 0.56 0.18 61.22 1976 
84.7 13.0 13.0 0.56 0.18 61.41 1979 
85.0 13.0 13.0 0.56 0.18 61.59 1981 
85.3 13.0 13.0 0.56 0.18 61.77 1984 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
85.7 13.0 13.0 0.56 0.18 61.96 1987 
86.0 13.0 13.0 0.56 0.18 62.14 1990 
86.3 13.0 13.0 0.56 0.18 62.32 1993 
86.7 13.0 13.0 0.56 0.18 62.51 1995 
87.0 13.0 13.0 0.56 0.18 62.69 1998 
87.3 13.0 13.0 0.56 0.18 62.87 2001 
87.7 13.0 13.0 0.56 0.18 63.06 2004 
88.0 12.5 12.8 0.54 0.18 63.23 2007 
88.3 12.5 12.5 0.54 0.18 63.41 2009 
88.7 12.5 12.5 0.54 0.18 63.59 2012 
89.0 12.5 12.5 0.54 0.18 63.77 2015 
89.3 12.5 12.5 0.54 0.18 63.94 2017 
89.7 12.5 12.5 0.54 0.18 64.12 2020 
90.0 12.5 12.5 0.54 0.18 64.30 2023 
90.3 12.5 12.5 0.54 0.18 64.48 2025 
90.7 12.5 12.5 0.54 0.18 64.66 2028 
91.0 12.5 12.5 0.54 0.18 64.83 2031 
91.3 12.5 12.5 0.54 0.18 65.01 2033 
91.7 12.0 12.3 0.52 0.17 65.18 2036 
92.0 12.0 12.0 0.52 0.17 65.36 2038 
92.3 12.0 12.0 0.52 0.17 65.53 2041 
92.7 12.0 12.0 0.52 0.17 65.70 2044 
93.0 12.0 12.0 0.52 0.17 65.87 2046 
93.3 12.0 12.0 0.52 0.17 66.05 2049 
93.7 12.0 12.0 0.52 0.17 66.22 2051 
94.0 12.0 12.0 0.52 0.17 66.39 2054 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.3 12.0 12.0 0.52 0.17 66.56 2056 
94.7 12.0 12.0 0.52 0.17 66.73 2059 
95.0 12.0 12.0 0.52 0.17 66.91 2061 
95.3 12.0 12.0 0.52 0.17 67.08 2064 
95.7 12.0 12.0 0.52 0.17 67.25 2066 
96.0 12.0 12.0 0.52 0.17 67.42 2069 
96.3 12.5 12.3 0.54 0.18 67.60 2071 
96.7 12.5 12.5 0.54 0.18 67.78 2074 
97.0 12.5 12.5 0.54 0.18 67.96 2077 
97.3 13.0 12.8 0.56 0.18 68.14 2079 
97.7 13.0 13.0 0.56 0.18 68.32 2082 
98.0 13.5 13.3 0.57 0.19 68.51 2085 
98.3 14.0 13.8 0.59 0.19 68.71 2087 
98.7 14.5 14.3 0.61 0.20 68.91 2090 
99.0 14.5 14.5 0.61 0.20 69.11 2093 
99.3 14.5 14.5 0.61 0.20 69.31 2096 
99.7 15.0 14.8 0.63 0.21 69.52 2099 


100.0 15.0 15.0 0.63 0.21 69.72 2102 
100.3 15.0 15.0 0.63 0.21 69.93 2105 
100.7 15.0 15.0 0.63 0.21 70.14 2108 
101.0 15.0 15.0 0.63 0.21 70.34 2111 
101.3 15.5 15.3 0.65 0.21 70.56 2114 
101.7 15.5 15.5 0.65 0.21 70.77 2117 
102.0 15.0 15.3 0.63 0.21 70.98 2120 
102.3 15.0 15.0 0.63 0.21 71.18 2123 
102.7 15.0 15.0 0.63 0.21 71.39 2126 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
103.0 15.0 15.0 0.63 0.21 71.60 2128 
103.3 14.5 14.8 0.61 0.20 71.80 2131 
103.7 14.5 14.5 0.61 0.20 72.00 2134 
104.0 14.5 14.5 0.61 0.20 72.20 2137 
104.3 14.5 14.5 0.61 0.20 72.40 2140 
104.7 14.0 14.3 0.59 0.19 72.59 2142 
105.0 14.0 14.0 0.59 0.19 72.79 2145 
105.3 14.0 14.0 0.59 0.19 72.98 2148 
105.7 14.0 14.0 0.59 0.19 73.18 2150 
106.0 14.0 14.0 0.59 0.19 73.37 2153 
106.3 14.0 14.0 0.59 0.19 73.57 2156 
106.7 13.5 13.8 0.57 0.19 73.76 2158 
107.0 13.5 13.5 0.57 0.19 73.95 2161 
107.3 13.5 13.5 0.57 0.19 74.14 2164 
107.7 13.5 13.5 0.57 0.19 74.32 2166 
108.0 13.5 13.5 0.57 0.19 74.51 2169 
108.3 13.5 13.5 0.57 0.19 74.70 2171 
108.7 13.5 13.5 0.57 0.19 74.89 2174 
109.0 13.0 13.3 0.56 0.18 75.07 2176 
109.3 13.0 13.0 0.56 0.18 75.26 2179 
109.7 13.0 13.0 0.56 0.18 75.44 2181 
110.0 13.0 13.0 0.56 0.18 75.62 2184 
110.3 13.0 13.0 0.56 0.18 75.81 2186 
110.7 13.0 13.0 0.56 0.18 75.99 2189 
111.0 13.0 13.0 0.56 0.18 76.17 2191 
111.3 13.0 13.0 0.56 0.18 76.36 2194 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
111.7 13.0 13.0 0.56 0.18 76.54 2196 
112.0 12.5 12.8 0.54 0.18 76.72 2198 
112.3 12.5 12.5 0.54 0.18 76.90 2201 
112.7 12.5 12.5 0.54 0.18 77.07 2203 
113.0 12.5 12.5 0.54 0.18 77.25 2206 
113.3 12.5 12.5 0.54 0.18 77.43 2208 
113.7 12.5 12.5 0.54 0.18 77.61 2210 
114.0 12.5 12.5 0.54 0.18 77.78 2213 
114.3 12.5 12.5 0.54 0.18 77.96 2215 
114.7 12.5 12.5 0.54 0.18 78.14 2217 
115.0 12.5 12.5 0.54 0.18 78.32 2220 
115.3 12.0 12.3 0.52 0.17 78.49 2222 
115.7 12.0 12.0 0.52 0.17 78.66 2224 
116.0 12.0 12.0 0.52 0.17 78.83 2226 
116.3 12.0 12.0 0.52 0.17 79.01 2229 
116.7 12.0 12.0 0.52 0.17 79.18 2231 
117.0 12.0 12.0 0.52 0.17 79.35 2233 
117.3 12.0 12.0 0.52 0.17 79.52 2235 
117.7 12.0 12.0 0.52 0.17 79.70 2238 
118.0 12.0 12.0 0.52 0.17 79.87 2240 
118.3 12.0 12.0 0.52 0.17 80.04 2242 
118.7 12.0 12.0 0.52 0.17 80.21 2244 
119.0 12.0 12.0 0.52 0.17 80.39 2247 
119.3 12.0 12.0 0.52 0.17 80.56 2249 
119.7 12.0 12.0 0.52 0.17 80.73 2251 
120.0 12.5 12.3 0.54 0.18 80.91 2253 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.3 12.5 12.5 0.54 0.18 81.09 2256 
120.7 13.0 12.8 0.56 0.18 81.27 2258 
121.0 13.0 13.0 0.56 0.18 81.45 2260 
121.3 13.5 13.3 0.57 0.19 81.64 2263 
121.7 13.5 13.5 0.57 0.19 81.83 2265 
122.0 13.5 13.5 0.57 0.19 82.02 2268 
122.3 14.0 13.8 0.59 0.19 82.21 2270 
122.7 14.0 14.0 0.59 0.19 82.41 2272 
123.0 14.5 14.3 0.61 0.20 82.61 2275 
123.3 14.5 14.5 0.61 0.20 82.81 2278 
123.7 14.5 14.5 0.61 0.20 83.01 2280 
124.0 15.0 14.8 0.63 0.21 83.22 2283 
124.3 15.0 15.0 0.63 0.21 83.43 2285 
124.7 15.0 15.0 0.63 0.21 83.63 2288 
125.0 15.0 15.0 0.63 0.21 83.84 2290 
125.3 15.0 15.0 0.63 0.21 84.05 2293 
125.7 15.0 15.0 0.63 0.21 84.25 2296 
126.0 15.0 15.0 0.63 0.21 84.46 2298 
126.3 15.0 15.0 0.63 0.21 84.67 2301 
126.7 14.5 14.8 0.61 0.20 84.87 2303 
127.0 14.5 14.5 0.61 0.20 85.07 2306 
127.3 14.5 14.5 0.61 0.20 85.27 2308 
127.7 14.5 14.5 0.61 0.20 85.47 2311 
128.0 14.5 14.5 0.61 0.20 85.67 2313 
128.3 14.0 14.3 0.59 0.19 85.86 2316 
128.7 14.0 14.0 0.59 0.19 86.06 2318 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
129.0 14.0 14.0 0.59 0.19 86.25 2320 
129.3 14.0 14.0 0.59 0.19 86.45 2323 
129.7 14.0 14.0 0.59 0.19 86.64 2325 
130.0 14.0 14.0 0.59 0.19 86.84 2328 
130.3 13.5 13.8 0.57 0.19 87.03 2330 
130.7 13.5 13.5 0.57 0.19 87.22 2332 
131.0 13.5 13.5 0.57 0.19 87.40 2334 
131.3 13.5 13.5 0.57 0.19 87.59 2337 
131.7 13.5 13.5 0.57 0.19 87.78 2339 
132.0 13.5 13.5 0.57 0.19 87.97 2341 
132.3 13.0 13.3 0.56 0.18 88.15 2343 
132.7 13.0 13.0 0.56 0.18 88.34 2346 
133.0 13.0 13.0 0.56 0.18 88.52 2348 
133.3 13.0 13.0 0.56 0.18 88.70 2350 
133.7 13.0 13.0 0.56 0.18 88.89 2352 
134.0 13.0 13.0 0.56 0.18 89.07 2354 
134.3 13.0 13.0 0.56 0.18 89.25 2357 
134.7 13.0 13.0 0.56 0.18 89.44 2359 
135.0 13.0 13.0 0.56 0.18 89.62 2361 
135.3 12.5 12.8 0.54 0.18 89.80 2363 
135.7 12.5 12.5 0.54 0.18 89.98 2365 
136.0 12.5 12.5 0.54 0.18 90.15 2367 
136.3 12.5 12.5 0.54 0.18 90.33 2369 
136.7 12.5 12.5 0.54 0.18 90.51 2372 
137.0 12.5 12.5 0.54 0.18 90.69 2374 
137.3 12.5 12.5 0.54 0.18 90.86 2376 







 


 
 
 


195


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
137.7 12.5 12.5 0.54 0.18 91.04 2378 
138.0 12.5 12.5 0.54 0.18 91.22 2380 
138.3 12.5 12.5 0.54 0.18 91.40 2382 
138.7 12.5 12.5 0.54 0.18 91.58 2384 
139.0 12.5 12.5 0.54 0.18 91.75 2386 
139.3 12.0 12.3 0.52 0.17 91.93 2388 
139.7 12.0 12.0 0.52 0.17 92.10 2390 
140.0 12.0 12.0 0.52 0.17 92.27 2392 
140.3 12.0 12.0 0.52 0.17 92.44 2394 
140.7 12.0 12.0 0.52 0.17 92.62 2396 
141.0 12.0 12.0 0.52 0.17 92.79 2398 
141.3 12.0 12.0 0.52 0.17 92.96 2400 
141.7 12.0 12.0 0.52 0.17 93.13 2402 
142.0 12.0 12.0 0.52 0.17 93.31 2404 
142.3 12.0 12.0 0.52 0.17 93.48 2406 
142.7 12.0 12.0 0.52 0.17 93.65 2408 
143.0 12.0 12.0 0.52 0.17 93.82 2410 
143.3 12.0 12.0 0.52 0.17 93.99 2412 
143.7 12.5 12.3 0.54 0.18 94.17 2414 
144.0 12.5 12.5 0.54 0.18 94.35 2416 
144.3 12.5 12.5 0.54 0.18 94.53 2418 
144.7 13.0 12.8 0.56 0.18 94.71 2420 
145.0 13.0 13.0 0.56 0.18 94.89 2422 
145.3 13.0 13.0 0.56 0.18 95.08 2424 
145.7 13.5 13.3 0.57 0.19 95.27 2427 
146.0 13.5 13.5 0.57 0.19 95.46 2429 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.3 14.0 13.8 0.59 0.19 95.65 2431 
146.7 14.0 14.0 0.59 0.19 95.85 2433 
147.0 14.5 14.3 0.61 0.20 96.05 2435 
147.3 14.5 14.5 0.61 0.20 96.25 2438 
147.7 14.5 14.5 0.61 0.20 96.45 2440 
148.0 14.5 14.5 0.61 0.20 96.65 2442 
148.3 15.0 14.8 0.63 0.21 96.85 2444 
148.7 15.0 15.0 0.63 0.21 97.06 2447 
149.0 15.0 15.0 0.63 0.21 97.27 2449 
149.3 15.0 15.0 0.63 0.21 97.48 2451 
149.7 15.0 15.0 0.63 0.21 97.68 2454 
150.0 15.0 15.0 0.63 0.21 97.89 2456 
150.3 14.5 14.8 0.61 0.20 98.09 2458 
150.7 14.5 14.5 0.61 0.20 98.29 2460 
151.0 14.5 14.5 0.61 0.20 98.49 2463 
151.3 14.5 14.5 0.61 0.20 98.69 2465 
151.7 14.5 14.5 0.61 0.20 98.89 2467 
152.0 14.5 14.5 0.61 0.20 99.09 2469 
152.3 14.0 14.3 0.59 0.19 99.29 2471 
152.7 14.0 14.0 0.59 0.19 99.48 2473 
153.0 14.0 14.0 0.59 0.19 99.68 2476 
153.3 14.0 14.0 0.59 0.19 99.87 2478 
153.7 14.0 14.0 0.59 0.19 100.07 2480 
154.0 13.5 13.8 0.57 0.19 100.26 2482 
154.3 13.5 13.5 0.57 0.19 100.44 2484 
154.7 13.5 13.5 0.57 0.19 100.63 2486 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
155.0 13.5 13.5 0.57 0.19 100.82 2488 
155.3 13.5 13.5 0.57 0.19 101.01 2490 
155.7 13.5 13.5 0.57 0.19 101.20 2492 
156.0 13.5 13.5 0.57 0.19 101.39 2494 
156.3 13.5 13.5 0.57 0.19 101.58 2496 
156.7 13.0 13.3 0.56 0.18 101.76 2498 
157.0 13.0 13.0 0.56 0.18 101.94 2500 
157.3 13.0 13.0 0.56 0.18 102.13 2502 
157.7 13.0 13.0 0.56 0.18 102.31 2504 
158.0 13.0 13.0 0.56 0.18 102.49 2506 
158.3 13.0 13.0 0.56 0.18 102.68 2508 
158.7 13.0 13.0 0.56 0.18 102.86 2510 
159.0 13.0 13.0 0.56 0.18 103.04 2512 
159.3 13.0 13.0 0.56 0.18 103.23 2514 
159.7 12.5 12.8 0.54 0.18 103.41 2516 
160.0 12.5 12.5 0.54 0.18 103.58 2518 
160.3 12.5 12.5 0.54 0.18 103.76 2519 
160.7 12.5 12.5 0.54 0.18 103.94 2521 
161.0 12.5 12.5 0.54 0.18 104.12 2523 
161.3 12.5 12.5 0.54 0.18 104.29 2525 
161.7 12.5 12.5 0.54 0.18 104.47 2527 
162.0 12.5 12.5 0.54 0.18 104.65 2529 
162.3 12.5 12.5 0.54 0.18 104.83 2531 
162.7 12.5 12.5 0.54 0.18 105.00 2532 
163.0 12.0 12.3 0.52 0.17 105.18 2534 
163.3 12.0 12.0 0.52 0.17 105.35 2536 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
163.7 12.0 12.0 0.52 0.17 105.52 2538 
164.0 12.0 12.0 0.52 0.17 105.69 2540 
164.3 12.0 12.0 0.52 0.17 105.87 2541 
164.7 12.0 12.0 0.52 0.17 106.04 2543 
165.0 12.0 12.0 0.52 0.17 106.21 2545 
165.3 12.0 12.0 0.52 0.17 106.38 2547 
165.7 12.0 12.0 0.52 0.17 106.56 2549 
166.0 12.0 12.0 0.52 0.17 106.73 2550 
166.3 12.0 12.0 0.52 0.17 106.90 2552 
166.7 12.0 12.0 0.52 0.17 107.07 2554 
167.0 12.0 12.0 0.52 0.17 107.25 2556 
167.3 12.0 12.0 0.52 0.17 107.42 2557 
167.7 12.5 12.3 0.54 0.18 107.60 2559 
168.0 12.5 12.5 0.54 0.18 107.77 2561 
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Table E.9 Maturity calculations 50% FA-A mixture-slab 
Age 


(hours) Temperature (oC) Average Temperature (oC) Age 
Factor 


Eq. Age @ 23oC 
Increment (hours) 


Eq. Age @ 23oC 
Cumulative (hours) 


Predicted Compressive 
Strength (psi) 


0.0 17.0 - -  0 0.00 
0.3 16.5 16.8 0.74 0.24 0.24 683 
0.7 16.5 16.5 0.74 0.24 0.49 689 
1.0 16.5 16.5 0.74 0.24 0.73 694 
1.3 16.5 16.5 0.74 0.24 0.97 700 
1.7 16.5 16.5 0.74 0.24 1.22 705 
2.0 16.5 16.5 0.74 0.24 1.46 711 
2.3 16.5 16.5 0.74 0.24 1.70 716 
2.7 16.5 16.5 0.74 0.24 1.95 722 
3.0 16.5 16.5 0.74 0.24 2.19 727 
3.3 17.0 16.8 0.76 0.25 2.44 733 
3.7 17.0 17.0 0.76 0.25 2.69 738 
4.0 17.0 17.0 0.76 0.25 2.94 744 
4.3 17.0 17.0 0.76 0.25 3.19 749 
4.7 17.5 17.3 0.77 0.26 3.44 755 
5.0 17.5 17.5 0.77 0.26 3.70 761 
5.3 17.5 17.5 0.77 0.26 3.95 766 
5.7 17.5 17.5 0.77 0.26 4.21 772 
6.0 17.5 17.5 0.77 0.26 4.46 778 
6.3 18.0 17.8 0.79 0.26 4.72 783 
6.7 18.0 18.0 0.79 0.26 4.99 789 
7.0 18.0 18.0 0.79 0.26 5.25 795 
7.3 18.0 18.0 0.79 0.26 5.51 801 
7.7 18.5 18.3 0.81 0.27 5.78 806 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
8.0 18.5 18.5 0.81 0.27 6.04 812 
8.3 19.0 18.8 0.83 0.27 6.32 818 
8.7 19.0 19.0 0.83 0.27 6.59 824 
9.0 19.0 19.0 0.83 0.27 6.87 830 
9.3 19.5 19.3 0.85 0.28 7.15 836 
9.7 19.5 19.5 0.85 0.28 7.43 842 


10.0 20.0 19.8 0.87 0.29 7.71 848 
10.3 20.0 20.0 0.87 0.29 8.00 854 
10.7 20.0 20.0 0.87 0.29 8.29 861 
11.0 20.0 20.0 0.87 0.29 8.58 867 
11.3 20.0 20.0 0.87 0.29 8.86 873 
11.7 20.0 20.0 0.87 0.29 9.15 879 
12.0 20.0 20.0 0.87 0.29 9.44 885 
12.3 20.0 20.0 0.87 0.29 9.72 891 
12.7 20.0 20.0 0.87 0.29 10.01 897 
13.0 20.0 20.0 0.87 0.29 10.30 903 
13.3 20.0 20.0 0.87 0.29 10.59 909 
13.7 20.0 20.0 0.87 0.29 10.87 915 
14.0 20.0 20.0 0.87 0.29 11.16 921 
14.3 20.0 20.0 0.87 0.29 11.45 927 
14.7 20.0 20.0 0.87 0.29 11.73 933 
15.0 20.0 20.0 0.87 0.29 12.02 939 
15.3 20.0 20.0 0.87 0.29 12.31 945 
15.7 19.5 19.8 0.85 0.28 12.59 951 
16.0 19.5 19.5 0.85 0.28 12.87 957 
16.3 19.5 19.5 0.85 0.28 13.15 963 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
16.7 19.5 19.5 0.85 0.28 13.43 968 
17.0 19.5 19.5 0.85 0.28 13.71 974 
17.3 19.5 19.5 0.85 0.28 13.99 980 
17.7 19.5 19.5 0.85 0.28 14.27 986 
18.0 19.5 19.5 0.85 0.28 14.55 991 
18.3 19.5 19.5 0.85 0.28 14.83 997 
18.7 19.5 19.5 0.85 0.28 15.11 1003 
19.0 19.5 19.5 0.85 0.28 15.39 1008 
19.3 19.5 19.5 0.85 0.28 15.68 1014 
19.7 19.5 19.5 0.85 0.28 15.96 1020 
20.0 19.0 19.3 0.83 0.27 16.23 1025 
20.3 19.0 19.0 0.83 0.27 16.50 1031 
20.7 19.0 19.0 0.83 0.27 16.78 1036 
21.0 19.0 19.0 0.83 0.27 17.05 1042 
21.3 19.0 19.0 0.83 0.27 17.33 1047 
21.7 19.0 19.0 0.83 0.27 17.60 1053 
22.0 19.0 19.0 0.83 0.27 17.87 1058 
22.3 19.0 19.0 0.83 0.27 18.15 1064 
22.7 19.0 19.0 0.83 0.27 18.42 1069 
23.0 19.0 19.0 0.83 0.27 18.70 1074 
23.3 19.0 19.0 0.83 0.27 18.97 1080 
23.7 19.0 19.0 0.83 0.27 19.24 1085 
24.0 19.0 19.0 0.83 0.27 19.52 1091 
24.3 19.5 19.3 0.85 0.28 19.80 1096 
24.7 19.5 19.5 0.85 0.28 20.08 1102 
25.0 19.5 19.5 0.85 0.28 20.36 1107 







 


 
 
 


202


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
25.3 19.5 19.5 0.85 0.28 20.64 1112 
25.7 19.5 19.5 0.85 0.28 20.92 1118 
26.0 19.5 19.5 0.85 0.28 21.20 1123 
26.3 19.5 19.5 0.85 0.28 21.48 1129 
26.7 19.5 19.5 0.85 0.28 21.76 1134 
27.0 20.0 19.8 0.87 0.29 22.05 1140 
27.3 20.0 20.0 0.87 0.29 22.34 1145 
27.7 20.0 20.0 0.87 0.29 22.62 1151 
28.0 20.0 20.0 0.87 0.29 22.91 1156 
28.3 20.0 20.0 0.87 0.29 23.20 1162 
28.7 20.0 20.0 0.87 0.29 23.49 1167 
29.0 20.0 20.0 0.87 0.29 23.77 1173 
29.3 20.0 20.0 0.87 0.29 24.06 1178 
29.7 19.5 19.8 0.85 0.28 24.34 1184 
30.0 19.5 19.5 0.85 0.28 24.62 1189 
30.3 19.5 19.5 0.85 0.28 24.90 1194 
30.7 19.5 19.5 0.85 0.28 25.18 1199 
31.0 19.5 19.5 0.85 0.28 25.46 1205 
31.3 19.5 19.5 0.85 0.28 25.74 1210 
31.7 19.5 19.5 0.85 0.28 26.02 1215 
32.0 19.5 19.5 0.85 0.28 26.30 1220 
32.3 19.0 19.3 0.83 0.27 26.58 1226 
32.7 19.0 19.0 0.83 0.27 26.85 1231 
33.0 19.0 19.0 0.83 0.27 27.13 1236 
33.3 19.0 19.0 0.83 0.27 27.40 1241 
33.7 19.0 19.0 0.83 0.27 27.67 1246 







 


 
 
 


203


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
34.0 19.0 19.0 0.83 0.27 27.95 1251 
34.3 19.0 19.0 0.83 0.27 28.22 1256 
34.7 19.0 19.0 0.83 0.27 28.50 1261 
35.0 19.0 19.0 0.83 0.27 28.77 1266 
35.3 19.0 19.0 0.83 0.27 29.04 1271 
35.7 19.0 19.0 0.83 0.27 29.32 1276 
36.0 18.5 18.8 0.81 0.27 29.59 1281 
36.3 18.5 18.5 0.81 0.27 29.85 1286 
36.7 18.5 18.5 0.81 0.27 30.12 1291 
37.0 18.5 18.5 0.81 0.27 30.39 1296 
37.3 18.5 18.5 0.81 0.27 30.66 1301 
37.7 18.5 18.5 0.81 0.27 30.92 1305 
38.0 18.5 18.5 0.81 0.27 31.19 1310 
38.3 18.5 18.5 0.81 0.27 31.46 1315 
38.7 18.5 18.5 0.81 0.27 31.73 1320 
39.0 18.5 18.5 0.81 0.27 31.99 1325 
39.3 18.5 18.5 0.81 0.27 32.26 1329 
39.7 18.0 18.3 0.79 0.26 32.52 1334 
40.0 18.0 18.0 0.79 0.26 32.79 1339 
40.3 18.0 18.0 0.79 0.26 33.05 1343 
40.7 18.0 18.0 0.79 0.26 33.31 1348 
41.0 18.0 18.0 0.79 0.26 33.57 1353 
41.3 18.0 18.0 0.79 0.26 33.83 1357 
41.7 18.0 18.0 0.79 0.26 34.09 1362 
42.0 18.0 18.0 0.79 0.26 34.35 1367 
42.3 18.0 18.0 0.79 0.26 34.61 1371 







 


 
 
 


204


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
42.7 18.0 18.0 0.79 0.26 34.88 1376 
43.0 18.0 18.0 0.79 0.26 35.14 1380 
43.3 18.0 18.0 0.79 0.26 35.40 1385 
43.7 18.0 18.0 0.79 0.26 35.66 1390 
44.0 18.0 18.0 0.79 0.26 35.92 1394 
44.3 18.0 18.0 0.79 0.26 36.18 1399 
44.7 18.0 18.0 0.79 0.26 36.44 1403 
45.0 18.0 18.0 0.79 0.26 36.71 1408 
45.3 18.0 18.0 0.79 0.26 36.97 1412 
45.7 18.0 18.0 0.79 0.26 37.23 1417 
46.0 18.0 18.0 0.79 0.26 37.49 1421 
46.3 18.0 18.0 0.79 0.26 37.75 1426 
46.7 18.0 18.0 0.79 0.26 38.01 1430 
47.0 18.0 18.0 0.79 0.26 38.27 1435 
47.3 18.0 18.0 0.79 0.26 38.54 1439 
47.7 18.5 18.3 0.81 0.27 38.80 1444 
48.0 18.5 18.5 0.81 0.27 39.07 1448 
48.3 19.0 18.8 0.83 0.27 39.34 1453 
48.7 19.0 19.0 0.83 0.27 39.62 1458 
49.0 19.0 19.0 0.83 0.27 39.89 1462 
49.3 19.0 19.0 0.83 0.27 40.17 1467 
49.7 19.0 19.0 0.83 0.27 40.44 1472 
50.0 19.0 19.0 0.83 0.27 40.71 1476 
50.3 19.0 19.0 0.83 0.27 40.99 1481 
50.7 19.0 19.0 0.83 0.27 41.26 1486 
51.0 19.5 19.3 0.85 0.28 41.54 1490 







 


 
 
 


205


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
51.3 19.5 19.5 0.85 0.28 41.82 1495 
51.7 19.5 19.5 0.85 0.28 42.10 1500 
52.0 19.5 19.5 0.85 0.28 42.38 1504 
52.3 19.5 19.5 0.85 0.28 42.67 1509 
52.7 19.5 19.5 0.85 0.28 42.95 1514 
53.0 19.0 19.3 0.83 0.27 43.22 1518 
53.3 19.0 19.0 0.83 0.27 43.49 1523 
53.7 19.0 19.0 0.83 0.27 43.77 1527 
54.0 19.0 19.0 0.83 0.27 44.04 1532 
54.3 19.0 19.0 0.83 0.27 44.32 1536 
54.7 19.0 19.0 0.83 0.27 44.59 1541 
55.0 19.0 19.0 0.83 0.27 44.86 1545 
55.3 19.0 19.0 0.83 0.27 45.14 1550 
55.7 19.0 19.0 0.83 0.27 45.41 1554 
56.0 19.0 19.0 0.83 0.27 45.69 1559 
56.3 19.0 19.0 0.83 0.27 45.96 1563 
56.7 19.0 19.0 0.83 0.27 46.23 1568 
57.0 19.0 19.0 0.83 0.27 46.51 1572 
57.3 19.0 19.0 0.83 0.27 46.78 1577 
57.7 18.5 18.8 0.81 0.27 47.05 1581 
58.0 18.5 18.5 0.81 0.27 47.32 1585 
58.3 18.5 18.5 0.81 0.27 47.59 1590 
58.7 18.5 18.5 0.81 0.27 47.85 1594 
59.0 18.5 18.5 0.81 0.27 48.12 1598 
59.3 18.5 18.5 0.81 0.27 48.39 1602 
59.7 18.5 18.5 0.81 0.27 48.66 1607 







 


 
 
 


206


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
60.0 18.5 18.5 0.81 0.27 48.92 1611 
60.3 18.5 18.5 0.81 0.27 49.19 1615 
60.7 18.5 18.5 0.81 0.27 49.46 1620 
61.0 18.5 18.5 0.81 0.27 49.73 1624 
61.3 18.5 18.5 0.81 0.27 49.99 1628 
61.7 18.5 18.5 0.81 0.27 50.26 1632 
62.0 18.5 18.5 0.81 0.27 50.53 1637 
62.3 18.5 18.5 0.81 0.27 50.80 1641 
62.7 18.5 18.5 0.81 0.27 51.06 1645 
63.0 18.5 18.5 0.81 0.27 51.33 1649 
63.3 18.5 18.5 0.81 0.27 51.60 1653 
63.7 18.5 18.5 0.81 0.27 51.87 1658 
64.0 18.5 18.5 0.81 0.27 52.13 1662 
64.3 18.0 18.3 0.79 0.26 52.40 1666 
64.7 18.0 18.0 0.79 0.26 52.66 1670 
65.0 18.0 18.0 0.79 0.26 52.92 1674 
65.3 18.0 18.0 0.79 0.26 53.18 1678 
65.7 18.0 18.0 0.79 0.26 53.44 1682 
66.0 18.0 18.0 0.79 0.26 53.70 1686 
66.3 18.0 18.0 0.79 0.26 53.96 1690 
66.7 18.0 18.0 0.79 0.26 54.23 1694 
67.0 18.0 18.0 0.79 0.26 54.49 1698 
67.3 18.0 18.0 0.79 0.26 54.75 1702 
67.7 18.0 18.0 0.79 0.26 55.01 1706 
68.0 18.0 18.0 0.79 0.26 55.27 1710 
68.3 18.0 18.0 0.79 0.26 55.53 1714 







 


 
 
 


207


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
68.7 18.0 18.0 0.79 0.26 55.79 1718 
69.0 18.0 18.0 0.79 0.26 56.06 1722 
69.3 18.0 18.0 0.79 0.26 56.32 1726 
69.7 18.0 18.0 0.79 0.26 56.58 1730 
70.0 18.0 18.0 0.79 0.26 56.84 1734 
70.3 18.0 18.0 0.79 0.26 57.10 1738 
70.7 18.0 18.0 0.79 0.26 57.36 1742 
71.0 18.0 18.0 0.79 0.26 57.62 1746 
71.3 18.0 18.0 0.79 0.26 57.88 1750 
71.7 18.0 18.0 0.79 0.26 58.15 1754 
72.0 18.0 18.0 0.79 0.26 58.41 1758 
72.3 18.0 18.0 0.79 0.26 58.67 1762 
72.7 18.0 18.0 0.79 0.26 58.93 1766 
73.0 18.0 18.0 0.79 0.26 59.19 1770 
73.3 18.0 18.0 0.79 0.26 59.45 1773 
73.7 18.0 18.0 0.79 0.26 59.71 1777 
74.0 18.0 18.0 0.79 0.26 59.98 1781 
74.3 18.0 18.0 0.79 0.26 60.24 1785 
74.7 18.5 18.3 0.81 0.27 60.50 1789 
75.0 18.5 18.5 0.81 0.27 60.77 1793 
75.3 18.5 18.5 0.81 0.27 61.04 1797 
75.7 18.5 18.5 0.81 0.27 61.31 1801 
76.0 18.5 18.5 0.81 0.27 61.58 1805 
76.3 18.5 18.5 0.81 0.27 61.84 1809 
76.7 18.5 18.5 0.81 0.27 62.11 1813 
77.0 18.5 18.5 0.81 0.27 62.38 1817 







 


 
 
 


208


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
77.3 18.5 18.5 0.81 0.27 62.65 1821 
77.7 18.5 18.5 0.81 0.27 62.91 1824 
78.0 18.5 18.5 0.81 0.27 63.18 1828 
78.3 18.5 18.5 0.81 0.27 63.45 1832 
78.7 18.5 18.5 0.81 0.27 63.72 1836 
79.0 18.5 18.5 0.81 0.27 63.98 1840 
79.3 18.0 18.3 0.79 0.26 64.25 1844 
79.7 18.0 18.0 0.79 0.26 64.51 1848 
80.0 18.0 18.0 0.79 0.26 64.77 1851 
80.3 18.0 18.0 0.79 0.26 65.03 1855 
80.7 18.0 18.0 0.79 0.26 65.29 1859 
81.0 18.0 18.0 0.79 0.26 65.55 1863 
81.3 18.0 18.0 0.79 0.26 65.81 1866 
81.7 18.0 18.0 0.79 0.26 66.07 1870 
82.0 18.0 18.0 0.79 0.26 66.34 1874 
82.3 18.0 18.0 0.79 0.26 66.60 1878 
82.7 17.5 17.8 0.77 0.26 66.85 1881 
83.0 17.5 17.5 0.77 0.26 67.11 1885 
83.3 17.5 17.5 0.77 0.26 67.36 1888 
83.7 17.5 17.5 0.77 0.26 67.62 1892 
84.0 17.5 17.5 0.77 0.26 67.87 1896 
84.3 17.5 17.5 0.77 0.26 68.13 1899 
84.7 17.0 17.3 0.76 0.25 68.38 1903 
85.0 17.0 17.0 0.76 0.25 68.63 1906 
85.3 17.0 17.0 0.76 0.25 68.88 1910 
85.7 17.0 17.0 0.76 0.25 69.13 1913 







 


 
 
 


209


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
86.0 17.0 17.0 0.76 0.25 69.37 1917 
86.3 17.0 17.0 0.76 0.25 69.62 1920 
86.7 17.0 17.0 0.76 0.25 69.87 1924 
87.0 16.5 16.8 0.74 0.24 70.12 1927 
87.3 16.5 16.5 0.74 0.24 70.36 1930 
87.7 16.5 16.5 0.74 0.24 70.60 1934 
88.0 16.5 16.5 0.74 0.24 70.85 1937 
88.3 16.5 16.5 0.74 0.24 71.09 1941 
88.7 16.5 16.5 0.74 0.24 71.33 1944 
89.0 16.0 16.3 0.72 0.24 71.57 1947 
89.3 16.0 16.0 0.72 0.24 71.81 1950 
89.7 16.0 16.0 0.72 0.24 72.05 1954 
90.0 16.0 16.0 0.72 0.24 72.28 1957 
90.3 16.0 16.0 0.72 0.24 72.52 1960 
90.7 16.0 16.0 0.72 0.24 72.76 1964 
91.0 16.0 16.0 0.72 0.24 73.00 1967 
91.3 15.5 15.8 0.70 0.23 73.23 1970 
91.7 15.5 15.5 0.70 0.23 73.46 1973 
92.0 15.5 15.5 0.70 0.23 73.69 1976 
92.3 15.5 15.5 0.70 0.23 73.92 1979 
92.7 15.5 15.5 0.70 0.23 74.16 1983 
93.0 15.5 15.5 0.70 0.23 74.39 1986 
93.3 15.5 15.5 0.70 0.23 74.62 1989 
93.7 15.5 15.5 0.70 0.23 74.85 1992 
94.0 15.5 15.5 0.70 0.23 75.08 1995 
94.3 15.5 15.5 0.70 0.23 75.32 1998 







 


 
 
 


210


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
94.7 15.5 15.5 0.70 0.23 75.55 2001 
95.0 15.5 15.5 0.70 0.23 75.78 2005 
95.3 15.5 15.5 0.70 0.23 76.01 2008 
95.7 15.5 15.5 0.70 0.23 76.24 2011 
96.0 16.0 15.8 0.72 0.24 76.48 2014 
96.3 16.0 16.0 0.72 0.24 76.72 2017 
96.7 16.0 16.0 0.72 0.24 76.96 2020 
97.0 16.0 16.0 0.72 0.24 77.19 2023 
97.3 16.0 16.0 0.72 0.24 77.43 2027 
97.7 16.5 16.3 0.74 0.24 77.67 2030 
98.0 16.5 16.5 0.74 0.24 77.92 2033 
98.3 16.5 16.5 0.74 0.24 78.16 2036 
98.7 16.5 16.5 0.74 0.24 78.40 2040 
99.0 16.5 16.5 0.74 0.24 78.65 2043 
99.3 16.5 16.5 0.74 0.24 78.89 2046 
99.7 16.5 16.5 0.74 0.24 79.13 2049 


100.0 16.5 16.5 0.74 0.24 79.38 2052 
100.3 16.5 16.5 0.74 0.24 79.62 2056 
100.7 16.5 16.5 0.74 0.24 79.86 2059 
101.0 16.5 16.5 0.74 0.24 80.11 2062 
101.3 16.5 16.5 0.74 0.24 80.35 2065 
101.7 16.5 16.5 0.74 0.24 80.59 2068 
102.0 16.0 16.3 0.72 0.24 80.83 2071 
102.3 16.0 16.0 0.72 0.24 81.07 2075 
102.7 16.0 16.0 0.72 0.24 81.31 2078 
103.0 16.0 16.0 0.72 0.24 81.54 2081 







 


 
 
 


211


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
103.3 16.0 16.0 0.72 0.24 81.78 2084 
103.7 16.0 16.0 0.72 0.24 82.02 2087 
104.0 16.0 16.0 0.72 0.24 82.26 2090 
104.3 15.5 15.8 0.70 0.23 82.49 2093 
104.7 15.5 15.5 0.70 0.23 82.72 2096 
105.0 15.5 15.5 0.70 0.23 82.95 2099 
105.3 15.5 15.5 0.70 0.23 83.18 2102 
105.7 15.5 15.5 0.70 0.23 83.42 2105 
106.0 15.5 15.5 0.70 0.23 83.65 2108 
106.3 15.5 15.5 0.70 0.23 83.88 2111 
106.7 15.5 15.5 0.70 0.23 84.11 2114 
107.0 15.0 15.3 0.69 0.23 84.34 2117 
107.3 15.0 15.0 0.69 0.23 84.56 2120 
107.7 15.0 15.0 0.69 0.23 84.79 2122 
108.0 15.0 15.0 0.69 0.23 85.02 2125 
108.3 15.0 15.0 0.69 0.23 85.24 2128 
108.7 15.0 15.0 0.69 0.23 85.47 2131 
109.0 15.0 15.0 0.69 0.23 85.70 2134 
109.3 15.0 15.0 0.69 0.23 85.92 2137 
109.7 15.0 15.0 0.69 0.23 86.15 2140 
110.0 14.5 14.8 0.67 0.22 86.37 2142 
110.3 14.5 14.5 0.67 0.22 86.59 2145 
110.7 14.5 14.5 0.67 0.22 86.81 2148 
111.0 14.5 14.5 0.67 0.22 87.03 2151 
111.3 14.5 14.5 0.67 0.22 87.25 2154 
111.7 14.5 14.5 0.67 0.22 87.47 2156 







 


 
 
 


212


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
112.0 14.5 14.5 0.67 0.22 87.70 2159 
112.3 14.5 14.5 0.67 0.22 87.92 2162 
112.7 14.0 14.3 0.65 0.22 88.13 2165 
113.0 14.0 14.0 0.65 0.22 88.35 2167 
113.3 14.0 14.0 0.65 0.22 88.56 2170 
113.7 14.0 14.0 0.65 0.22 88.78 2173 
114.0 14.0 14.0 0.65 0.22 88.99 2175 
114.3 14.0 14.0 0.65 0.22 89.21 2178 
114.7 14.0 14.0 0.65 0.22 89.43 2181 
115.0 14.0 14.0 0.65 0.22 89.64 2183 
115.3 14.0 14.0 0.65 0.22 89.86 2186 
115.7 13.5 13.8 0.64 0.21 90.07 2189 
116.0 13.5 13.5 0.64 0.21 90.28 2191 
116.3 13.5 13.5 0.64 0.21 90.49 2194 
116.7 13.5 13.5 0.64 0.21 90.70 2196 
117.0 13.5 13.5 0.64 0.21 90.91 2199 
117.3 13.5 13.5 0.64 0.21 91.12 2202 
117.7 13.5 13.5 0.64 0.21 91.33 2204 
118.0 13.5 13.5 0.64 0.21 91.54 2207 
118.3 13.5 13.5 0.64 0.21 91.75 2209 
118.7 13.5 13.5 0.64 0.21 91.96 2212 
119.0 13.5 13.5 0.64 0.21 92.17 2214 
119.3 13.5 13.5 0.64 0.21 92.38 2217 
119.7 13.5 13.5 0.64 0.21 92.59 2220 
120.0 13.5 13.5 0.64 0.21 92.80 2222 
120.3 13.5 13.5 0.64 0.21 93.01 2225 







 


 
 
 


213


Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
120.7 14.0 13.8 0.65 0.22 93.23 2227 
121.0 14.0 14.0 0.65 0.22 93.44 2230 
121.3 14.0 14.0 0.65 0.22 93.66 2232 
121.7 14.0 14.0 0.65 0.22 93.88 2235 
122.0 14.0 14.0 0.65 0.22 94.09 2238 
122.3 14.0 14.0 0.65 0.22 94.31 2240 
122.7 14.0 14.0 0.65 0.22 94.52 2243 
123.0 14.5 14.3 0.67 0.22 94.74 2246 
123.3 14.5 14.5 0.67 0.22 94.96 2248 
123.7 14.5 14.5 0.67 0.22 95.19 2251 
124.0 14.5 14.5 0.67 0.22 95.41 2253 
124.3 14.5 14.5 0.67 0.22 95.63 2256 
124.7 14.5 14.5 0.67 0.22 95.85 2259 
125.0 14.5 14.5 0.67 0.22 96.07 2261 
125.3 14.0 14.3 0.65 0.22 96.29 2264 
125.7 14.0 14.0 0.65 0.22 96.50 2267 
126.0 14.0 14.0 0.65 0.22 96.72 2269 
126.3 14.0 14.0 0.65 0.22 96.93 2272 
126.7 14.0 14.0 0.65 0.22 97.15 2274 
127.0 14.0 14.0 0.65 0.22 97.36 2277 
127.3 14.0 14.0 0.65 0.22 97.58 2279 
127.7 14.0 14.0 0.65 0.22 97.79 2282 
128.0 14.0 14.0 0.65 0.22 98.01 2284 
128.3 14.0 14.0 0.65 0.22 98.23 2287 
128.7 14.0 14.0 0.65 0.22 98.44 2289 
129.0 14.0 14.0 0.65 0.22 98.66 2292 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
129.3 13.5 13.8 0.64 0.21 98.87 2294 
129.7 13.5 13.5 0.64 0.21 99.08 2297 
130.0 13.5 13.5 0.64 0.21 99.29 2299 
130.3 13.5 13.5 0.64 0.21 99.50 2302 
130.7 13.5 13.5 0.64 0.21 99.71 2304 
131.0 13.5 13.5 0.64 0.21 99.92 2307 
131.3 13.5 13.5 0.64 0.21 100.13 2309 
131.7 13.5 13.5 0.64 0.21 100.34 2312 
132.0 13.5 13.5 0.64 0.21 100.55 2314 
132.3 13.5 13.5 0.64 0.21 100.76 2317 
132.7 13.5 13.5 0.64 0.21 100.97 2319 
133.0 13.5 13.5 0.64 0.21 101.18 2321 
133.3 13.5 13.5 0.64 0.21 101.39 2324 
133.7 13.5 13.5 0.64 0.21 101.60 2326 
134.0 13.5 13.5 0.64 0.21 101.81 2329 
134.3 13.5 13.5 0.64 0.21 102.02 2331 
134.7 13.5 13.5 0.64 0.21 102.23 2334 
135.0 13.5 13.5 0.64 0.21 102.44 2336 
135.3 13.0 13.3 0.62 0.21 102.65 2338 
135.7 13.0 13.0 0.62 0.21 102.86 2341 
136.0 13.0 13.0 0.62 0.21 103.06 2343 
136.3 13.0 13.0 0.62 0.21 103.27 2345 
136.7 13.0 13.0 0.62 0.21 103.47 2348 
137.0 13.0 13.0 0.62 0.21 103.68 2350 
137.3 13.0 13.0 0.62 0.21 103.88 2352 
137.7 13.0 13.0 0.62 0.21 104.09 2355 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
138.0 13.0 13.0 0.62 0.21 104.29 2357 
138.3 13.0 13.0 0.62 0.21 104.50 2359 
138.7 13.0 13.0 0.62 0.21 104.70 2362 
139.0 13.0 13.0 0.62 0.21 104.91 2364 
139.3 13.0 13.0 0.62 0.21 105.11 2366 
139.7 12.5 12.8 0.61 0.20 105.31 2369 
140.0 12.5 12.5 0.61 0.20 105.51 2371 
140.3 12.5 12.5 0.61 0.20 105.71 2373 
140.7 12.5 12.5 0.61 0.20 105.92 2376 
141.0 12.5 12.5 0.61 0.20 106.12 2378 
141.3 12.5 12.5 0.61 0.20 106.32 2380 
141.7 12.5 12.5 0.61 0.20 106.52 2382 
142.0 12.5 12.5 0.61 0.20 106.72 2385 
142.3 12.5 12.5 0.61 0.20 106.92 2387 
142.7 12.5 12.5 0.61 0.20 107.12 2389 
143.0 12.5 12.5 0.61 0.20 107.32 2391 
143.3 12.5 12.5 0.61 0.20 107.52 2393 
143.7 12.5 12.5 0.61 0.20 107.72 2396 
144.0 12.5 12.5 0.61 0.20 107.92 2398 
144.3 13.0 12.8 0.62 0.21 108.12 2400 
144.7 13.0 13.0 0.62 0.21 108.33 2403 
145.0 13.0 13.0 0.62 0.21 108.53 2405 
145.3 13.0 13.0 0.62 0.21 108.74 2407 
145.7 13.5 13.3 0.64 0.21 108.95 2409 
146.0 13.5 13.5 0.64 0.21 109.16 2412 
146.3 13.5 13.5 0.64 0.21 109.37 2414 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
146.7 13.5 13.5 0.64 0.21 109.58 2416 
147.0 13.5 13.5 0.64 0.21 109.79 2419 
147.3 13.5 13.5 0.64 0.21 110.00 2421 
147.7 14.0 13.8 0.65 0.22 110.22 2423 
148.0 14.0 14.0 0.65 0.22 110.43 2426 
148.3 14.0 14.0 0.65 0.22 110.65 2428 
148.7 14.0 14.0 0.65 0.22 110.86 2431 
149.0 13.5 13.8 0.64 0.21 111.08 2433 
149.3 13.5 13.5 0.64 0.21 111.29 2435 
149.7 13.5 13.5 0.64 0.21 111.50 2437 
150.0 13.5 13.5 0.64 0.21 111.71 2440 
150.3 13.5 13.5 0.64 0.21 111.92 2442 
150.7 13.0 13.3 0.62 0.21 112.12 2444 
151.0 13.0 13.0 0.62 0.21 112.33 2446 
151.3 13.0 13.0 0.62 0.21 112.53 2449 
151.7 13.0 13.0 0.62 0.21 112.74 2451 
152.0 13.0 13.0 0.62 0.21 112.94 2453 
152.3 13.0 13.0 0.62 0.21 113.15 2455 
152.7 12.5 12.8 0.61 0.20 113.35 2458 
153.0 12.5 12.5 0.61 0.20 113.55 2460 
153.3 12.5 12.5 0.61 0.20 113.75 2462 
153.7 12.5 12.5 0.61 0.20 113.95 2464 
154.0 12.5 12.5 0.61 0.20 114.15 2466 
154.3 12.5 12.5 0.61 0.20 114.35 2468 
154.7 12.5 12.5 0.61 0.20 114.55 2471 
155.0 12.0 12.3 0.59 0.20 114.75 2473 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
155.3 12.0 12.0 0.59 0.20 114.94 2475 
155.7 12.0 12.0 0.59 0.20 115.14 2477 
156.0 12.0 12.0 0.59 0.20 115.33 2479 
156.3 12.0 12.0 0.59 0.20 115.53 2481 
156.7 12.0 12.0 0.59 0.20 115.72 2483 
157.0 12.0 12.0 0.59 0.20 115.92 2485 
157.3 12.0 12.0 0.59 0.20 116.11 2487 
157.7 12.0 12.0 0.59 0.20 116.31 2489 
158.0 12.0 12.0 0.59 0.20 116.51 2491 
158.3 12.0 12.0 0.59 0.20 116.70 2493 
158.7 11.5 11.8 0.58 0.19 116.89 2496 
159.0 11.5 11.5 0.58 0.19 117.08 2498 
159.3 11.5 11.5 0.58 0.19 117.27 2500 
159.7 11.5 11.5 0.58 0.19 117.46 2502 
160.0 11.5 11.5 0.58 0.19 117.65 2504 
160.3 11.5 11.5 0.58 0.19 117.85 2506 
160.7 11.5 11.5 0.58 0.19 118.04 2508 
161.0 11.5 11.5 0.58 0.19 118.23 2510 
161.3 11.0 11.3 0.56 0.19 118.41 2512 
161.7 11.0 11.0 0.56 0.19 118.60 2514 
162.0 11.0 11.0 0.56 0.19 118.78 2515 
162.3 11.0 11.0 0.56 0.19 118.97 2517 
162.7 11.0 11.0 0.56 0.19 119.16 2519 
163.0 11.0 11.0 0.56 0.19 119.34 2521 
163.3 11.0 11.0 0.56 0.19 119.53 2523 
163.7 11.0 11.0 0.56 0.19 119.71 2525 
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Age 
(hours) Temperature (oC) Average Temperature (oC) Age 


Factor 
Eq. Age @ 23oC 


Increment (hours) 
Eq. Age @ 23oC 


Cumulative (hours) 
Predicted Compressive 


Strength (psi) 
164.0 11.0 11.0 0.56 0.19 119.90 2527 
164.3 11.0 11.0 0.56 0.19 120.09 2529 
164.7 10.5 10.8 0.55 0.18 120.27 2531 
165.0 10.5 10.5 0.55 0.18 120.45 2533 
165.3 10.5 10.5 0.55 0.18 120.63 2535 
165.7 10.5 10.5 0.55 0.18 120.81 2537 
166.0 10.5 10.5 0.55 0.18 120.99 2539 
166.3 10.5 10.5 0.55 0.18 121.17 2540 
166.7 10.5 10.5 0.55 0.18 121.36 2542 
167.0 11.0 10.8 0.56 0.19 121.54 2544 
167.3 11.0 11.0 0.56 0.19 121.73 2546 
167.7 11.0 11.0 0.56 0.19 121.91 2548 
168.0 11.0 11.0 0.56 0.19 122.10 2550 
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ABSTRACT 
 
Portland Cement Pervious Concrete (PCPC) has an excellent performance history in the 


Southeastern U.S., but until recently has seen little use in environments with significant freeze-
thaw cycles.  Therefore, assessment of actual field performance is important.  This project 
documents field observations, and nondestructive testing results of PCPC sites located in the 
states of Ohio, Kentucky, Indiana, Colorado, and Pennsylvania.  PCPC is most often used as a 
pavement for parking lots.  Field performance depends on the quality of the mixture as well as 
proper control of construction and curing.  In addition to field observations and nondestructive 
testing, laboratory testing was performed on cores removed from some of the test sites.  
Generally, the PCPC installations evaluated have performed well in freeze-thaw environments, 
with little maintenance required.  


Construction, use, and maintenance information was obtained during the site visits.  The 
field investigation plan encompassed a thorough visual inspection for signs of distress, two types 
of surface infiltration measurements, and ultrasonic pulse velocity (UPV) testing at the Ohio, 
Kentucky, and Indiana sites.  At the Colorado and Pennsylvania sites, only one type of surface 
infiltration test was made.  Visual inspection documented cracking and surface raveling, as well 
as areas that appeared to be clogged.  One type of field infiltration test, developed during this 
research project, used the time to drain a 4 by 8 inch plastic cylinder through a ¾ inch hole down 
into the pavement.  The second test was used to identify whether pavements required 
maintenance.  The UPV was used in indirect transmission mode, because only the surface of the 
pavement was accessible.   


At six of the sites, it was possible to extract cores for laboratory testing.  The cores were 
brought back to the laboratory and tested for void ratio, hydraulic conductivity, and direct 
transmission UPV.  Direct transmission is considered to be more reliable than indirect 
transmission for UPV.  Once these tests were completed, some of the specimens were tested for 
compressive or splitting tensile strength.  Some of the cores were cut into top and bottom 
specimens, to compare the properties through the pavement thickness.  The data are recorded in 
tables and plots.  Significant differences were observed between cores from pavements that used 
gravel and crushed limestone coarse aggregates.  The use of gravel as a coarse aggregate may 
facilitate more effective and uniform compaction.  The laboratory hydraulic conductivity results 
were plotted against the field drainage times, so that in the future the field test may be used to 
estimate PCPC infiltration capability.    


The installations have not shown any signs of freeze-thaw damage.  Some pavements 
have had surface raveling, which generally stops after a few months of use.  Saw cut joints had 
less raveling than tooled joints.  A few have cracks, which may be attributed to overloading or 
long spaces between joints.  Some of the pavements had very poor infiltration capability due to 
improper installation.  


Most of the installations are performing well, but it is also true that many in the area are 
relatively new.  Therefore, they should be examined again in the future, probably at 5 and 10 
years from the publication of this report.  This report serves as a benchmark of the pavement 
condition observed at the time of this study.  
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EXECUTIVE SUMMARY 
 
Portland Cement Pervious Concrete (PCPC) has an excellent performance history in the 


Southeastern U.S., but until recently has seen limited use in environments with significant 
freeze-thaw cycles.  Therefore, assessment of actual field performance is important.  This project 
documents field observations, and nondestructive testing results of PCPC sites located in the 
states of Ohio, Kentucky, Indiana, Colorado, and Pennsylvania.  PCPC is most often used as a 
pavement for parking lots.  Field performance depends on the quality of the mixture as well as 
proper control of construction and curing.  In addition to field observations and nondestructive 
testing, laboratory testing was performed on cores removed from some of the test sites.  
Generally, the PCPC installations evaluated have performed well in freeze-thaw environments 
with little maintenance required.  


 
The research goals included developing recommendations as to how to build PCPC 


pavements in freeze-thaw environments, and how to prevent clogging.  Observations suggest that 
providing sufficient drainage under PCPC pavements to keep them from becoming saturated in 
freezing weather, as recommended by the NRMCA, is likely to be effective.  Site specific 
observations of clogging patterns provided insight into sources of clogging, and how these may 
be avoided.  


 
Construction, use, and maintenance information was obtained during the site visits.  This 


included mixture constituents and proportions, admixtures, type of compaction used, and any 
difficulties noted during construction.  Most of the sites had not yet had maintenance treatments 
performed.  Information about vehicle traffic, including heavy vehicle overloads, was also 
obtained.   


 
The field investigation plan encompassed a thorough visual inspection for signs of 


distress, two types of surface infiltration measurements, and ultrasonic pulse velocity (UPV) 
testing at the Ohio, Kentucky, and Indiana sites.  At the Colorado and Pennsylvania sites, only 
one type of surface infiltration test was made.  Visual inspection documented cracking and 
surface raveling, as well as areas that appeared to be clogged.  One type of field infiltration test, 
developed during this research project, used the time to drain a 4 by 8 inch plastic cylinder 
through a ¾ inch hole down into the pavement.  The second test was used to identify whether 
pavements required maintenance.  The UPV was used in indirect transmission mode, because 
only the surface of the pavement was accessible.   


 
At six of the sites, it was possible to extract cores for laboratory testing.  The cores were 


brought back to the laboratory and tested for void ratio, hydraulic conductivity, and direct 
transmission UPV.  Direct transmission is considered to be more reliable than indirect 
transmission for UPV.  Once these tests were completed, some of the specimens were tested for 
compressive or splitting tensile strength.  Some of the cores were cut into top and bottom 
specimens, to compare the properties through the pavement thickness.  The data are recorded in 
tables and plots.  Significant differences were observed between cores from pavements that used 
gravel and crushed limestone coarse aggregates.  The use of gravel as a coarse aggregate may 
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facilitate more effective and uniform compaction.  The hydraulic conductivity results were 
plotted against the drainage times, so that in the future the field test may be used to estimate 
PCPC infiltration capability.    


 
The installations have not shown any signs of freeze-thaw damage.  Some pavements 


have had surface raveling, which generally stops after a few months of use.  Saw cut joints had 
less raveling than tooled joints.  A few have cracks, which may be attributed to overloading or 
long spaces between joints.  Some of the pavements had very poor infiltration capability due to 
improper installation. 


 
The installations are generally performing well, but it is also true that many that were 


evaluated are relatively new.  Therefore, they should be examined again in the future, probably at 
5 and 10 years from the publication of this report.  This report serves as a benchmark of the 
pavement condition observed at the time of this study.  


 
More information is provided in two MSCE Theses published in December 2007 at 


Cleveland State University.  These may be obtained as PDF files by emailing 
n.delatte@csuohio.edu.  
 


• Miller, Dan (2007) Field Performance of PCPC Pavements in Severe Freeze-Thaw 
Environments, MSCE Thesis, Cleveland State University, December 2007.   


 
• Mrkajic, Aleksandar (2007) Investigation and Evaluation of PCPC using Non-


Destructive Testing and Laboratory Evaluation of Field Samples, MSCE Thesis, 
Cleveland State University, December 2007.   
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CHAPTER 1: INTRODUCTION 
 
Interest and use of portland cement pervious concrete (PCPC) pavements is increasing in 


climates subject to severe winter environmental conditions.  Because much of the experience 
with these pavements has been in warmer climates, some questions have been raised as to the 
durability of the material under freeze-thaw attack.  Although some laboratory tests suggest that 
PCPC is not freeze-thaw durable when saturated, proper design can insure the concrete is not 
saturated under field conditions.  The best predictor of future field performance is actual past 
field performance.  


 
In Northeast Ohio, interest in pervious concrete has been increasing.  Extensive flooding 


in this region during the summer of 2006 will no doubt increase the level of interest 
substantially.  Several demonstration projects have been completed. 
 


This research was carried out by visiting pervious concrete installations and performing 
visual and non-destructive testing to assess infiltration capability, in-field strength and 
consistency, and long-term durability.  Approximately two dozen pervious concrete installations 
were visited in order to assess their field performance.  At some of the sites, it was possible to 
extract cores for subsequent laboratory testing. 


 
Many of the PCPC installations visited were in Ohio and Indiana, which are subject to 


severe freeze-thaw cycling.  The pavements are often subjected to plowing, salting, and sanding 
during the winter.  The winter maintenance treatments have potential for causing damage to 
PCPC pavements.     


 
Methods for field and laboratory testing of PCPC are in various stages of development.  


During the field visits, detailed visual inspections provided a lot of information, particularly 
about the structural and surface condition.  Hydraulic conductivity, drain test, and infiltration rate 
test were performed to estimate water infiltration and clogging.  Ultrasonic pulse velocity (UPV) 
tests were also performed on the surface, in order to estimate void ratio and compressive 
strength.   


 
The potential for clogging of these pavements is also a consideration, because if they 


become totally or nearly totally clogged they would be greatly less effective in handling storm 
water.  Some of the pavements evaluated in this study had very poor drain times.  Attempts were 
made to determine whether this was the result of improper installation, or due instead to clogging 
by debris over time.  Few of the pavements had had any maintenance performed since 
construction.   


 
This report provides much of the data and conclusions from this research.  More detailed 


observations, photographs, and raw data are provided in two companion documents, Miller 
(2007) and Mrkajic (2007).   
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Goals and Objectives  
The main objective of this study was to document the performance of pervious concrete 


pavements in freeze-thaw environments, in order to provide guidance as to how to construct 
durable PCPC pavements in these climates.  The secondary objective was to evaluate clogging of 
these pavements, and to estimate the effectiveness of maintenance procedures for restoring 
infiltration capability to clogged installations where no preventive maintenance program was 
enacted.   
 


Significance of the Project 
This project will help facilitate broader use of pervious concrete for pavements 


throughout North-America.  This technology has been widely used across the southeastern U.S., 
particularly in Georgia and Florida.  As the use expands into regions where pavements are 
susceptible to freezing and thawing, questions of durability must be addressed.  Other field 
performance issues, such as clogging, are of interest in all regions. 
 


Organization of this Report 
 This report is divided into seven chapters, including this introduction.  Chapter 2 provides 
the literature review.  Chapter 3 documents the information available on existing projects, and 
lists the projects selected for site visits.  The field investigation techniques used in the visits are 
discussed in Chapter 4.  Observations from the site visits are provided in Chapter 5.  Chapter 6 
discusses the results from field and laboratory testing.  Finally, the summary and conclusions are 
provided in Chapter 7. 
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CHAPTER 2: LITERATURE REVIEW 
 
The literature search included reviews of published and unpublished literature, field 


performance reports, and other published and unpublished documents.  Quite a lot has been 
published over the last two years about PCPC.  An extensive bibliography is provided at the end 
of this report.  However, the literature on field performance remains limited.   
 


Pervious Pavement Systems, Durability, and Environment  
When assessing the durability of pervious concrete pavements in cold climates, there are 


two aspects that may be considered.  One is the durability of the pervious concrete itself, as 
tested in a saturated state by ASTM C 666 Procedure A, with or without modification.  This test 
is harsh, and it has been recognized for some time that some pervious concrete or roller 
compacted concrete mixtures perform poorly in ASTM C 666 despite the fact that the same 
mixtures may have a satisfactory field performance record.  Clearly, however, a pervious 
concrete mixture that passes ASTM C 666 will be durable in the field.  This would typically 
require air entrained paste.  


 
The other aspect is the durability of the system.  If the pavement system drains well 


enough to keep the pervious concrete from being saturated, then the harsh conditions represented 
by the ASTM C 666 test do not apply.  This is, therefore, the goal of the system design.  


 
The NRMCA has defined four exposure climate categories based on moisture (wet or 


dry) and temperature (freeze or hard freeze).  The categories and recommended precautions are 
described below (NRMCA 2004 pp. 2 – 3).  Ohio, Indiana, and most of the other areas covered 
by this report would be considered Hard Wet Freeze. 
 
Dry Freeze and Hard Dry Freeze 


Dry freeze are areas of the country that undergo a number of freeze-thaw cycles (15+) 
annually but there is little precipitation during the winter. If the ground stays frozen as a result of 
a long continuous period of average daily temperatures below freezing, then the area is referred 
to as hard dry freeze area. Since pervious concrete is unlikely to be fully saturated in this 
environment, no special precaution is necessary for successful performance of pervious concrete. 
However, a 4– to 8–in. thick layer of clean aggregate base below the pervious concrete is 
recommended as an additional storage for the water. Many parts of the Western USA at higher 
elevations come under this category. 
 


Wet Freeze 


This includes areas of the country that undergo a number of freeze-thaw cycles annually 
(15+) and there is precipitation during the winter. Since the ground does not stay frozen for long 
periods it is unlikely that the pervious concrete will be fully saturated. No special precaution is 
necessary for successful performance of pervious concrete but a 4 to 8-in. thick layer of clean 
aggregate base below the pervious concrete is recommended. Many parts of the middle part of 
the Eastern United States come under this category. 
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Hard Wet Freeze 


Certain wet freeze areas where the ground stays frozen as a result of a long continuous 
period of average daily temperatures below freezing are referred to as hard wet freeze areas. 
These areas may have situations where the pervious concrete becomes fully saturated. The 
following precautions are recommended to enhance the freeze-thaw resistance of pervious 
concrete: 1. Use an 8- to 24-in. thick layer of clean aggregate base below the pervious concrete; 
2. Attempt to protect the paste by incorporating air-entraining admixture in the pervious mixture; 
3. Place a perforated PVC pipe in the aggregate base to capture all the water and let it drain. Not 
every situation warrants all the 3 safeguards. The safeguards are organized in the order of 
preference.” 


 


Design Elements 
 Elements of the design of pervious concrete pavement systems include pavement 
thickness, joint spacing, and drainage details (design of open or closed system).  For parking lots, 
a pavement thickness of 6 inches has typically been used.  Thicker pavements have been used 
where heavy traffic is anticipated.  Joint spacing is generally about 20 feet, although some 
pavements have been built without joints (Tennis et al. 2004).  Overall site layout is also 
important. 
 


Pervious pavement systems may be open or closed, depending on the type of underlying 
soil.  Open systems, preferred for groundwater recharge, allow water to pass through into the 
underlying soil.  Closed systems, where an impermeable membrane is placed under the subbase 
to direct water to pipes, may be preferred in some cases.  This represents a particularly 
conservative approach if there are concerns about water quality in the soil or about increasing 
moisture levels under adjacent pavements, or if the underlying soil is clay.  Figure 1 and Figure 2 
illustrate a closed system. 
 


 
 
Figure 1: Pervious Concrete Pavement as a Closed System 


Pervious concrete 
pavement


Permeable base


Subgrade soil 


Impermeable 
membrane  


Pipe  
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Figure 2: Miniature Storm Water Detention System (figure courtesy ORMCA) 
 
 The overall site layout refers to whether the pervious pavement drains itself only, or 
whether it also drains adjacent impervious pavement, such as conventional asphalt and concrete.  
A system such as that shown in Figure 2 can drain a large area of impervious pavement, but may 
be prone to clogging from the debris carried onto it.  Nearby landscaping may be a source of 
loose soil that may clog a pervious pavement.  Care should be taken to prevent muddy water 
from flowing onto pervious concrete.  
 


Pervious Concrete Materials and Mixtures 
Schaefer et al. (2006) provide considerable information on developing durable PCPC 


mixtures.  Pervious concrete is a mixture of coarse aggregate, cement, water, and possibly 
admixtures.   PCPC typically has zero to one inch slump and water to cement ratio between 0.25 
and 0.35 (Schaefer et al. 2006).  Fine aggregates may be added to improve strength.  Although, 
the use of natural sand can improve strength, at the same time it reduces infiltration capability.  
Table 1 shows typical pervious concrete mixture designs used in the United States. 
 
Table 1: Typical mixture designs for PCPC in the United States (NRMCA 2004) 


Constituent or Property Typical Range 
Cement Content 300 to 600 lbs/yd3 


Coarse Aggregate Content 2,400 to 2,700 lbs/yd3 
Fine Aggregate Content None 


Water-Cement Ratio 0.27 to 0.43 
 


  







  
  


 14


Aggregates  


Limestones or rounded river gravels are typically used as the coarse aggregates.  The size 
and shape of coarse aggregates have significant influence on strength, and infiltration capability 
of PCPC.  Cement is typically either type I or type II portland cement, depending on location and 
availability.  Clean coarse aggregate and potable water promote bonding, ensuring strength and 
durability (Schaefer et al. 2006).   
 


The single sized aggregates used in the PCPC mixtures typically range from those 
retained on No. 4 (3/16-in) sieve up to ¾-inch aggregates.  Coarse aggregate gradations 
commonly follow ASTM C 33 standards; No. 67, No. 8, and No. 89.  Larger gradations provide 
a rougher surface, frequently smaller sized aggregates are used for aesthetic purposes.  Higher 
strengths are generally achieved with rounded gravels (Tennis et al. 2004).     
 


Admixtures 


In many cases, admixtures are used to improve pervious concrete properties.  High range 
water reducers (HRWR) may be used to improve paste appearance (sheen) and workability.  
Special consideration must be provided in obtaining dosage quantities, since paste could become 
very fluid, with a tendency to segregate at the bottom of the sample (Flores et al. 2006).  This 
phenomenon is called drain down (Crouch et al. 2006).   
 


Hydration controlling admixtures (HCA) slow the rate of hydration and extend the life of 
fresh pervious concrete.  At ambient temperature conditions, a dosage of 5 fl oz/cwt of the HCA 
provides between 60 and 90 minutes of extra working time.  Hydration controlling admixtures 
can eliminate inconsistencies and performance variability that may be brought on by the need to 
re-temper mixtures at the job sites (Bury et al. 2006).   


 
Along with the HCA, VMA or viscosity modifying admixtures may be beneficial to the 


performance of pervious concrete.  The use of VMAs results in better flow, quicker discharge 
time from a truck, and easier placement and compaction.  Furthermore, VMAs prevent drain 
down, and may increase both compressive and flexural strength of pervious concrete.  It should 
be noted that not all VMAs are made with pervious concrete in mind, and therefore, care should 
be taken when choosing the right VMA for pervious installation (Bury et al. 2006).   
 


In California, Youngs (2006) reported that latex modifiers allowed harder surface 
finishing using Bunyan screeds, which in return produced “table-top” surface, and almost 
eradicated surface raveling.  Latex modifiers assist in binding the cement paste to the aggregate.  
Mixtures with latex modifiers might allow utilization of pervious concrete in high speed 
pavement applications (Youngs 2006). 
 


Consideration of Subgrade Type 


 Early pervious concrete pavements were built on freely draining sandy soils, so that the 
water could flow straight through the pavement and into the soil.  If, however, the soil does not 
drain well, an open graded crushed stone reservoir base may be placed under the pavement to 
retain water.  This technique may also be used to keep the pervious concrete dry where there is a 
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risk of freeze-thaw damage.  These types of installations, where the water flows directly 
downward through the pavement layers, may be referred to as open systems.  NRMCA has 
published software for analyzing hydraulic performance of open systems.  
 
 However, at many of the sites visited during this study, the soils drain very poorly.  If this 
is the case, a closed system, as shown in Figure 1, may be used.  After passing through the 
pavement and the base, water is directed by an impermeable geotextile into a slotted drain pipe, 
which leads into the storm sewer system.  Because a closed system can retain a considerable 
amount of water, it is a useful design for preventing local flooding.  This type of installation was 
used at the Cleveland State University Lot D demonstration site.   
 
 In cases where a small pervious concrete installation is used to enhance the drainage of a 
large parking lot, a closed system may be modified by using a deeper stone reservoir, perhaps 
several feet deep.  This concept was developed by the Ohio Ready Mixed Concrete Association 
as a miniature storm water detention system (Figure 2), which is discussed in more detail at 
http://www.ohioconcrete.org/Pervious%20Concrete.htm.   
 


This type of installation has been used at the Cleveland State University Administration 
Building parking lot, built in July 2007, as well as in four small strips on city streets in Seven 
Hills, Ohio, a suburb of Cleveland.  These small strips, installed in October 2007, are used to 
intercept storm water flowing longitudinally down residential streets in order to prevent flooding 
of homes and basements.    
 


Construction Processes 
The quality of PCPC installed depends in large part on the training and experience of the 


installer.  Therefore, contractor certification has important implications for performance.  The 
pervious concrete must be compacted properly and quickly protected.   


 
Typical field quality control tests for conventional concrete, such as slump and air 


content, are not useful for pervious concrete.  The unit weight test has been used as a measure of 
consistency (Tennis et al. 2004).  Visual observation is also useful as an indicator of the 
consistency of the paste film on the surface of the aggregates.   


 
Static and vibrating rollers and screeds may be used to compact pervious concrete. If the 


concrete is not compacted well enough, or is placed too dry, the aggregates will not bond well 
and the pavement will be susceptible to raveling.  If, on the other hand, the concrete is placed too 
wet or is overcompacted, the surface will be sealed and the pavement will not be permeable.  
Once the pavement has been placed and compacted, joints may be installed with a jointing tool.  
Alternatively, the joints may be saw cut later.  


 
Due to the open nature of pervious concrete, it must be protected from drying out.  Plastic 


should be placed and secured on the surface as soon as possible following the placement, and 
kept in place for seven days.  If the pervious concrete dries out prematurely, this would be likely 
to promote severe raveling.  
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Freeze-Thaw Durability 
Several references address the topic of freeze-thaw durability.  Laboratory work on 


freeze-thaw durability has been undertaken at Iowa State University (Scheafer et al. 2006) and 
by BASF/Master Builders/degussa (2005). 


 
Freeze and thaw damage developed in PCPC is primarily in form of paste deterioration 


(Yang et al. 2006).  In cold weather climate, 4% to 8% air entrainment should provide 
satisfactory freeze-thaw resistance (Schaefer et al. 2006).   


 
Lack of data and lack of consensus on proper laboratory testing methods is the main 


obstacle that prevents use of PCPC in cold weather regions (Schaefer et al. 2006).  Yang et al. 
(2006, p. 14) reported a few key ways moisture conditions influence the freeze and thaw 
durability of PCPC.  “Partially saturated pervious concrete exhibited high durability when it is 
frozen and thawed in air.  The practical implication of this finding is that in the field, pervious 
concrete is durable to cyclic freezing and thawing when there is no continuous water uptake.  
However, precipitation may be retained in pervious concrete when there is clogging or the 
subbase stays frozen in cold climate.  Once the pore and air void system in the paste reaches its 
critical degree of saturation, further freezing would induce damage.”  


 
As with numerous other testing methods which work well on conventional PCC, 


standardized testing by ASTM C 666 may not represent actual field conditions as the large open 
voids are kept saturated during the test, and the rate of freeze/thaw is much too rapid (Tennis et 
al. 2004).  Even after 80 cycles of slow freezing and thawing (one cycle/day), PCPC maintained 
more than 95% of relative dynamic modulus, while testing at a much quicker rate (five to six 
cycles/day), mixtures showed less than 50% relative dynamic modulus.  Furthermore, the rapid 
draining characteristic of PCPC should lead to better performance in the field than in the 
laboratory.  It is recommended that in freeze-thaw environment a minimum of 6 in. of a 
drainable rock base, such as 1-in. crushed stone, should be installed (Tennis et al. 2004).  


 
PCPC failure when subjected to freeze-thaw cycles is a result of either aggregate 


deterioration or cement paste failure.  Mixtures containing limestone failed through deterioration 
of the aggregate, but mixtures containing smaller size river gravel failed due to aggregate 
deterioration and splitting.  Better freeze-thaw resistance was shown in mixtures that contained 
sand and/or latex than those that did not.  The best performance, with 2% mass loss after 300 
cycles, was observed in mixtures that contained single sized river gravel with 7% sand 
replacement (by weight of the coarse aggregate).    


 
Low compaction energy led to failure through aggregate and paste, while samples 


prepared at regular compaction energy failed through the aggregate.  Compaction energy seemed 
to have a significant effect on the freeze-thaw durability of PCPC.  Freeze-thaw test results 
indicate that a mass loss of about 15% represents a terminal serviceability level for a pavement 
surface.  Iowa State results suggest that well designed pervious concrete mixtures can meet the 
strength, infiltration capability, and freeze-thaw resistance requirements for cold weather 
climates (Schaefer et al. 2006).   
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Clogging  
Clogging may occur on the surface due to debris or from the bottom (in the base) due to 


penetration of fines into the drainable base.   Only the first can be readily observed from the 
surface.  Subsurface clogging is generally addressed through filter fabrics, and the condition of 
these cannot be inspected without removing part of the pavement.   


 
Maintenance such as annual vacuuming or pressure washing is recommended to remove 


surface debris and restore infiltration capability (Tennis et al. 2004, p. 21).  Haselbach et al. 
(2006) have addressed sand clogging of pervious pavement.  
 


Books and Reports 
A number of books and reports have been published about porous and pervious 


pavements in general and pervious concrete pavements in particular.  These are listed in the 
“Books and Reports” section of the “References and Bibliography” section in this interim report.  


 
Ferguson’s Porous Pavements addresses all types of these pavements, with a chapter 


specifically on pervious concrete (Ferguson 2005).  The most comprehensive reports specifically 
on pervious concrete pavements are Pervious Concrete Pavements by Tennis et al. (2004), 
published by PCA, and ACI 522R-06 Pervious Concrete (ACI Committee 522 2006).  


 
Issues of freeze-thaw durability have been addressed by the NRMCA report Freeze Thaw 


Resistance of Pervious Concrete (NRMCA 2004) and by materials in a binder assembled by 
Master Builders/degussa Product Information: Pervious Concrete (Master Builders/degussa 
2005).  The Mindess et al. book Concrete (2003) is a useful reference for all aspects of concrete 
technology. 


 
Some academic research on pervious concrete pavement has also been published.  The 


National Concrete Pavement Technology Center at Iowa State University completed an 
extensive laboratory study (Schaefer et al. 2006).  At least two Master’s theses have been 
published on the topic (Harber 2005, Mulligan 2005).  


 
Two reports have been recently published by the NRMCA (Wanielista et al. 2007, 


Chopra et al. 2007).  These reports address construction, maintenance, and hydraulic 
performance assessment of PCPC pavements in the southeast.  
 


Papers and Presentations  
A number of journal technical papers have been published on pervious concrete 


pavement, many by Haselbach at the University of South Carolina and co-workers (Montes et al. 
2005, Haselbach et al. 2006, Valavala et al. 2006).  Other papers have been published by Booth 
and Leavitt (1999), Yang and Jiang (2003), and Luck et al. (2006).  These are listed under 
“Technical Papers” in the “References and Bibliography” section.  


 
One key source of recent material is the Proceedings of the 2006 NRMCA Concrete 


Technology Forum: Focus on Pervious Concrete, held in Nashville, TN, May 24 – 25, 2006.  







  
  


 18


These are listed in a special section under “References and Bibliography.”  Fourteen of the 
papers are of interest to this research project.  


 


Other References 
Other available sources on pervious concrete pavements include magazine articles and web sites.  
Many of these have appeared in the last two to three years.  Several address specific project case 
studies – for example, Pool (2006).  These are listed in the “Other Sources” and “Web Sites” 
sections under “References and Bibliography.”  One important source is “Pervious Concrete 
Links and Information” from the Ohio Ready Mixed Concrete Association.  This site provides 
locations and contact information for a number of projects in the hard wet freeze region as well 
in other parts of the U.S.  An additional source of research information is Brown (2007) 
“Pervious Concrete Research Compilation: Past, Present and Future”  
http://www.rmc-
foundation.org/newsite/images/Pervious%20Concrete%20Research%20Compilation.pdf  
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CHAPTER 3: EXISTING PROJECT SEARCH AND SITES INVESTIGATED  
 
The purpose of this search was to identify existing projects of various ages, in areas of 


differing soils, environmental conditions, and geographical locations.  It was important to 
include projects that would represent many possible conditions of weather, subgrade, materials, 
and design. Written and telephone surveys were used to document the performance of and 
concerns with pervious concrete pavements.   


 


NRMCA Project Survey 2004 and others 
Table 2 through Table 4 list dry freeze/hard dry freeze, wet freeze, and hard wet freeze 


candidate projects, respectively, discussed by the NRMCA (2004), as well as other sources.   
 
Table 2: Dry Freeze and Hard Dry Freeze Pervious Pavement Sites 
 
Site Description Year 


Built 
Location Freeze Thaw 


Information 
Source for 
Information 


Kozileski’s Law 
Office/DePauli Engineering 
parking lot 


1991 Gallup, N.M. 210 cycles/year, 
average 60 days 
below freezing 


NRMCA 2004, 
Frank Kozileski 


Milligan’s driveway 1993 Gallup, N.M. Same as above Same as above 
Residential home alley and 
side yard  


1994 Gallup, N.M. Same as above Same as above 


Lake Tahoe projects   Over 100 
cycles/year 


Andy Youngs 


 
 
Table 3: Wet Freeze Pervious Pavement Sites 
 
Site Description Year 


Built 
Location Freeze Thaw 


Information 
Source for 
Information 


Brasher’s Auto Auction 
parking lot (~ 15 acres)  


1985 Salt Lake City, UT 90 cycles/year NRMCA 2004 


Finely Stadium parking lot 
extension 


1997 Chattanooga, TN 50 cycles/year NRMCA 2004 


Western Carolina Retinal 
Associates parking lot 


2002 Asheville, NC 90 cycles/year NRMCA 2004 


University of North Carolina 
commuter parking lots 


2002 Chapel Hill, NC 90 cycles/year NRMCA 2004 


Athens Regional Park walking 
path and parking area 


2003 Athens, TN 90 cycles/year NRMCA 2004 


Hennessy Porsche alley and 
side yard 


2003 Roswell, GA 50 cycles/year NRMCA 2004 


Tennessee projects Various Various sites, TN  Alan Sparkman 
Kentucky projects Various Various sites, KY  John McChord 
North Carolina projects Various Various sites, NC  William Arent 
Columbia Gorge project   Near Stevenson, WA  Scott Erickson 
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Table 4: Hard Wet Freeze Pervious Pavement Sites  
 
Site Description Year 


Built 
Location Freeze Thaw 


Information 
Source for 
Information 


Penn State University Visitor’s 
Center sidewalk 


1999 State College, PA 120 cycles/year, 
average 90 days 
below freezing 


NRMCA 2004, Phil 
Kresge 


Fred Fuller Park, Kent, Ohio 2003 Kent, OH  Warren Baas, 
ORMCA 


Cleveland State University 
Parking Lot D 


2005 Cleveland, OH   


Collingwood Concrete Saranac 
Plant 


 Cleveland, OH  Warren Baas, 
ORMCA 


Lakota East High School 
crosswalk 


 Monroe, OH  Warren Baas, 
ORMCA 


Other Ohio parking lots Various Various sites  Warren Baas, 
ORMCA 


Kettering bus stop  Kettering, OH  Warren Baas, 
ORMCA 


Lakewood Park path  Lakewood, OH  Warren Baas, 
ORMCA 


MN Road Research Facility  Albertville, MN  Kevin MacDonald 
Northern Kentucky Sanitation 
District parking lot 


 KY   George Robinson 


Indiana projects Various Various sites IN  Pat Kiel 


 


Status Update 2006 
An update on the sites discussed in the 2004 NRMCA report, as well as others, was 


reported by Warren Baas of the Ohio Ready Mixed Concrete Association in 2006.  The report is 
available on the web site http://www.ohioconcrete.org/Pervious%20Concrete.htm:  
 


“MN Road Research Facility – Kevin MacDonald kmacdonald@cemstone.com  
We have noted that the freeze thaw performance is dependent on the paste to aggregate bond, 
and on the presence of frost susceptible particles in the coarse aggregate.  The laboratory results 
were predictive of the field performance. 
 


Northern Kentucky Sanitation District – George Robinson grobinson@sd1.org  
Our office parking lot, having pervious concrete and pervious asphalt, is well maintained and 
closely monitored. Debris collected by suction of the mechanical sweeper is saved and analyzed. 
Our snow plow’s steel blade has not marred the pervious concrete surface. We have not had any 
cracking issues, nor any freeze-thaw damage. 
 


Tennessee Concrete Association – Alan Sparkman asparkman@trmca.org  
I have not observed any freeze-thaw damage in any of our installations here in Tennessee. Our 
oldest project is about 10 years old and still in good shape. I have only observed two small areas 
in that lot (about 2 square feet) that show any kind of damage after 10 years.  Our other 
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installations go back about five years and I visit them periodically, but not regularly. I have not 
observed freeze-thaw damage in any of these installations to date. 
 


We will be doing a much more formal evaluation of existing pervious projects over the 
summer using an intern from MTSU. He will be visiting as many sites as we can locate to do a 
condition survey and also do infiltration testing to see what kind of clogging the sites are 
experiencing once in service. We will have a report done by the end of August or so. 
 


Indiana Ready Mixed Concrete Association – Pat Kiel pkiel@irmca.com  
The IRMCA has been working intensively with pervious concrete throughout the state of Indiana 
over the past three plus years. We are aware of several projects that are over 5 years old in the 
state, and have a total of over 25 projects that we are aware of in Indiana, (some of which were 
placed on less than ideal sub-bases), we have no knowledge of any freeze – thaw damage to any 
of these projects. 
 


California Nevada Cement Promotion Council – Andy Youngs andy.youngs@cncpc.org  
I began to investigate pervious concrete in March of 2000. Due to the potential for it to become 
an environmental godsend for Lake Tahoe, freeze/thaw durability was of particular concern to 
me. I did an ad hoc survey of industry colleagues and found that the pervious concrete sites 
(some in New Mexico and Pennsylvania were said to be over 10 years old) which proved to be 
durable in these climates had two things in common – use of air-entraining admixtures and 
placement on at least six inches of drain rock. 
 


In the west, we have several installations which have been through two, three or four 
winters.  All were placed with air-entrainment and on at least eight inches of ¾” crushed rock. 
All have exhibited no freeze/thaw or snowplow damage. Those in the Tahoe Basin can 
experience over 100 freeze/thaw cycles annually. 
 


In freeze/thaw environments I typically recommend the use of a ½” x 3/8” crushed rock 
placed with either a weighted Bunyan Screed with cross-rolling; or with a Texas Screed followed 
by compaction with a vibratory plate compactor. 
 


Gallup Sand & Gravel Co. – Frank Kozeliski fakoz@cia-g.com  
As of this date the pervious concrete has not fallen apart due to freeze thaw. The parking lot 
which is about 15 years old has some mud and dirt on the surface but water still seeks its way 
through the pervious. Some of the other pervious on a little hill is still intact and there is no break 
up due to freeze thaw. It just works with no problem. All this work was done by my brother and 
myself with the kids helping. None of use are certified. I guess I need to get certified. 
 


We are using a 1/2" maximum size aggregate for drainage under astro grass. This is fake 
grass for out west where it does not rain and the grass stays green all year long. The water drains 
through the pervious. 
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Kentucky Ready Mixed Concrete Association – John McChord jmcchord@krmca.org  
Kentucky has no formalized lab study on freeze-thaw resistance of pervious concrete. No in 
place project has shown signs of this type of distress. The oldest project of any consequence has 
gone through 3 winters. 
 


Stoney Creek Materials NW – Scott Erickson Scott@stoneycreekmaterials.com  
We have a project installed in the Columbia Gorge near Stevenson Washington that is exposed to 
very extreme weather including ice storms and freeze thaw cycles. It has been installed since 
2003 and as of a few months ago looked to be in perfect condition. 
 


Carolinas Ready Mixed Concrete Association – William Arent arent@crmca.com  
We have installations that have been in place for over tens years in areas that have experienced 
multiple freeze-thaw cycles with no apparent damage.” 
 


Project Selection for Field Visits 
Two dozen sites were selected for field visits.  At six, or 25 % of the sites, it was possible 


to obtain cores.  The sites are described in detail in Chapter 5.  
 
Table 5: Sites Selected for Field Visits 
States Number Sites Visited 
Indiana 5 A Charter School (Gary), a Keystone Concrete storage pad 


(Churubusco), the Kuert Concrete corporate office (South Bend), 
a sidewalk at Rieth Village, Merry Lea Environmental Learning 
Center of Goshen College (Albion), and a patio break area at 
Patterson Dental Supply (South Bend) 


Kentucky 2 The Boone County Farmer’s Market (Burlington) and the 
Northern Kentucky Sewer District Sanitation District #1 (Fort 
Wright) 


Ohio 12 Ball Brothers Contracting (Monroe), Bettman Natural Resource 
Center (Cincinnati), Cleveland State University Lot D 
(Cleveland), Collinwood Concrete Saranac Plant (Cleveland), 
Fred Fuller Park (Kent), Harrison Concrete Plant Office Parking 
Area (Harrison), Indian Run Falls Park (Dublin), John Ernst 
Patio (Tipp City), Kettering Bus Stop (Kettering), Lakewood 
Bike Path (Lakewood), Phillips Companies Parking Lot 
(Beavercreek), and Cleveland State University Administration 
Building (Cleveland) 


Colorado 4 A Safeway, a Wal-Mart, and two concrete plant installations 
(Bestway and Ready Mixed) (all Denver) 


Pennsylvania 1 Penn State Visitor’s Center (State College) 
Total 24  
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CHAPTER 4: FIELD AND LABORATORY INVESTIGATION TECHNIQUES 
 
For this research, the field evaluations included visual observation, a drain 


time/infiltration rate test, and Ultrasonic Pulse Velocity (UPV).  It was possible to remove cores 
from some of the field installations.  Cores were brought back to the laboratory and tested for 
void ratio, hydraulic conductivity, UPV, and either compressive or splitting tensile strength.  


 
Six out of 22 sites visited allowed coring. Twelve cores were taken from each of the sites, 


except for the site in Gary, Indiana, where 20 cores were taken due to the size of the project.  The 
cores were taken in accordance with ASTM Standard C 42/C 42M-99. The core barrel was 4 
inches in diameter and extracted a core sample with a diameter of 3.75 inches.   
 


Visual Observation 
Visual observations provided information about overall performance of the pervious 


concrete.  For consistency, a questionnaire was filled out for each site visited, incorporating 
information about the total area of the pervious concrete, and general description of the 
surrounding topography.  Analysis of the surrounding topography led to easier detection of 
clogged areas, and suggested possible reasons for any observed clogging.  The questionnaire 
included information about separation distance of expansion joints and whether joints, if used, 
were tooled or saw cut. 


 
The extent of raveling on the surface and along joints was observed and described as 


minimal, medium (significant) or high (extensive).  The surface was also examined for cracks 
and visual indications of clogging.  Owners were questioned about maintenance.  Figure 3 
illustrates an example of surface raveling observed in the field.   


 


 
 
Figure 3: Surface raveling (observed at Charter School, Gary, Indiana) 
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The questionnaire also incorporated information regarding volume of heavy-vehicle 
traffic.  Photographs of the pavements and key features were taken.  Based on the initial results, 
areas of pervious concrete were chosen for further nondestructive testing.  Visual inspection also 
provided valuable information about durability and possible construction errors.  
 


Drain Time/Infiltration Rate Test 
A simple drain time/infiltration apparatus was developed as part of this research.  The 


equipment consisted of a stop watch, water, and a 4 by 8 plastic concrete cylinder mold.  Foam 
rubber was attached to the bottom to seal the cylinder against the pavement, and a hole was 
drilled for water to flow out.  A hole diameter of 7/8 inch seemed to work well.  The time to 
drain the cylinder with nothing underneath (free flow) was 5 seconds.  The apparatus is shown in 
Figure 4.  In some cases, the pavement was relatively impermeably and water simply flowed 
across the surface, as shown in Figure 5.   


 
The time to drain the cylinder into the pavement through the hole was measured.  Care 


should be taken not to allow water to freely flow around the parameter of the mold.  Thus, 
pressure should be applied on top of the mold during testing.  The test may also be used before 
and maintenance to quantify the effectiveness of a maintenance technique.   As part of this 
research, drain time was calibrated to hydraulic conductivity.  The best-fit equation is provided 
in Chapter 6.  Hydraulic conductivity is often called permeability in pavement engineering.  
 


 


Figure 4: Drain time Apparatus 
 


Maintenance/Infiltration Test 
Maintenance of pervious concrete typically consists of vacuuming and/or pressure 


washing.  Pressure washing may drive sediment further into the pores of pervious concrete.  
Prior to performing any maintenance on pervious concrete, it is first necessary to determine if the 
surface is clogged, and to what extent.   
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Figure 5: Sheet flow across clogged surface (observed at Rieth Village, Albion, Indiana) 


 
The following equation was developed by Youngs (2006), to determine if the pervious 


concrete site in question needed maintenance or not.  The test is intended to simulate a 100 year, 
24 hour storm.  This test does not work well on sloping or over-compacted surfaces.  


 
IR = 19,958,400 ~ 20,000,000  
          (a)(T)        (a)(T) 


 
MR = (DS)(SF)(FC) 
 


a= area of wet spot in square inches 
T= time to empty one gallon of water onto the pervious pavement in seconds 
FC= flow concentration (area drained/ area of pervious concrete) 
DS= Design Storm in inches (usually the 100 year, 24 hour storm event) 
SF= Safety Factor (usually 2 or 3) 
IR= Infiltration Rate in inches of rain per day 
MR= Maintenance Rate in inches per day  
If IR>MR, no maintenance is required 
If IR<MR, cleaning of the pervious concrete is required 
 
Materials required are a sprinkler can, a stopwatch, a tape measure, and water.  Prior to 


testing it is necessary to determine 100 year, 24 hour storm, and establish the size of the flow 
concentration onto the pervious concrete.  The testing technique involves measuring the area of 
the wet spot on the pervious concrete, and timing flow of water out of the sprinkler can.  
 


Ultrasonic Pulse Velocity (UPV) 
UPV measures the velocity of an acoustic compression wave through concrete.  It has a 


long history of use with conventional concrete, but has not been used much with PCPC.  UPV is 
based on the modulus of elasticity and density of the material, and the variability of the wave 
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speed indicates the variability of these properties within a concrete pavement or structure 
(Mindess et al., 2003).   


 
If the mass density of the material and the velocity of the waves are known, the elastic 


properties of the material can be estimated.  In the UPV, test an ultrasonic pulse is typically 
generated at one end of the test specimen, and the time of its travel from one end to another is 
measured.  Knowing the distance between these two points, the velocity of the pulse can be 
determined.  UPV is most accurate when opposite sides of a specimen may be accessed, and least 
accurate when only one side may be accessed (Mindess et al., 2003).     


 
For this research, only the pavement surface could be accessed in the field, so a direct 


reflection technique was used with the two transducers 2 inches apart.  Opposite sides of cores 
were tested in the laboratory through direct transmission.  
 


Void Ratio 
The void ratio was determined by calculating the difference in weight between air dried 


and saturated samples, using following equation in consistent force (F) and length (L) units 
(Schaefer et al. 2006, p. 22). 
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Where, 


Vr = total void ratio, % 
W1 = weight under water, F 
W2 = dry weight, F 
Vol = volume of sample, L3 


ρw = density of water, F/ L3 
 
Initial determination of the void ratio was used to divide samples for further testing.  


Typically four samples were chosen for hydraulic conductivity testing, four for compressive 
strength testing, and remaining four for splitting tensile testing.   


 


Hydraulic conductivity  
Samples tested for hydraulic conductivity were sliced in half, and hydraulic conductivity 


was repeated on the top and bottom parts.  Later, the top and bottom parts were tested in splitting 
tension.  Specimens were prepared by wrapping them in plastic and then in duct tape, as shown 
in Figure 6. 
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Figure 6: Sealed specimen for hydraulic conductivity testing  


 
The hydraulic conductivity of the samples was determined using the falling head method.  


A new apparatus was built specifically for testing the pervious concrete samples.  The apparatus 
is shown in Figure 7.  The coefficient of permeability was determined using the following 
equation found in many soil and pavement texts (Schaefer et al., 2006, p. 22). 
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Where, 


k= coefficient of permeability (hydraulic conductivity), L/T 
a = cross-sectional area of the standpipe, L2 
L = length of sample, L 
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A = cross-sectional area of specimen, L2 
t = time for water to drop from h1 to h2, T 
h1 = initial water level, L 
h2 = final water level, L 
ln = the natural logarithm  


 


 
 
Figure 7: Laboratory hydraulic conductivity testing  
 


Compressive and splitting tensile strength 
Compressive strength and splitting tensile strength tests were performed according to 


ASTM C39, and ASTM C496, respectively.   
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CHAPTER 5: OBSERVATIONS FROM FIELD SITE VISITS 


 
This section provides information about the sites visited, as well as the visual 


observations made at each site.  More extensive details about the installations are provided by 
Miller (2007) and Mrkajic (2007).  Test results from surface infiltration and UPV are provided in 
Chapter 6.  
 


Indiana Site Visits 
 The Indiana site visits included a Charter School (Gary), a Keystone Concrete storage 
pad (Churubusco), the Kuert Concrete corporate office (South Bend), a sidewalk at Rieth 
Village, Merry Lea Environmental Learning Center of Goshen College (Albion), and a patio 
break area at Patterson Dental Supply (South Bend).   


Charter School, Gary, Indiana 


 This charter school uses pervious concrete pavement for a parking lot and driveway.  The 
pervious driveway begins approximately 30 ft from Clark Road, and leads back to the parking 
area for the school, as shown in Figure 8.  This pavement was built in July, 2006. 
 
 


 
Figure 8: Charter School, Gary, Indiana 
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 The pervious concrete parking area is sloped to the center, where there is conventional 
concrete with three storm drains to catch any water or debris. There is also a fire hydrant near the 
northwest corner of the parking lot. This hydrant is significant because of the firehouse that is 
adjacent to the charter school. The fire department uses this hydrant to fill their fire truck with 
water, and also flushes the hydrant regularly. The school has also begun renovations, so 
construction vehicles and other delivery vehicles also frequently cross the pervious concrete.  
This area also is subjected to school bus traffic.  The area of damaged pervious concrete is shown 
in Figure 9. 
 


 
Figure 9: Surface damage from heavy vehicles near fire hydrant 
 
 There is little clogging. There is one area of the pervious where a gravel driveway washes 
onto the pervious concrete and clogs it, and there are also some areas where the pervious 
concrete appears to have been over compacted during construction.  Other than the area damaged 
by heavy traffic, the parking lot is performing well.  There is also some raveling, which is shown 
in Figure 3, as well as a minor amount of cracking.  Damaged areas of this pavement have since 
been removed and replaced.  Twenty core samples were taken from different areas of the 
pervious concrete for further testing. 
 


Keystone Concrete, Churubusco, Indiana 


 This installation is a small storage pad, completed in August 2004.  It consists of three 
test strips of different materials, and is used to store rolls of flexible drainage pipe, as shown in 
Figure 10.  It was placed with an asphalt paver to a thickness of 4 inches, and compacted with a 
vibratory screed.  At present, it is clogged with leaves and other debris.  There is no traffic 
applied to the installation, and there was no observed cracking or raveling.  Twelve core samples 
were removed.   
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Figure 10: Keystone Concrete storage pad, Churubusco, Indiana 
 


Kuert Concrete Corporate Office, South Bend, Indiana 


 Two parking lot strips at the Kuert Concrete corporate office were completed in July, 
2005.  This installation is shown in Figure 11.  One is colored red, and both are 6 inches thick 
and 80 feet long.  The pavement was placed with a Bunyan Screed and was well compacted but 
permeable.   


 
The rest of the parking lot is conventional concrete and drains onto the pervious concrete.  


The building roof downspouts also drain onto the conventional concrete, and then onto pervious 
concrete.  The pavement showed little clogging.  There are two full width cracks, but no 
raveling.  The pervious concrete was not provided with joints, and one of the cracks is a 
sympathy crack initiated by a joint in the adjacent concrete pavement.  Twelve core samples 
were obtained from the colored section.   


 
The red strip is clogged with asphalt shingle debris.  After installing pervious concrete 


roof was replaced, and down spouts which empty directly onto the parking lot carried a lot of 
debris which eventually ended up in the pervious concrete pores.  Power washing had not been 
able to restore the infiltration capability.  No other maintenance has been performed so far.  The 
owner plans to remove and replace the red section, and leave the gray section in place.  
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Figure 11: Kuert Concrete Corporate Office, South Bend, Indiana 
 


Rieth Village, Merry Lea Environmental Learning Center of Goshen College, Albion, Indiana 


 Rieth Village is an environmental conservatory with a platinum LEED rating. It was built 
in April 2006 by Goshen College as a place where students could live, study, and conduct 
research.  The pervious concrete installation is a sidewalk leading to the learning center, shown 
in Figure 12.  
 


 
Figure 12: Rieth Village environmental learning center, Albion, Indiana 
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 The surface of the sidewalk appears to have been sealed off during construction, either 
due to a wet mixture or over compaction.  The sidewalk is shown in Figure 13.  Due to the 
uneven terrain, it was difficult for the installers to use a Bunyan Screed.  The concrete supplier 
also observed that the mixture may have been too wet.  Water dumped onto the surface flowed 
across the pavement, not into it, as shown in Figure 5.  There was no observed raveling.  One 
crack was found at the intersection of three paths.  To date, no maintenance has been performed.  
 


 
Figure 13: Surface sealed by wet mixture or over compaction 
 


Patterson Dental Supply, South Bend, Indiana 


 The Patterson Dental Supply installation is a small patio behind the building, as shown in 
Figure 14.  The patio was completed in June, 2004.  This installation drains well and does not 
show any clogging.  Minor aggregate polishing, raveling, and cracking were observed.  One 
crack starts at a re-entrant corner, which would be expected.  No maintenance has been 
performed to date. 
 


Kentucky Site Visits  


The Kentucky site visits included the Boone County Farmer’s Market (Burlington) and 
the Northern Kentucky Sewer District Sanitation District #1 (Fort Wright). 
 


Boone County Farmer’s Market, Burlington, Kentucky 


 The Boone County Farmer’s Market parking stalls were placed in January 2006.  This 
pavement is shown in Figure 15.  The overall design uses conventional concrete for the driving 
surface and shopping area, brick for some of the decorative areas, and pervious concrete for the 
parking stalls.  A Bunyan Screed was used.  Much of the pervious concrete is clogged with silt, 
and some portions were over compacted during installation.  Some raveling was observed, 
particularly at joints.  One crack was found, which may be due to overloading by a heavy 
landscape truck.  No maintenance has been performed.  Overall, this installation drains well.  
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Figure 14: Patterson Dental Supply pervious concrete patio 
 


 
Figure 15: Boone County Farmer’s Market, Burlington, Kentucky 
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Northern Kentucky Sewer District Sanitation District #1, Fort Wright, Kentucky 
 


This parking lot installation, shown in Figure 16, was completed in January 2004.  Most 
of the pavement is asphalt, with pervious concrete parking stalls.  The parking lot also includes 
an engineered wetland.  This parking lot has light to moderate clogging from debris.  Part of the 
lot was also sealed by over compaction during construction.  The parking lot has been vacuumed 
twice to remove loose surface aggregate and maintain infiltration capability.  There is no 
cracking, but there is some minor raveling and polishing of the surface.  
 


 
Figure 16: Kentucky Sewer Sanitation District #1, Fort Wright, Kentucky 


 


Ohio Site Visits 
The Ohio site visits included Ball Brothers Contracting (Monroe), Bettman Natural 


Resource Center (Cincinnati), Cleveland State University Lot D (Cleveland), Collinwood 
Concrete Saranac Plant (Cleveland), Fred Fuller Park (Kent), Harrison Concrete Plant Office 
Parking Area (Harrison), Indian Run Falls Park (Dublin), John Ernst Patio (Tipp City), Kettering 
Bus Stop (Kettering), Lakewood Bike Path (Lakewood), Phillips Companies Parking Lot 
(Beavercreek), and Cleveland State University Administration Building (Cleveland).   
 


Ball Brothers Contracting, Monroe, Ohio 


 At Ball Brothers Contracting, pervious concrete is used for a storage yard (Figure 17).  
The pavement was placed in January 2004, and is used to store wall forms for concrete 
basements.  Much of the storage pad is clogged with debris.  The clogging is concentrated at the 
joints.  At some spots the surface was over-consolidated and sealed off during construction.  
Overall, the surface still drains reasonably well.  There is some raveling at joints and corners.  
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There are also two cracks, possibly caused by heavy vehicles.  The only maintenance applied has 
been snow and ice removal, which caused some abrasion of the surface.  The extent of clogging 
suggests that power washing or vacuuming should be attempted to restore infiltration capability.  
 


 
Figure 17: Ball Brothers Contracting, Monroe, Ohio 
 


Bettman Natural Resource Center, Cincinnati, Ohio 


 The Bettman Natural Resource Center, part of the Cincinnati park district, placed a 
pervious concrete parking lot in October 2006, as shown in Figure 18.  The pavement was placed 
in three distinct sections.  
 


Silt is carried onto the pavement by runoff from adjacent landscaping beds.  This 
clogging is mostly at the outside edges of the pavement.  This pavement was also overcompacted 
during installation.  Raveling is light to moderate, and was observed mainly at joints.  No cracks 
are visible.   Vehicle traffic is light.  Some of the surface has been damaged by aggressive power 
washing to remove mulch.   


 


Cleveland State University Lot D, Cleveland, Ohio 


On August 22 and 24, 2005, part of an existing asphalt parking lot was removed in order 
to construct a demonstration pervious concrete pavement site.  A 12 by 50 foot (3.66 by 15.2 m) 
strip of existing parking lot near a drop inlet was removed, and 6 inches (150 mm) of subbase 
was placed and compacted.  On the 22nd, half of the strip was paved with 6 inch (150 mm) thick 
pervious concrete.  Two days later, a seminar and demonstration were held for approximately 
200 participants, and the other half of the test section was placed.  The installation is shown in 
Figure 19. 
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Figure 18: Bettman Natural Resource Center parking lot, Cincinnati, Ohio 
  
 


 
Figure 19: CSU Parking Lot D Demonstration Project 
 


A vibrating screed was used until it broke down, and the section was finished with a hand 
screed.  The joints were tooled with a pizza-cutter type roller, and the pavement was moist cured 
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under plastic for seven days.  Asphalt was later used to fill in around the edges to prevent 
premature deterioration.  
 
 This demonstration project was built as a closed system, with an impermeable plastic 
membrane to carry water to a perforated plastic pipe leading to a drop inlet, as shown in Figure 
1.  The reason for using a closed system was that the remainder of the existing asphalt parking 
lot was in poor shape, and there were concerns about introducing additional moisture under it.  
This provides a miniature storm water detention system, as shown in Figure 2. 
 
 This patch drains a much larger area of a badly deteriorated asphalt parking lot, and 
therefore collects a lot of sediment.  Traffic from nearby university construction projects also 
contributes to the debris.  Overall, due to the debris, drainage has been fair to poor.  There is very 
little raveling or polishing, and no cracks.  The portion placed at the end (north side) with the 
hand screed has not shown any additional distress.  The parking lot has been aggressively salted 
and plowed, but this has not caused any damage.  The parking lot is heavily used by passenger 
vehicles.   
 


Collinwood Concrete Saranac Plant, Cleveland, Ohio 


Collinwood Concrete is a major supplier of pervious concrete for projects in and near 
Cleveland.  Their first installation was at their own Saranac plant, Figure 20.  This pavement is 9 
inches thick and is subject to heavy vehicle loading by concrete delivery trucks.  It is also 
clogged with debris from vehicles and from conventional concrete pavement that drains onto it.  
Raveling is light to moderate, and there is no cracking.  No maintenance has been performed.  
 


 
Figure 20: Collinwood Concrete Saranac Plant, Cleveland, Ohio 
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Fred Fuller Park, Kent, Ohio 


The Fred Fuller Park demonstration project (Figure 21) was installed on December 23, 
2003, and is the oldest installation in northeast Ohio.  It consists of 6 inches of pervious concrete 
over 8 inches of # 57 base.  The parking lot has completed four Northeast Ohio winters without 
any visible freeze-thaw damage.  The surface condition of the project is shown in Figure 22.  The 
two parking stalls receive very light traffic.  There is no cracking, and little raveling.  No 
maintenance has been performed.  
 


 
Figure 21: Fred Fuller Park demonstration project  
 


Harrison Concrete Plant Office Parking Area, Harrison, Ohio 


 A strip of pervious concrete was placed at the end of the Harrison Concrete Plant office 
in September, 2006.  This installation is shown in Figure 23.  It is adjacent to a conventional 
concrete parking lot, and joints were matched to prevent sympathy cracking.  There is some 
clogging from soil, but little raveling and no cracking.  
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Figure 22: Surface Condition, Fred Fuller Park  
 


 
Figure 23: Harrison Concrete Plant, Harrison, Ohio 
 


Indian Run Falls Park, Dublin, Ohio 


 Pervious concrete handicapped parking stalls at Indian Run Falls Park are shown in 
Figure 24.  These were placed in May 2006.   
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Figure 24: Indian Run Falls Park, Dublin, Ohio 
 


Some areas of the pavement surface seem to have been closed off by over-compaction 
during installation.  There is considerable debris on the parking lot.  There is also severe 
raveling, particularly at joints.  Some of the surface aggregate has popped off.  It does not appear 
that any maintenance has been performed so far.  
 


John Ernst Patio, Tipp City, Ohio 


 A pervious concrete patio was placed in the location of a persistent wet spot of a private 
residence in October 2006 (Figure 25).  There is very little clogging or raveling so far.  
 


Kettering Bus Stop, Kettering, Ohio 


Pervious concrete was installed in September 2004 at a bus stop adjacent to Kettering 
Memorial Hospital (Figure 26).  Although there is no visual evidence of clogging, water flows 
rather slowly through the pavement.  It may have been over-compacted during installation.  
There is no cracking and very little raveling.  
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Figure 25: John Ernst Pool Patio, Tipp City, Ohio 
 


 
Figure 26: Bus Stop outside Kettering Memorial Hospital, Kettering, Ohio 
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Lakewood Bike Path, Lakewood, Ohio 


A bike path in a park on the shores of Lake Erie in Lakewood, Ohio, was placed in 
November 2005.  The path is shown in Figure 27.  The pervious concrete was placed to allow 
water to get to the roots of the trees on either side of the path.  
 


 
Figure 27: Park bike path, Lakewood, Ohio 
 
 Clogging is light to moderate along the path.  There is some raveling and some evidence 
of surface sealing due to over-compaction during construction.  There are no cracks.  Overall, 
this installation drains well.   
 


Phillips Companies Parking Lot, Beavercreek, Ohio 


 Phillips Companies placed a pervious concrete parking lot in January 2006 (Figure 28).  
A pervious asphalt sidewalk was also installed nearby.  A car rental company washes its vehicles 
adjacent to the pervious concrete strip.  There is some light to moderate clogging.  Part of the 
surface also appears to be sealed from over-compaction.  There is no cracking, and limited 
raveling at the joints.   
 


Cleveland State University Administration Building, Cleveland, Ohio 


 Following the success of Parking Lot D, the Cleveland State University Architect’s 
Office decided to construct a second pervious concrete parking lot on campus, next to the new 
Administration Building.  The original design called for pavers over a stone reservoir several feet 
thick, but it was estimated that the total cost of a pervious concrete parking lot would be lower 
because of savings in labor costs.  This parking lot was built starting in July 2007, along with 
another public demonstration.  Three placements were made.  The second placement is shown in 
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Figure 29.  A colored strip of pervious concrete was placed between the others.  Specimens of 
the concrete delivered were taken to the Cleveland State University laboratories to prepare test 
specimens.  
 


 
Figure 28: Phillips Companies parking lot, Beavercreek, Ohio 
 


 
Figure 29: Cleveland State University Administration Building Parking Lot 
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 Approximately seven days after construction, the curing plastic was removed and 
contractor vehicles began using the parking lot.  Because the administration building complex 
was not yet complete, a significant amount of loose soil has washed on to the pavement, and 
there is local but severe clogging.   
  


Colorado Site Visits 
The Colorado site visits were all in Denver.  These included a Safeway, a Wal-Mart, and 


two concrete plant installations (Bestway and Ready Mixed).  Only visual observations and 4 by 
8 cylinder mold drain time tests were performed at the Colorado sites.   
 


Denver Safeway 


The Denver Safeway parking lot is shown in Figure 30.  The entire parking lot is 
pervious concrete.  There was no evidence of raveling, but some of the panels furthest away from 
the store entrance had cracks between the widely spaced joints.  Surface drainage times of about 
20 seconds were measured in a lightly used corner, with 35 – 40 seconds in the more heavily 
trafficked interior.  One small section was clogged by an oil stain, with a drain time of 76 
seconds.  Overall, this parking lot provided good drainage.  
 


 
Figure 30: Safeway Parking Lot, Denver, Colorado 







  
  


 46


 


Denver Wal-Mart 


 Pervious concrete was used for part of a parking lot at a Wal-Mart on the east side of 
Denver, shown in Figure 31.  This parking lot used multiple paving materials, with the pervious 
concrete used for a strip some distance away from the store.  There was no visual evidence of 
cracking or clogging.  Drainage times measured in the parking stalls were 17, 19, 22, 23, and 34 
seconds.  One spot that had been clogged with coarse landscaping mulch had a drain time of 35 
seconds, suggesting that this particular clog with large particles had not significantly decreased 
the infiltration capability of the parking lot.  This parking lot also provided good drainage.  
 
 


 
Figure 31: Wal-Mart Parking Lot, east side of Denver, Colorado  
 


Bestway Concrete 


 One ready mixed concrete plant in downtown Denver had placed two strips of pervious 
concrete (Figure 32).  One, colored green, was next to the office.  The other was at the edge of 
the parking lot, consisting of eight parking spaces.  No cracks were observed.  However, the 
pervious concrete strip that was not colored had drain times of 57 and 99 seconds, indicating that 
the surface had probably been sealed off during construction.  
 


Ready Mixed Concrete  


 Another ready mixed concrete facility in downtown Denver had a large pervious concrete 
parking lot.  There was some surface raveling at some of the joints, which appeared to be cold 
joints.  Drainage times measured were 14, 15, and 17 seconds, and one area that appeared to be 
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clogged with fines had a 25 second drain time.  This installation, therefore, had very good 
drainage.  
 


 
Figure 32: Bestway Concrete parking lot, Denver, Colorado 


Pennsylvania Site Visit 


 The only Pennsylvania site visited was at the Pennsylvania State University Visitors 
Center sidewalk, State College.  This site is shown in Figure 33.  This was constructed in 1999 
(NRMCA 2004).  Therefore, this was the oldest installation that the researchers were able to 
investigate in person.  


 
There is no evidence of cracking or raveling, so the sidewalk is in good structural 


condition with no evidence of freeze-thaw damage.  However, the surface appeared to be closed 
off.  This was confirmed by two drainage time tests which left large wet spots spread across the 
sidewalk, shown in Figure 33.  Although the structural condition of the sidewalk is satisfactory, 
the infiltration capability appears to be very low.  The Visitors Center also has a large permeable 
asphalt parking lot, which is also completely sealed off.  
 


Summary of Field Visit Observations 
 The majority of the sites visited were in Indiana, Kentucky, and Ohio.  Of these, twelve 
of the sites used pea gravel as the coarse aggregate, and six sites used crushed limestone.  Pea 
gravel compacts more easily, and therefore may be prone to over-compaction.  Based on visual 
observations, most of the clogging was due to over compaction or a wet mixture at the time of 
placement.  Sand and other debris also caused clogging.  Heavy clogging at two of the sites was 
due to muddy trucks and other equipment. 
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Figure 33: Pennsylvania State University Visitors Center sidewalk 
  
 Seven of the pervious concrete sites, four in Indiana, two in Ohio, and one in Colorado, 
have cracks due to either a lack of expansion joints, or due to heavy vehicular traffic, as in the 
case of the Charter School and Ball Brothers Contracting.  Typically, expansion joints are cut at 
15 to 20 feet.  However, the length of the installation at Kuert concrete was 80 feet without 
expansion joints. 
 
 Raveling was observed mostly at the Charter School and Indian Run Falls Park. The 
raveling at the Charter School occurred near a fire hydrant that was used to fill a city fire truck, 
and was also flushed regularly. The abuse from the fire truck, school busses, and the flushing of 
the hydrant deteriorated the pervious concrete completely. This section of pervious concrete has 
been replaced with conventional concrete.  The raveling at Indian Run Falls Park was due to 
extreme temperatures at the time of placement, and a dry mixture in the first batch of pervious 
concrete.  
 
 Drain time rates ranged from 8 seconds to over 120 seconds. A good infiltration rate is 20 
seconds or less, anything between 20 and 60 seconds is a fair infiltration rate, and anything over 
60 seconds is a poor infiltration rate.   
 


These installations showed that wet mixtures or overcompaction may lead to a sealed 
surface, and dry mixtures or undercompaction may lead to raveling.  Table 6 provides a 
summary of the field observations.  
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Table 6: Summary of Field Site Observations 
 


Project  Clogging Raveling Cracked Jointing 
method 


Charter School Moderate Minimal Yes Rolled 
Keystone Concrete Severe Minimal No N/A 
Kuert Concrete  Minimal Minimal Yes N/A 
Merry Lea College Severe Minimal Yes Rolled 
Patterson Dental Moderate Minimal Yes Rolled 
Boone Cty. Market Moderate Minimal Yes Rolled 
Sanitation Dist. #1 Moderate Moderate No Rolled 
Ball Brothers Contract. Severe Minimal Yes Rolled 
Bettman NRC Moderate Moderate No Rolled/Sawed 
Cleveland State Severe Minimal No Rolled 
Collinwood Concrete Severe Minimal No Rolled 
Fred Fuller Park Severe Minimal No N/A 
Harrison Concrete Minimal Minimal No Rolled 
Indian Run Falls Minimal Moderate No Rolled 
John Ernst Patio Minimal Minimal No N/A 
Kettering Hospital Severe Minimal No N/A 
Lakewood Park Minimal Minimal No Rolled 
Phillips Companies Severe Minimal No Sawed 


 
 
Mixture Designs and Field Compaction Methods  
   
  The mixture proportions and field compaction methods used are shown in Table 7, for 
those installations where the information was available.  Quantities of cementitious materials, 
water, and coarse aggregate are given per cubic yard.  No fine aggregate was used. 
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Table 7: Mixture Designs and Field Compaction Methods 


LOCATION Cementitious 
(lbs.) 


Water 
(lbs.) 


Coarse 
Aggregate


w/c 
ratio


Binder/Agg 
Ratio 


Compaction 
Method 


Ball 
Brothers  600 * 180 2400 0.30 0.33 Vibratory Screed 


Static Roller 
Bettman 
Center 700 * 200 2800 0.29 0.32 Bunyan Screed 


Boone 
Market 600 * 180 2400 0.30 0.33 Vibratory Screed 


Board 
Charter 
School  NA * NA NA NA NA Bunyan Screed 


Cleveland 
State  Lot D 600 ** 168 2850 0.28 0.27 Vibratory Screed 


Static Roller 


Ernst Pool 520 * 142 2641 0.27 0.25 Static Roller with 
Extra Weight 


Fred Fuller 
Park 707 **  208 2700 0.29 0.34 No Compaction 


Harrison 
Concrete 500 * 150 2858 0.30 0.23 Truss Screed 


Static Roller 
Indian Run 


Falls  630 ** 130 2780 0.21 0.27 Bunyan Screed 


Kentucky 
Sanitation  600 * 186 2600 0.31 0.30 Bunyan Screed 


Kettering 
Hospital 500 * 134 2785 0.27 0.23 Manual Pipe 


Roller 
Keystone 
Concrete 672 * 184 2700 0.27 0.32 Asphalt Paver  


Kuert 
Concrete  500 ** 148 2480 0.30 0.26 Bunyan Screed 


Lakewood 
Park  600 ** 168 2850 0.28 0.27 Manual Pipe 


Roller 


Merry Lea  520 * 184 2700 0.35 0.26 Bunyan Screed 


Patterson 
Dental  NA * NA NA NA NA Bunyan Screed 


Phillips  500 * 134 2785 0.27 0.23 Manual Pipe 
Roller 


Collinwood 
Concrete 600 ** 168 2850 0.28 0.27 Manual Pipe 


Roller 
Note: * Gravels, ** Limestone 
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CHAPTER 6: FIELD AND LABORATORY TESTING RESULTS AND DISCUSSION 
 
 Extensive testing was carried out at sites in Indiana, Kentucky, and Ohio.  The tests are 
shown in Table 8.  At the Pennsylvania site and the four Colorado sides, only surface infiltration 
tests were performed.  This chapter presents a summary of test results.  More detailed results for 
individual installations are provided by Mrkajic (2007).  
 
Table 8: Project Sites and Test Methods Used at Each Installation 


Project Name and Location Installation Date 


U
PV


 


D
rain Tim


e 


Infiltration R
ate 


C
ore Sam


ples 


INDIANA      
Charter School, Gary, IN July-06 X X X X 
Keystone Concrete, Churubusco, IN August-04 X X   X 
Kuert Concrete, South Bend, IN July-04 X X X X 
Merry Lea Environmental Learning Center, 
Albion, IN July-05 X X     
Patterson Dental Supply, South Bend, IN June-05 X X     


KENTUCKY 
  
          


Boone County Farmer's Market, Burlington, KY January-06 X X X   
Sanitation District #1 Fort Wright, KY January-04 X X X   


OHIO 
  
          


Ball Brothers Contracting, Monroe, OH January-04 X X X   
Bettman Natural Resources Center, Cincinnati, OH October-06 X X X   
Collinwood Concrete Saranac Plant, Cleveland, 
OH Unknown       X 
Cleveland State University Lot D, Cleveland, OH August-05 X X X X 
Ernst Patio, Tipp City, OH October-06 X X     
Fred Fuller Park, Kent, OH December-03 X X X   
Harrison Concrete Plant, Harrison, OH July-06 X X     
Indian Run Falls Park, Dublin, OH May-06 X X X   
Kettering Bus Stop, Kettering, OH September-04 X X X   
Lakewood Park Path, Lakewood, OH November-05 X X X   
Phillips Companies, Beavercreek, OH May-06  X X X 
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Field Test Results  


 Results from UPV and drain time in the field are summarized below in Table 9, as well as 
in Figure 34 through Figure 36. 
 
Table 9: UPV and Drain time Results 


UPV (ft/s) Drain time (sec.) LOCATION Average S.D. Max Min Average S.D. Max Min 
Ball 


Brothers  13,200 1,400 15,800 8,012 70 23 117 23 
Bettman 
Center 12,000 1,300 16,800 8,500 57 30 125 14 
Boone 


Market 13,100 975 15,100 10,250 56 20 85 15 
Charter 
School  13,100 450 14,100 11,600 44 27 149 10 


Cleveland 
State  Lot D 12,800 550 13,700 11,100 66 20 112 23 


Ernst Pool 
13,600 740 14,900 12,400 33 14 80 14 


Fred Fuller 
Park 13,600 925 14,700 11,600 136 24 180 93 


Harrison 
Concrete 13,600 1,850 15,800 9,500 21 10 52 8 


Indian Run 
Falls  12,600 800 14,500 9,600 29 11 65 11 


Kentucky 
Sanitation  11,300 1,600 13,600 8,300 45.5 12 69 19 
Kettering 
Hospital 12,900 475 14,100 12,200 68 15 90 39 
Keystone 
Concrete 13,000 560 13,700 11,800 103 12 125 85 


Kuert 
Concrete  12,970 465 13,700 11,100 31 18 90 9 


Lakewood 
Park  13,100 465 14,100 11,700 36 13 73 19 


Merry Lea  
11,900 380 13,100 11,300 77 21 141 44 


Patterson 
Dental  12,500 850 14,100 11,300 42 13 67 21 


Phillips  
NA NA NA NA 64 14 120 31 
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Figure 34: Average Ultrasonic Pulse Velocity in the field 
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Figure 35: Standard Deviation of Ultrasonic Pulse Velocity in the field 
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Figure 36: Drain time Results 
 


Laboratory Test Results 
 Test results from cores and laboratory specimens are shown in Table 10 through Table 
17.  
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Table 10: Direct Transmission Pulse Velocity, Void Ratio, and Strength 
 


UPV (ft/s) Average 


LOCATION Average S.D. Max Min 


Void 
Ratio 
(%) 


Perm. 
(in/hr)


Comp. 
Strength 


(psi) 


Tensile 
Strength 


(psi) 


Phillips  13,300 275 13,900 12,600 13 33 3,400 400 


Cleveland 
State  Lot D 12,750 800 13,600 11,100 26 315 1,600 200 


CSU Mix 
Lab  12,200 420 13,100 11,100 19 350 2,600 245 


Charter 
School  10,700 530 12,400 9,300 31 985 1,300 145 
Kuert 


Concrete  11,650 420 12,600 10,900 32 690 1,500 160 
Keystone 
Concrete 13,450 320 14,100 12,400 10 7 5,800 390 


Collinwood 
Concrete 10,800 280 11,400 10,200 32 170 1,000 165 


 
 
Table 11: Laboratory results for the Phillips Sand and Gravel Company 


Sample 


Hydraulic 
Conductivity 


(in/hr) Void Ratio (%) UPV 


Unit 
Weight 
(lbs/ft3) 


a1 10 9 13,600 130 
i1 90 19 12,600 117 
d1 12 15 13,350 122 
b1 21 15 12,600 120 


Sample 
Compressive 
Strength (psi) Void Ratio  UPV 


Unit 
Weight 
(lbs/ft3) 


a1 3,504 9 13,600 130 
g1 3,071 13 13,350 122 
f1 2,287 15 13,300 121 
e1 3,366 13 13,600 125 
j1 4,877 5 13,900 128 


Sample 
Tensile 


Strength (psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


h1 367 16 13,350 123 
l1 445 14 13,350 126 
c1 474 11 13,900 125 
k1 306 17 13,100 120 
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Table 12: Laboratory results for Collinwood Concrete 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Unit 
Weight 
(lbs/ft3) 


c1 233 28 11,150 112 
h2 128 36 10,600 101 
e1 289 34 10,900 105 
b2 26 30 10,900 107 


Sample 
Compressive 
Strength (psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


c3 1,648 28 11,100 109 
g1 1,052 35 10,900 102 
f2 617 34 10,200 104 
a1 852 33 10,850 105 


Sample 
Tensile Strength 


(psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


d2 174 29 11,150 109 
a3 151 29 10,600 109 
g3 185 32 11,400 106 
e3 142 35 10,200 103 


 
Table 13: Laboratory results for Cleveland State University Lot D 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Unit 
Weight 
(lbs/ft3) 


b1 260 28 11,100 109 
a3 356 29 11,100 98 
a1 399 26 11,400 112 
a2 238 19 13,600 137 


Sample 
Compressive 
Strength (psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


b3 2,325 20 13,400 119 
d2 999 28 11,800 110 
d3 951 30 11,950 107 
f2 2,269 24 13,250 116 


Sample 
Tensile 


Strength (psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


b1 155 28 11,100 109 
a3 143 29 11,100 98 
a1 189 26 11,400 112 
a2 300 19 13,600 137 
e3 172 31 11,400 107 
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Table 14: Laboratory results for the Charter School 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Unit 
Weight 
(lbs/ft3) 


a2 1,115 34 10,300 104 
a1 995 34 10,250 104 
c2 797 29 11,200 110 
j7 636 29 10,550 110 
h9 959 33 10,600 104 
b9 1,400 36 9,300 101 


Sample 
Compressive 
Strength (psi) Void Ratio  UPV 


Unit 
Weight 
(lbs/ft3) 


e9 564 38 10,200 98 
c1 1,852 27 11,500 112 
e1 2,830 22 11,700 116 
i7 1,108 29 10,000 110 
j6 718 33 10,600 105 
a4 626 33 10,000 104 


Sample 
Tensile Strength 


(psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


e2 258 23 12,400 115 
e4 112 31 10,850 107 
i5 192 30 11,300 108 
i6 109 31 10,650 107 
j5 115 29 10,700 110 
h4 82 36 10,400 101 


 
Table 15: Laboratory results for Kuert Concrete 


Sample 
Hydraulic 


Conductivity (in/hr) 
Void Ratio 


(%) UPV 
Unit Weight 


(lbs/ft3) 
e2 548 30 11,800 110 
b1 676 32 11,300 107 
f3 813 33 11,200 108 
d3 718 32 11,400 108 


Sample 
Compressive 
Strength (psi) Void Ratio  UPV 


Unit Weight 
(lbs/ft3) 


a2 1,993 24 12,600 119 
c2 1,339 38 11,900 112 
d1 1,153 33 10,900 106 
g2 1,577 29 12,500 109 


Sample 
Tensile Strength 


(psi) Void Ratio UPV 
Unit Weight 


(lbs/ft3) 
b3 134 34 11,400 105 
f1 170 33 11,600 107 
h1 177 30 12,000 109 
h3 159 33 11,400 106 
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Table 16: Laboratory results for Keystone Concrete 


Sample 
Hydraulic 


Conductivity (in/hr) 
Void Ratio 


(%) UPV 


Unit 
Weight 
(lbs/ft3) 


a3 5 7 13,800 134 
b1 7 12 13,300 126 
b3 9 14 13,400 123 
d2 6 9 14,100 130 


Sample 
Compressive 
Strength (psi) Void Ratio  UPV 


Unit 
Weight 
(lbs/ft3) 


a2 5,080 11 13,650 128 
b2 8,131 8 13,900 131 
c3 4,543 13 13,200 125 
d1 5,362 11 13,700 128 


Sample 
Tensile Strength 


(psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


a1 421 8 13,500 133 
c1 234 11 13,000 127 
c2 258 9 12,400 129 
d3 370 11 13,400 128 
a3 552 7 13,800 134 
b1 318 12 13,300 126 
b3 386 14 13,400 123 
d2 561 9 14,100 130 


 
Table 17 shows results for the 18 samples prepared in the laboratory with the Proctor 


hammer and the gyratory compactor.  The six specimens prepared with the gyratory compactor 
were numbered one through six.  Samples a1, b1, c1, and d1 were compacted with a total of 18 
Proctor hammer drops, while samples a2, b2, c2, and d2 were compacted with a total of 36 
drops.  Samples labeled a3, b3, c3, and d3 were compacted with a total of 54 Proctor hammer 
drops.  A similar void ratio percentage was obtained at 54 drops with the Proctor hammer and 50 
gyrations of the gyratory compactor.   
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Table 17: Laboratory results for the CSU Administration Building Lab Samples 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Unit 
Weight 
(lbs/ft3) 


d1 688 24 11,600 115 
1 91 16 12,750 126 
3 134 19 13,000 123 


b1 624 23 11,600 116 
a3 175 18 12,200 125 
b2 383 19 12,200 121 


Sample 
Compressive 
Strength (psi) Void Ratio  UPV 


Unit 
Weight 
(lbs/ft3) 


a1 1,791 23 11,100 117 
c2 2,279 19 12,200 122 
b3 3,001 16 12,200 126 
5 3,008 17 12,450 125 
2 3,834 16 12,400 126 
a2 2,003 18 11,600 120 


Sample 
Tensile Strength 


(psi) Void Ratio UPV 


Unit 
Weight 
(lbs/ft3) 


c1 190 19 12,200 120 
d2 235 21 11,600 119 
c3 291 16 12,200 124 
d3 214 17 12,800 124 
4 331 17 13,100 125 
6 210 17 13,000 125 


 


Comparison of Top and Bottom Results 
 Several samples were cut in two, and the results between the top and the bottom of the 
core were compared.  Results from field cores are shown in Table 18 through  
Table 21.  In contrast, results from the laboratory specimens made during the CSU 
Administrative Building parking lot construction are shown in Table 22.  Figure 37 compares 
void ratios for top and bottom samples, and Figure 38 compares hydraulic conductivity for those 
samples.   
 
Table 18: Top and Bottom Results for Phillips Sand and Gravel Company 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Tensile 
Strength 


(psi) 


Unit 
Weight 
(lbs/ft3) 


i1 top 81 17 13,300 320 118 
i1 bott 531 20 11,450 229 117 
d1 top 14 14 13,300 258 125 
d1 bott 331 20 10,800 186 120 
b1 top 24 11 13,200 218 121 
b1 bott 398 18 11,100 195 112 
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Table 19: Top and Bottom Results for Collinwood Concrete 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Tensile 
Strength 


(psi) 
Unit Weight 


(lbs/ft3) 
c1 top 169 20 11,200 322 117 
c1 bott 448 26 11,350 198 112 
h2 top 119 29 9,500 125 105 
h2 bott 898 44 7,300 86 86 
e1 top 23 21 11,500 173 117 
e1 bott 1018 33 8,150 62 103 
b2 top 26 14 12,800 187 125 
b2 bott 978 25 10,100 165 115 


 
Table 20: Top and Bottom Results for the Charter School 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Tensile 
Strength 


(psi) 
Unit Weight 


(lbs/ft3) 
a2 top 525 30 10,000 132 108 
a2 bott 1,580 37 9,150 97 98 
a1 top 969 32 10,000 130 105 
a1 bott 1,364 31 9,600 117 108 
c2 top 741 24 10,500 211 116 
c2 bott 1,179 31 9,300 133 107 
j7 top 697 24 10,150 173 115 
j7 bott 1,323 35 8,300 101 102 
h9 top 1,253 30 9,300 140 108 
h9 bott 1,548 36 8,500 128 101 
b9 top 1,394 30 10,100 129 107 
b9 bott 1,701 40 8,500 N/A  95 


 
 
Table 21: Top and Bottom Results for Kuert Concrete 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Tensile 
Strength 


(psi) 
Unit Weight 


(lbs/ft3) 
 top 1,089 29 9,550 176 112 
 bott 1,406 26 9,500 112 118 
top 640 25 9,600 153 117 
bott N/A  41 9,200 92 95 
top 401 14 10,600 218 N/A 
bott 1,441 31 10,200 142 109 
top 1,029 26 11,200 193 114 
bott 921 36 10,000 109 101 


 







  
  


 61


 
Table 22: Top and Bottom Results for the CSU Administration Building Lab Samples 


Sample 


Hydraulic 
Conductivity 


(in/hr) 
Void Ratio 


(%) UPV 


Tensile 
Strength 


(psi) 
Unit Weight 


(lbs/ft3) 
b2 top 390 20 12,200 315 120 
b2 bott 395 17 12,00 216 124 
a3 top 142 21 10,400 255 118 
a3 bott 295 13 12,000 351 130 
b1 top 605 24 10,600 195 116 
b1 bott 650 25 10,200 227 115 
3 top 155 16 13,500 355 124 
3 bott 171 16 13,750 311 125 
d1 top 560 23 10,600 201 115 
d1 bott 702 22 10,800 198 118 
1 top 76 13 13,400 326 128 
1 bott 114 15 13,000 294 126 
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Figure 37: Void Ratios for Top and Bottom Samples 
 
 Haselbach and Freeman (2006) found that the void ratio at the top of a pervious concrete 
pavement was much lower than that at the bottom.  The tests results reported in this section 
confirmed that finding.  
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Hydraulic Conductivity of Top and Bottom Samples
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Figure 38: Hydraulic conductivity for the Top and Bottom Samples 
 


Comparison between Field and Laboratory Hydraulic conductivity 
 The field infiltration/ drain time test developed as part of this research will be more 
useful if it can be correlated to hydraulic conductivity.  Laboratory and field values are shown in 
Table 23.   The bold numbers represent drain time values that were measured in close proximity 
to the coring locations.  At six locations, the drain time was measured prior to coring.  The 
hydraulic conductivity and drain time values are plotted in Figure 39.   
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Figure 39: Comparison between Hydraulic Conductivity and Drain Time Values 
 
 The laboratory hydraulic conductivity k, in inches per hour, may be estimated from the 
field infiltration time t: 
 
 k = 2533 x e-0.062t 
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The correlation coefficient R2 was approximately 0.86 for this equation.  A similar relationship 
was developed only using the six data points where the drain time was measured in the same 
location that the core was extracted.  The equation was slightly different, and the correlation 
coefficient was improved to 0.91.   
 
 Figure 39 shows that there is a considerable decrease in infiltration capability with drain 
times of greater than 40 seconds, and that infiltration capability is very low with times over 60 
seconds.  This chart may be used to determine whether a PCPC pavement may be considered 
permeable, or if maintenance is necessary to restore infiltration capability.  
 
Table 23: Lab Hydraulic Conductivity and Drain Time Results 


Location Sample 


Lab 
Hydraulic 


conductivity 
(in/hr) 


Drain 
time 


(seconds) 
a1 10 N/A 
i1 90 N/A 
d1 11 57 Phillips 


b1 21 N/A 
b1 259 53 
a3 355 32 
a1 398 48 


Cleveland 
State 


University a2 237 37 
a2 1114 11.5 
a1 995 13 
c2 797 28 
j7 635 25 
h9 959 18 


Charter 
School 


b9 1399 16 
e2 548 10.5 
b1 676 N/A 
f3 812 22.5 


Kuert 
Concrete 


d3 718 13 
a3 4.8 99 
b1 7.1 N/A 
b3 8.8 N/A 


Keystone 
Concrete 


d2 6.4 96.5 
 


Discussion 


The subsequent set of figures investigates the correlations between the following 
relationships: 


• Hydraulic conductivity versus void ratio (Figure 40) 
• Hydraulic conductivity versus pulse velocity (Figure 41) 
• Compressive strength versus void ratio (Figure 42) 
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• Compressive strength versus pulse velocity (Figure 43) 
• Tensile strength versus void ratio (Figure 44) 
• Tensile strength versus pulse velocity (Figure 45) 


 
Overall, exponential relationships were found to fit the data best.  Correlation coefficients 


(R2) ranged from 0.63 to 0.86.  
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Figure 40: Relationship between Hydraulic conductivity and Void Ratio 
 
 As expected, hydraulic conductivity and void ratio are closely related, but there are some 
discrepancies.  This is because the hydraulic conductivity depends on the interconnectivity of the 
voids, as well as the void ratio. 
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Figure 41: Relationship between Hydraulic conductivity and Pulse Velocity 
 







  
  


 65


 The relationship between hydraulic conductivity and pulse velocity is the weakest of the 
six relationships developed.  Pulse velocity is a more reliable indicator of strength and modulus 
of elasticity than of hydraulic conductivity.  It can, however, provide a rough prediction. 
 


Compressive Strength vs. Void Ratio
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Figure 42: Relationship between Compressive Strength and Void Ratio 
  
 The relationship between compressive strength and void ratio has been documented by 
others, such as Schaefer et al. (2006), and is obviously strong.   
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Figure 43: Relationship between Compressive Strength and Pulse Velocity 
 


The relationship between pulse velocity and strength is also strong.  The relationship 
would probably be improved without including one 8,000 psi outlier in the data.  Therefore, UPV 
has potential for reliably predicting pervious concrete strength in the field. 
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Tensile Strength vs. Void Ratio
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Figure 44: Relationship between Tensile Strength and Void Ratio 
 
 The relationship between void ratio and tensile strength is strong, as it is with 
compressive strength.  
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Figure 45: Relationship between Tensile Strength and Pulse Velocity 
 
 Results indicated that UPV can be a reliable predictor of tensile strength as well as 
compressive strength.  
 


Separating mixtures made with the gravel coarse aggregate, and those made with 
limestone aggregate revealed much stronger relationships developing for the mixtures containing 
gravels.   These results are provided by Mrkajic (2007). 
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Effectiveness of Maintenance 


 The pervious concrete at the CSU Lot D has five parking stalls.  The middle stall slightly 
slopes towards a manhole, and during rainfall water crosses surface of the pervious concrete and 
flows into the manhole.  The research team attempted to restore the infiltration capacity of the 
middle stall with a 1,500 psi pressure washer.  Before performing this maintenance trial, 10 drain 
time values were obtained in a grid formation.  Drain time values before and after maintenance 
are shown in Figure 46 and Figure 47. 
  
  The middle stall was pressure washed for 30 minutes.  The average drain time prior to the 
maintenance was 62 seconds.  After maintenance, that average dropped to 40 seconds.  The 
maintenance helped restore some of the infiltration capability, but sheet flow was visible even 
after the maintenance.  Pressure washing of a severely clogged pervious concrete at the CSU Lot 
D improved the infiltration capability by about 35%.   
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Figure 46: Drain time before Maintenance 
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Figure 47: Drain time following Maintenance 
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CHAPTER 7: SUMMARY AND CONCLUSIONS 
  


Conclusions and recommendations are provided for building freeze-thaw durable PCPC 
pavements, preventing clogging, restoring infiltration capability, for future field investigation 
methods, and for future research.  Overall, the NRMCA (2004) design recommendations for 
freeze-thaw environments seem to be validated.   
 


Generally, the PCPC installations evaluated under this research project have performed 
well in freeze-thaw environments with little maintenance required.  No visual indicators of 
freeze-thaw damage were observed.  With the exception of some installations where the pore 
structure was sealed during construction with wet mixtures or over compaction, nearly all sites 
showed fair to good infiltration capability based on drain time measurements.  


 
 Most of the sites visited do not yet require maintenance.  Both vacuuming and pressure 
washing have worked well to restore infiltration capability.  Overly aggressive pressure washing, 
however, may damage the surface of the pavement.  
 
 Because use of PCPC in this region began fairly recently, the sites visited are less than 
four years old.  Although they are performing well now, it would be useful to revisit them 
periodically in the future.  If future visits are made, the results reported in this research will 
provide a useful baseline for comparing performance.  
 


Designing and Building Freeze-Thaw Durable PCPC Pavements 
 None of the sites investigated showed any sign of freeze-thaw damage.  The damage 
observed was either due to early age raveling or to structural overload.  This was probably 
because the sites were adequately drained, and therefore the pervious concrete was not saturated 
when the temperature was below freezing.   
 
 In conventional concrete, however, freeze-thaw damage may take many years to become 
apparent.  It eventually results in disintegration.  Therefore, in pervious concrete, freeze-thaw 
damage would be expected to take the form of widespread raveling progressing through the 
thickness of the pavement.  This was not observed at any of the sites visited.  
 
 In the laboratory, the relative dynamic modulus determined using a sonometer is used to 
calculate the durability factor of a concrete specimen.  Because UPV works on very similar 
principles to a sonometer, UPV should be able to detect freeze-thaw damage in the field as a 
reduction in wave velocity.  However, this requires further work.  
 
 In addition, this research validated some of the results found in other studies: 


• There is a considerable difference between the void ratio at the top and at the bottom of a 
PCPC pavement.  Generally, the top is much better compacted. 


• Gravels provide higher strength than crushed limestone. 
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Preventing Clogging 


 The most important factor for preserving PCPC infiltration capability is probably initial 
construction.  Wet mixtures or overcompaction can produce an impermeable surface that cannot 
be restored by maintenance procedures. 
 
 Overall site layout and construction sequence also affect the early clogging of PCPC 
pavements.  If the PCPC receives rainwater from a broad area of adjacent parking lot, there will 
be potential clogging from sediment carried with the water.  Loose soil from landscaping or 
adjacent construction can quickly clog a newly built permeable pavement.  
 


Restoring Infiltration capability 
 If a pavement which was originally permeable becomes clogged, it is possible to use 
sweeping or vacuuming to restore infiltration capability.  One brief trial showed an improvement 
in infiltration capability from pressure washing at CSU parking lot D.  However, some of the 
sites visited were still very permeable although no maintenance had yet been performed.  A 
simple test such as the Youngs (2006) test or the drain time test described in this report may be 
used as a tool to determine when maintenance is required.  
 


Field Investigation Techniques 
 This research employed a number of field investigation techniques that may be of value 
to future researchers engaged in similar studies.  
 


Visual Observations 


 It has been suggested that one of the most powerful and useful investigative tools is the 
eye connected to the brain of a knowledgeable engineer.  Visual observations can identify 
structural and nonstructural problems in PCPC pavements, and can often identify locations most 
likely to be clogged.    
 


DrainTtime Testing  


 The 4 x 8 plastic cylinder mold drain time test has been found to correlate reasonably 
well to hydraulic conductivity.  This test may be used to assess infiltration capability of newly 
built pavements, or to determine whether maintenance is needed.  It would be useful to track 
results over time, in order to assess the need for and effectiveness of different maintenance 
treatments.  
 


Ultrasonic Pulse Velocity 


 Laboratory UPV results, found by direct transmission, correlate very well with hydraulic 
conductivity and strength of PCPC.  Field indirect transmission UPV results have so far been less 
reliable, but results may be improved with future research.  
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Testing of Cores 


 Unfortunately, at this time cores remain the best way to measure thickness, strength, and 
void ratio of PCPC pavements.  In order to avoid the damage and expense of core removal, it 
would be desirable to develop other test methods.  Of course, the new test methods would have 
to first be calibrated to cores.  NDT methods such as UPV show promise, but require further 
development. 
 


Future Research 
 The main drawback of the present study has been the relatively recent construction of 
PCPC pavements in this area.  As these pavements are subjected to weather and traffic, the 
performance trends will become clearer. 
 
 For the sites investigated in this project, the test results provided will provide a 
benchmark for comparison with future test results.  More complete data for the individual sites 
are provided by Miller (2007) and Mrkajic (2007).  It is recommended that this study be repeated 
at 5 and 10 years, to determine the long term performance trends.  
 
 As new materials, mixtures, and construction methods are used for PCPC, the methods 
outlined in this report should be used to document the initial condition after construction.  Thus, 
the long term effect of new technologies on PCPC performance may be assessed. 
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Executive Summary


The infiltration potential of Portland cement pervious concrete has encouraged its use as


a stormwater management tool.  However, the material has suffered historically poor support


due to a number of factors, including failures due to poor mix design and improper


construction techniques, concern about lesser structural strength, concern about poor long


term performance due to clogging of surface pores and undefined credit for stormwater


management.  This study focuses on long term infiltration performances of pervious concrete


parking lots and their stormwater management credit.


Before stormwater management credit could be estimated, it was necessary to develop a


testing device to gather information from existing pervious concrete parking lots currently in


use.  Eight parking lots were examined to determine the infiltration rates of the pervious


concrete, as well as to verify the soil infiltration rates beneath pavement.  A total of 30


concrete cores were extracted and evaluated for infiltration rates.  Three of the sites had a


pervious concrete section that included a gravel reservoir.  Infiltration rates were measured at


the field sites using the application of an embedded single-ring infiltrometer.  The water head


for testing the infiltration rates must be set at the head that is expected in operation.  For


comparative purposes, filed infiltration testing was performed using a 3 inch head and


compared to a water head at grade to 1 inch above grade.   Laboratory infiltration tests were


conducted at the standard 9 inch head.


  Recommended for infiltration measurements for pavement that accepts no off site


discharge is a minimum head as measured on the pervious concrete equal to the grade or


within one inch of the grade.  Higher heads produce higher rates of infiltration rate estimates.
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To provide an estimate of stormwater credit, the authors of this study created a mass


balance model to be used for simulation of the hydrologic and hydraulic function of pervious


concrete sections over a one year period of time.  The purpose of the model is to predict


runoff and recharge volumes for different rainfall conditions and hydraulic properties of the


concrete and the soil.


The field derived hydraulic data were used to simulate infiltration volumes and rainfall


excess given a year of rainfall as used in a mass balance operated within a spreadsheet.  The


results can be used for assessing stormwater management credit using average annual


efficiencies.


Disclaimer


The opinions, findings, and conclusions expressed in this publication are those of the authors
and not necessarily those of the State of Florida Department of Transportation.
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CHAPTER 1 – INTRODUCTION


Stormwater management methods seek to decrease the negative effects of land use


changes by reducing and attenuating surface runoff and by promoting infiltration.    Pervious


concrete is a type of porous pavement that can be used as an infiltration practice for


stormwater management.  It has an open-graded structure and consists of carefully


controlled portions of small stone aggregate, cement, water, and admixtures.  The open-


graded structure of the concrete promotes rapid passage of water and allows it to infiltrate


underlying soils.  Pervious concrete, already recognized as a best management practice by


the Environmental Protection Agency (USEPA, 1999), has the potential to become a popular


alternative for dealing with stormwater runoff.


However, a lack of data, particularly with respect to the long-term performance,


leads to hesitation in using pervious concrete as an acceptable stormwater management


practice alternative.  The author of this study established a continuous, mass balance flow


model that will predict the hydrologic function of a pervious concrete system for a year long


rainfall simulation.  This model was designed for application in areas such as pervious


concrete parking lots and low-volume roadways.  An important part of this research


involved determining a method for measuring the infiltration rates through pervious concrete


sections. Testing included field investigation of pervious concrete parking lot sites and


laboratory infiltration tests on sample cores gathered during field investigation.  A total of


eight pervious concrete parking areas, all of which have been operational for at least several


years, were investigated during the course of the study.
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1.1 Objectives


The objectives of this research are threefold:


1) Develop an on-site testing method for measuring infiltration rates of pervious


concrete parking lots.  The purpose was to measure hydraulic operational efficiency


and to gather data for utilization in modeling and simulations of infiltration rates.


2) Develop a mass balance spreadsheet to catalogue the flow through a pervious


concrete and soil section and that which remains on the surface given hourly rainfall


data.


3) Utilize the results from the mass balance spreadsheet to predict operation efficiency


in terms of surface runoff and groundwater recharge for various combinations of


water table depth, soil porosity/permeability, concrete porosity/permeability, and


concrete depth.


1.2 Limitations


The results are constrained by several limitations.  Most of the field recorded data


originated from sites within the southeastern United States (five of the eight sites visited


were in Florida).  A testing infiltrometer was developed for existing pavements, but could


not be embedded into gravel sub-base.  The method did function with sandy sub soils.  Thus


the method could not predict systems with gravel reservoir layers.  The mass balance uses


three main simplifying assumptions: (1) that the soil is homogenous and isotropic to the


depth of the water table, (2) flow is one dimensional, and (3) rainfall excess occurs and is


removed immediately as infiltration or runoff.  The credit was assumed to be based on an


average annual percent of rainfall that infiltrates into the concrete and the soils.
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1.3 Approach


This document consists of six chapters.  Provided in this first chapter is an introduction


to the topic and also a description of the research objectives.  In chapter two, a review of the


current state of pervious concrete and existing research on the topic is presented.  The


theoretical approach to the problem is covered in chapter three, including development and


discussion of the aspects of the mass balance and the input data.  Chapter four lists the


processes for data collection.  Results of the field and laboratory testing are presented in


Chapter five along with the results of the mass balance simulations.  Chapter six concludes


with a discussion, summary, recommendations and conclusions.







- 4 -


CHAPTER 2 - BACKGROUND


Humans alter the natural environment as they construct buildings and roadways.  One


of the most notable changes is the addition of impervious area in places that were previously


permeable surfaces.  Impervious areas prevent water from infiltrating into the soil


underneath.  Examples of impervious area include rooftops, parking lots, and roadways.


The addition of impervious areas to a location negatively impacts the environment by


altering the natural water cycle.  These areas block the natural process of infiltration through


the soil, and results in runoff from the impervious surfaces after storm events and


snowmelts.  This runoff results in three main problems:  (1) a decrease in groundwater


recharge due to lack of infiltration, (2) alteration in the natural flow patterns of a drainage


basin, and (3) transportation of contaminants, deposited on impervious surfaces, to receiving


water bodies (Brattebo and Booth, 2003).  Thus, the introduction of impervious areas


interrupts both surface and subsurface water quantity and quality.


From these problems others may arise.  Changing natural flow patterns can cause


erosion and flooding of naturally occurring channels unaccustomed to handling larger flows


of water (Brattebo and Booth, 2003).  Furthermore, contaminants including heavy metals


(e.g. copper, lead and zinc), nutrients (e.g. phosphorous and nitrogen), and sediment material


can travel in runoff water and be deposited in receiving water bodies.  These materials


severely alter and destroy aquatic habitats, which results in the death of organisms


dependent upon that habitat.


Traditionally, runoff peak rates have been controlled and attenuated using storm sewer


systems with detention or retention basins (Schluter and Jeffries, 2002).  These systems


collect the runoff primarily from impervious areas and store the water where it can either
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infiltrate (retention basin) or be discharged at a controlled rate to a water body (detention


basin).  Design, operation, and maintenance of these basins are governed by regulations


established by state, regional or local government agencies.


There is always an interest in finding new ways to manage stormwater runoff


associated with new development or redevelopment.  Porous pavements, an alternative


method for stormwater control, represent an innovative method.  Types of porous pavements


include porous asphalt, pervious concrete, concrete paving blocks, gravel paving systems,


and grass paving systems, among others.  Pervious pavements reduce runoff volume by


allowing water to pass through them and to be stored and subsequently be released into the


ground.  Most pervious pavements contain large numbers of pore spaces and allow water to


pass through them at a rapid rate.


Pervious concrete is the focus of this research.  It is a material that consists of open-


graded coarse aggregate, Portland Cement, water and admixtures.  Generally the aggregate


is evenly graded to have a size of approximately 3/8 of an inch; sand is omitted from the


process leaving the space in between coarse aggregate empty.  Typical sections of pervious


concrete have 15 percent to 25 percent void space; some sections may have values as high as


35 percent (Brown, 2003).  Most void spaces are interconnected which allows water and air


to pass through the section.  Newly placed pervious concrete sections have been reported to


drain at rates ranging from two to 18 gallons per minute per square foot (Brown, 2003).


Pervious concrete is known to have the advantages of reducing runoff volume and may


improve water quality in ground water recharge (Legret et al, 1996).  By allowing


stormwater runoff to infiltrate, pervious concrete filters sediment and other contaminants


that would otherwise make their way to waterways.  Similarly, because water can infiltrate
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through the concrete layer, pervious concrete parking lots and other installations can serve


as recharge basins.  Other known advantages of pervious concrete include better road safety


because of increased skid resistance, road sound dampening, and dampening of the “heat


island” effect (Yang and Jian, 2003), (USEPA, 1999), (Brown, 2003).


Pervious concrete also has several potential disadvantages.  Those of most concern


include perceived cold weather problems, the potential of clogged void spaces, historical


high construction failure rates, and the potential to contaminate ground water (EPA, 1999).


High construction failure rates are often associated with poor design and contractors who


lack sufficient knowledge for proper installation of the product.  The two issues or problems


frequently expressed  to be of greatest concern are the potential of clogged void spaces and


credit as a stormwater management practice within stormwater regulations.  This research


provides data for both issues.  However, groundwater contamination is not addressed.


Pervious concrete has begun to receive greater attention as a viable stormwater


management practice.  The American Concrete Institute has established a committee (ACI


Committee 522, 2006) to determine guidelines for the proper use of pervious concrete.  To


enhance this document, the committee needs data on the long-term performance of pervious


concrete systems.  Data are needed on design characteristics, durability, maintenance plans,


and effective infiltration rates after years of service.


This information would also be valuable to water management districts in an effort to


provide a standard for use of pervious concrete in stormwater runoff control.  In Florida,


stormwater management criteria are largely developed and implemented by the Department


of Environmental Protection (DEP) and the regional water management districts.  Currently,


only the DEP provides credit for pervious concrete as a stormwater management practice.
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None of the State of Florida regional water management districts currently provide credit as


a stormwater treatment or flood control practice.  However, there is provision and national


standards that are used on a site-by-site basis using design guidelines to apply for credit


(Training Manual, 1998, NRMC, 2004, and FCPA in Pervious Pavement Manual, 2006).   It


is anticipated that the data of this report will facilitate the application for credit.


There are some tradeoffs between pervious concrete, the most notable of which is cost.


The initial cost of pervious concrete can be up to 1.5 times that of other conventional paving


methods.  This excess of cost is a function of two things.  First, pervious concrete is a


specialty product requiring experienced skilled labor to install the concrete properly.  This


specific experience requirement accompanied with low demand drives the price up.


Secondly, there is also an extra depth associated with pervious concrete.  The extra depth is


a function of a couple of factors including a need for extra rainfall storage within the


concrete layer and an increased necessary depth for strength reasons.


Typical concrete is around 4000 psi or greater where pervious concrete is commonly


around 2,000 psi (Ferguson, 2005).  A lower compressive strength requires an additional


thickness of pavement to help distribute vehicular loading.   Normal depths for concrete


paving are about four inches and a normal depth for a pervious concrete paving is six or


more inches.


Though there is an expected increase of cost for pervious concrete, that cost can


potentially be recouped by the increase in developable area that comes with a decrease in the


area required for stormwater management.  Other benefits include better traction during wet


whether due to free draining pavement, reduction in road noise due to dampening effects in
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the concrete, glare reduction at night, and better growth environment for adjacent


landscaping (Ferguson, 2005), (ACI, 2006).


Pervious concrete has been in existence in the United States for nearly 50 years


(Brown, 2003).  Though not a widely used product, pervious concrete has been proven


effective as a porous pavement in applications such as parking lots, low-volume roadways,


and pedestrian walkways.  It is necessary to develop standard design, manufacturing, and


installation methodology that will establish pervious concrete as a reliable product capable


of performing adequately for these uses.  Currently there are no regulations or standard


design criteria for this technology, thus it is not validated as a presumptive stormwater


management method.  Pervious concrete has the potential to reduce the amount of, or


eliminate the area set aside for stormwater management practices, thus maximizing the


amount of land available for development.  If a compilation of data shows an agreeable


evaluation of long-term performance, this material may become more widely accepted for its


beneficial properties.  Such information could be used to develop statewide design,


construction, inspection, and maintenance requirements within stormwater regulations.
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CHAPTER 3 – APPROACH TO PROBLEM


3.1 Lab Experimentation


Prior to creation of a flow model sequence, it was necessary to develop a testing


method to assess the conditions of pervious concrete paved areas and apply that method at


the selected field sites.  Data collected from field testing was applied in the model and was


also used to assess the efficiency of pervious concrete as a stormwater management practice


after it had been in operation for several years.


The first step was to create a field lab for experimentation at the University of Central


Florida.  A site was chosen at the Stormwater Management Academy’s Laboratory and


plans were created for the test cells.  The test cells were designed as a self-contained box


that was impermeable on all sides except for the surface.  There were two “boxes” each six


feet square and four-and-one-half feet deep from the surface of the pavement.  The design


included an underdrain system for the removal of water.  The boxes were constructed side-


by-side into the face of an existing berm.


Fill material for these cells consisted of a clean, brown, fine sand common to the


University of Central Florida area.  The soil had a hydraulic conductivity of approximately


12 inches per hour as determined by permeability testing and corresponded to NRCS


hydrologic group A.  Fill was compacted inside the boxes in eight-inch lifts to


approximately 92 percent of the maximum dry density as determined by a standard proctor


test.  After compaction, the infiltration rate was approximately two inches per hour as


determined by application of a double-ring infiltrometers test (ASTM D 3385-94).


The test cells were used to conduct double-ring and single-ring infiltration studies.  In


one cell a six inch deep reservoir of poorly graded stone was used, while the other had no
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stone.  The cells could not be used for mass balance experimentation because of leakage but


the cells were used for developing infiltration measurements.


Initial testing was done using a standard double-ring infiltrometer (ASTM D3385-94)


on the surface of the concrete similar to the procedure used by Bean and others in 2004.  It


quickly became apparent that this was an ineffective approach for pervious concrete because


of the drastic difference in permeability between the concrete and the underlying soil (initial


testing was done on newly poured concrete).  Once the infiltrating water moved through the


pervious concrete zone and reached the interface between the concrete and the soil it began


to move laterally – See Figure 1.  This grossly exaggerated the infiltration rate for the


pervious system because it did not take into account the fact that water simply filled up the


free pore space adjacent to the double ring infiltrometer and water was not infiltrating into


the subsoil nearly as quickly as it appeared to be using the double ring.


  Figure 1 - Double Ring Test on Pervious Concrete
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After several of these tests with double-rings on the surface of the concrete, it was


decided that it was necessary to treat the pervious concrete – soil interface as a “system”.  It


was only when the two layers were isolated and one-dimensional flow encouraged, that a


more realistic measurement of performance was obtained.  See Figure 2.


Figure 2 - One Dimensional Flow at Soil-Concrete Interface


It was decided that the best way to approach this was to remove a circular section of


concrete using a concrete coring machine.  A 12-inch diameter bit was decided upon


because it was large enough to provide a “representative area” and small enough to be easily







- 12 -


handled.  A 12-inch bit creates an 11 5/8-inch diameter core with a 3/16-inch space around


the outside (image).  A special order was placed with a steel design company to create a 20-


inch long rolled steel tube with an inner diameter of 11 5/8 inches and 10-gauge thickness.


The tube was designed to be inserted around the concrete core and embedded into the


underlying soil – a single-ring infiltrometer which encourages one-dimensional flow through


the interface of the pervious concrete and the soil.  Figure 3 shows the dimensions and


function of a single-ring infiltrometer.


Figure 3 - Single-Ring Infiltrometer


The testing procedure for the single-ring infiltrometer was much like that for the


double-ring test – a specific head (three inches) was maintained, water was added at
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specified time intervals, and the amount of water added at each time interval was recorded.


The tests were stopped after at least two consecutive time periods after which approximately


equal additions of water were added, provided that at least one inch of water over the area


was added.  One inch is equivalent to the 90% occurrence storm.


The head maintained for infiltration tests was found to be important as the greater the


head (up to 9 inches), the higher the infiltration rate relative to a head maintained near the


grade (top) of the pervious concrete.  From repeated tests on the same section of pervious


concrete, the infiltration rate using the embedded single ring varied from a low of about 2.5


inches per hour at a head measured at grade to 1 inch, to a maximum rate of about 7 inches


per hour at a head of 9 inches.  At the experimental head of 3 inches, the average limiting


rate was about 3.8 inches per hour.  This rate will also vary among the various field sites.


Embedment depth was determined by a several factors – the necessary depth to


maintain one-dimensional flow at the concrete soil interface and sufficient length of tube to


store at least the water equivalent to mean annual one day storm volume in Florida.  At least


three inches of pipe above the pavement was maintained to allow for a specific head and to


allow for removal of the tube after embedment.  The final design called for 14 inches


(beneath the surface of the concrete) and 6 inches of concrete to store at least 4 inches of


rainfall at porosities of 0.20 for the concrete and 0.35 for the soil.  The mean rainfall depth


of the maximum yearly one day storm volume in Florida is about 3.5 inches (Wanielista, et.


al. 1991).


Multiple single-ring infiltrometer trial tests were conducted on the test plot.  Results


from these trials showed approximately two inches of water were added during the course of


each testing run, thus exceeding the one inch 90% occurrence storm event.  Also, at this rate,
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and considering the porosity of the soil (assumed 0.35), the wetting front of the infiltrated


water would not have passed the depth of the embedded tube during the course of the test.


This gave reasonable assurance that 1-D flow was approximated at the soil-concrete


interface.  It was assumed that other sites visited would have similar soil characteristics and


that this same embedment depth would be sufficient for those cases.


Removal of the embedment ring was a difficult task with which to deal.  The ring was


embedded using compaction force – once embedded, it was lodged so securely that it could


not be removed by simply pulling up on the apparatus.  To resolve this issue, _-inch holes


were drilled in the steel, approximately one inch from the top of the tube.  The holes were


then threaded with a u-bolt attached to a chain; the chain was wrapped around a two foot


long, two-inch by two-inch hollow-body steel section.  The steel section was laid across two


hydraulic jacks, which were then used to hoist the infiltrometer out of the ground.


3.2 Field Testing


Upon arrival at a site, the first action was to walk the parking lot to identify potential


coring sites.  Locations to be cored were marked with a with a red construction crayon – a


line was drawn bisecting where the core should go so that the core could be aligned


appropriately after it was cut.  If the site contained sections that were noticeably clogged in


appearance, one core was extracted from such an area.  The remaining two cores were


removed in areas that appeared to be in fair operating condition.


The next step was to drill the cores into the concrete.  The drilling process took


between 10 and 30 minutes per hole depending on the type of aggregate used in the concrete


mix and depth of the concrete slab.  After the drilling was completed, the cores were


removed from the holes.  It was sometimes necessary to grind the sides of the cores to
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smooth irregularities formed during the coring process and allow for easy passage of the


infiltrometer over the core.  A four-inch angle grinder with a masonry disk was utilized for


this task.


After grinding the cores, two of the three are returned into their respective holes


(four if this is conducted at a site with six cores).  The infiltrometer was inserted around the


core and was embedded into the subsoil by application of downward force.  In the case of


these field investigations, force was applied utilizing a hand-tamper.  A two-foot long


section of four-inch by four-inch lumber was placed across the top of the infiltrometer to


distribute the load and protect the edges of the tube.  It was important to mark the


infiltrometer prior to embedment to ensure insertion to the appropriate depth (14 inches).


After embedment, a bead of plumber’s putty was placed around the edge of the core to


prevent side-wall leakage, and the tests were conducted on the two cores using the methods


described above.  After completion of the infiltration tests, the infiltrometers were removed


and one of the infiltrometers is inserted into the remaining hole without the core in place.


The infiltration test was repeated on the subsoil, the depth of embedment remains 14 inches;


however, the head used in this test is three inches in addition to the average depth of the


concrete cores.  This was done to provide comparison between the rates provided with the


concrete in place and the rates of the soil alone.


After the final test, the infiltrometer was removed and all of the cores are taken for


additional lab analysis.  A soil sample was taken from the site using a hand auger.  Samples


were at intervals down to the water table or to a depth of six feet, whichever came first.  If


the water table were encountered, the water was allowed to normalize in the hole for 30
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minutes, or until no noticeable water level change, and then the depth was measured from


the bottom of the concrete.


Upon completion of testing at a site, the cores from that site were collected and


labeled appropriately.  Holes in the concrete created by the coring process were patched


using Portland Cement pervious concrete.  All Florida sampling was done during the rainy


season (June-October) of 2005.  The out-of-state sites were sampled during December 2005.


 Upon return from the field, soil samples were sieved, categorized and selectively


tested for permeability.  The cores were individually tested for permeability.  Permeability


tests on cores were conducted by wrapping the cores tightly in six millimeter plastic and


securing the plastic along the entire length of the core with duct tape. The wrapped core is


elevated on wooden blocks and the infiltrometer is fitted over it.  The gaps between the core


and the infiltrometer are filled with plumber’s putty.  The infiltrometer is filled to a specific


head of water and the setup is checked for leaks prior to the beginning of the test.  After


checking for leaks the test is continued, utilizing the same techniques as described above for


the embedded test.  See Figure 4 for laboratory test set up.  The test protocol calls for a nine


inch head, so comparisons to the field infiltration rate data are not valid.  However,


comparisons among the laboratory data are possible.


The field and laboratory results are show for each site in Appendix A.  Graphs of the


cumulative infiltration during field tests are also shown in Appendix A.
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 Figure 4 - Laboratory Core Test
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CHAPTER 4 - MODEL


Pervious concrete and the subsoil can be modeled using either event based or


continuous simulations.  The storage of rainfall within the concrete and soil matrix (system)


is important because the storage and the amount of rainfall entering into the system along


with the infiltration, porosity, and percolation from the system determine the amount of


rainfall excess.   Rainfall excess is defined as the volume of water that has not infiltrated


within the time period of the model and thus is available for runoff.  This is a conservative


assumption for estimating runoff because some of the rainfall excess may infiltrate over time


or pond on the pavement and evaporate before it reaches the discharge as runoff from the


pavement.


If an event based model is used, assumptions on the pre storage conditions have to be


made.  If a continuous model is used, the pre event storage conditions will be determined


from rainfall and water storage conditions of the soil and the pavement resulting from the


previous rainfall.  The continuous accounting for storage and rainfall excess can be


described by a continuous time based model.  Thus, given the amount of rainfall on a


continuous basis, the storage and rainfall excess can be predicted.   A Continuous Model


such as VS2DH (USGS) was examined but the data requirements exceeded the data


available from existing field observations.   Thus a one-dimensional continuous simulation


model was developed.


The model was designed as one-dimensional simulation of flow through a pervious


pavement slab and subsoil.  This simulation model used a mass balance approach to simulate


the overall results of “average” annual rainfall data.  The mass balance was constructed
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using the spreadsheet program “Microsoft Excel”.  Figure 5 presents a logic diagram that


governs the approach and calculations used in the mass balance for the concrete and for the


subsoil, respectively.  Inputs for this simple model included time-stamped incremental


rainfall data, three basic flow rates, concrete porosity and depth, and soil porosity and depth


to the water table.  Outputs are rainfall excess and recharge to the water table.


4.1 Precipitation


Rainfall data were collected and provided by Orange County Stormwater Division,


and were measured at the Michael’s Dam gauging station near the University of Central


Florida.  The year of data selected was 2003 because during that year approximately 53.43


inches of rain occurred.  The average annual rainfall for Central Florida is approximately


49.09 inches (City of Orlando Public Works).   Thus, rainfall for 2003 was approximately an


average year of rainfall.   The same data based was used for comparison model regardless of


where the filed sites were located.  In the Tallahassee region, the average rainfall volume per


year exceeds 64 inches.  Whereas in the Georgia and South Carolina sites had rainfall


volumes closure to that of central Florida.


As the data were collected by a tipping bucket, readings only existed for periods of


time during which there was precipitation.  Additionally, the tipping bucket recorded 0.01


inches of rain at times to the nearest minute.  Thus, during heavy storms, multiple rainfall


records could be tabulated for one minute, which becomes input to the continuous


simulation model.  As a result of this type of recordkeeping, the data input to the model was


such that one minute time steps could be used when it was raining, and then other time steps


could be used for non rainfall conditions.
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Input Parameters:
Fconc, Fsoil, Faq


Nconc, Dconc
Nsoil, Dwt


Rainfall Data


If P > Fconc
I1 = Fconc (in/hr)
R1= P – Fconc


Else I1 = P (in/hr)


_t = ti – ti-1 (hr)
P = incr. rainfall/ _t (in/hr)


If (Q1, Q2, Q3) =


(No, No, No)
(Yes, No, No)


If (Q1, Q2, Q3) =


(No, Yes, Yes)
(No, No, Yes)
(Yes, No, Yes)
(Yes, Yes, Yes)


If (Q1, Q2, Q3) =


(No, Yes, No)
(Yes, Yes, No)


Question 1:   Ssi-1 = TSS?
Question: 2:   I1i(_t) > (TS – Sci-1+Ssi-1)+Faq_t?


If Question 1 = Yes
Question 3:  I1i(_t) > (TSc – Sci-1 + Minimum ( Fsoil, Faq)* _t)?


If Question 1 = No
Question 3:  I1i(_t) > (TSc - Sci-1 + Fsoil(_t))?


I2i = I1i


I2i = TSc – Sci-1 + x_t


If Question 1 = No, x = Faq
If Question 1 = Yes, x = Fsoil


I2i = TS – (Sci-1+Ssi-1) + Faq_t


RE2i = I1i – I2i
Vci = Sci-1 + I2i


Continued Next Page


Figure 5.   Mass Balance Logic Diagram
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Figure 5 – Mass Balance Logic Diagram (continued)


Isi = Oi


Vsi = Ssi-1 + Isi


If (Vsi ≥ (Faq_t)), Osi = Faq_t


Else,
Osi = Vsi


Ssi = Vsi - Osi


Variable Definitions


P = incremental rainfall rate (in/hr)
I = incremental rate into concrete (in/hr)
RE = rainfall excess (in/hr)
O = incremental rate out of the concrete (in/hr)
Is = incremental rate into soil (in/hr)
Os = incremental rate out of soil
TS = total storage available in concrete and soil (in)
TSs = total storage in soil (in)
TSc = total storage in soil (in)
Ss = water stored in soil (in)
Sc = water stored in concrete (in)
Is = incremental rate into soil (in/hr)
Os = incremental rate out of soil
Vs = Ssi-1 + Isi (in)
Vc = Sci-1 + Ii (in)


RETi = RE1i + RE2i
Sci = Vci – Oi


If ((TSs – Ssi-1 + Faq_t) ≥ Fsoil_t) and (Vci ≥ Fsoil_t)
Oi = Fsoil _t


Else,
If (TSs = Ssi-1)


Oi = Minimum (Faq_t, Vci)
Else
Oi = Minimum (Fsoil_t, Vci)


Input Parameters


Fconc = Concrete Conductivity Rate (in/hr)
Fsoil = Soil Conductivity Rate (in/hr)
Faq = Aquifer Conductivity Rate (in/hr)
Dconc = Depth of Concrete (in)
Dwt = Depth to Water Table (in)
Nconc = Concrete Porosity
Nsoil = Soil Porosity
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The rainfall data were sorted in such a way that if consecutive rainfall increment


readings had a time stamp and values were more than one hour apart that they would be


considered to belong to different rainfall events.  The data were amended by inserting


additional time stamps with zero incremental rainfall values into the precipitation data series


such that the computational time step was less than or equal to one hour.  The time step prior


to the start of a storm event was placed at the nearest half hour prior to the time stamp of the


first rain record for an event.  Average incremental rainfall rates were calculated by dividing


the current rainfall increment by the time difference between the current and previous


recorded time.  See Figure 6 for an example of how the rainfall data was amended.


  Figure 6 - Sample Rainfall Data Amendment


After the rainfall data were separated into individual rainfall events, rainfall events


totaling less than 0.03 inches were deleted from the record used in the mass balance.  These


records were considered to be inconsequential and lost primarily to evaporation.


2/9/2003 11:39 0.01
2/9/2003 11:49 0.01
2/9/2003 13:27 0.01
2/9/2003 13:33 0.01


Consecutive records
greater than one
hour apart


/9/2003 11:39 0.01
2/9/2003 11:49 0.01
2/9/2003 12:00 0
2/9/2003 13:00 0
2/9/2003 13:27 0.01
2/9/2003 13:33 0.01


The record is split
and additional time
stamps with null
rainfall values are
inserted such that
_t ≤ 1 hour.


Event A


Event B
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4.2 Mass Balance Parameters


The three basic flow parameters are defined as concrete flow rate, soil flow rate, and


the rate at which the water moved away from the water table.  Concrete and soil flow rates


used in the simulations were gathered during the field and lab investigations.  As stated


previously, a number of cores were taken at each site; the value used for calculations in the


mass balance model was an average value for each site.  The soil rate used was determined


by field tests as described previously.  A cross section representation of the mass balance, as


shown in Figure 2, illustrates the important parameters.


The assumed concrete porosity was taken to be 0.20.  Pervious concrete has typical


porosity values ranging from 0.18 to 0.35 (ACI 522R-06), thus 0.20 was used as a


representative value.  The depth of concrete used was the average for depth of the cores


taken at a specific site.


All of the soils sampled during field testing were fine, sandy soils except for Site 4.


A typical range of porosity for sandy soil is 0.25 – 0.55 (Charbeneau, 2000).  A value of


0.35 for soil porosity was utilized in the mass balance modeling.  Field measurement of the


water table was only possible at two of the Central Florida sites.  For the other two sites,


water table depth was taken as the normal high water table depth as specified by NRCS soil


survey maps for the respective areas. For Site 4, the clay layer was assumed to be at the


bottom of the backfill sandy soil and the water table an additional 25 inches below the fill


materials.
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Input Parameters
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Dwt


Faq                                    Faq


Figure 7 – Model Cross Section
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CHAPTER 5 – RESULTS AND DISCUSSION


5.1 Field Testing


The Florida sites were selected based upon proximity to the University, accessibility


and age.  A total of eight field sites were chosen for field investigation, four of which were


located in the Central Florida area: Sunray Storaway, Strang Communication, Murphy Vet


Clinic, and the Florida Concrete and Products Association (FCPA) Office.  These sites range


in age from six to 20 years with an average age of about 12 years.


The four other sites included locations in Tallahassee, Florida, Florida Department of


Environmental Protection (FDEP) Office; Atlanta, Georgia, Southface Institute; Guyton,


Georgia, Effingham County Landfill; and, finally, Greenville, South Carolina, Cleveland


Park.  See Table 1 for a summary of the sites visited and the order of visitation.


Table 1 - Field Sites in Florida, Georgia, and South Carolina


Site Site Name Description Number
of Cores


Age
(years)


1 Sunray Storaway Paved Areas at Storage Facility 6 14


2 Strang
Communication Paved Parking Area 3 13


3 Murphy Vet Clinic Paved Parking Area 3 18


4 Florida Department
of Env. Protection Paved Loading Area 6 20


5 Florida Concrete &
Products Assoc. Paved Parking Area 3 6


6* Southface Institute Paved Parking Area/Driveway 3 10
7** Cleveland Park Paved Parking Area 3 10


8* Effingham County
Landfill Paved Dumpster Pad 3 7


* Sites in Georgia ** Site in South Carolina
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Depending on the size of the pervious area at the site, either three or six cores were


extracted.  A total of 30 cores were taken from all of the sites.  The single-ring infiltrometer


method was successfully used at only three of the five Florida sites tested – Sunray


Storaway (four cores tested), Strang Communication (two cores tested), and the FDEP


Office (four cores tested).  Access to power was a limitation at the remaining two Florida


sites.


The single-ring infiltration test at existing sites was not applicable for three of the


sites that had gravel reservoirs with crushed granite.  The reservoir prevented the insertion of


the single-ring infiltrometer passed the depth of the concrete layer, thus the test could not be


run.


Upon returning the cores to the University of Central Florida Stormwater


Management Academy’s Laboratory, all of the cores were individually tested for infiltration


rate using the technique mentioned before as illustrated in Figure 4.  Field and laboratory


test rates are comparatively presented in Table 2.  It is noted that the field site test also


included infiltration through the sub-soils, which may have been the limiting rate. Though


there is not sufficient field data for an accurate comparison, available field-obtained


infiltration data does not correlate with data obtained through laboratory experimentation.


Instances where the field rates are less than those obtained in the laboratory may perhaps be


explained as the subsoil slowing down the movement of water thus producing lower


infiltration rates.  However, a possible explanation for the instances where reported field


rates are greater than infiltration rates in the laboratory experimentation may be due to


leakage around the edge of the core.
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Table 2 – Core Pervious Concrete Infiltration Rate Data


Site # Core# Field Results (in/hr)* Lab Results (in/hr)* Core Depth (in)
1 -- 627 ** 5.1
2 17.8 34.5 5.1
3 17.7 20.2 5.5
4 10.5 3.7 6.9
5 -- 4.8 5.8


Site 1


6 10.4 3 6.0
1 -- 1.4 7.1
2 17.3 5.6 7.0Site 2
3 10.6 7.1 7.1
1 -- 2.3 6.0
2 -- 19.7 6.1Site 3
3 -- 24 5.9
1 -- 0 5.6
2 -- 4.4 5.0
3 0.17 1.3 6.1
4 0.29 4.8 8.9
5 -- 1 5.9


Site 4


6 1.8 5.2 8.1
1 -- 4.3 7.6
2 -- 5.8 7.0Site 5
3 -- 1.8 6.8
1 -- 188 8.4
2 -- 2.3 7.9Site 6
3 -- 0 8.5
1 -- 86.2 6.8
2 -- 3.2 7.5Site 7
3 -- 84.7 8.9
1 -- 30.8 6.1
2 -- 11 5.8Site 8
3 -- 187 6.3


-- Denotes sites where field data are not available


* Field rates at 3 inch head, laboratory at 9 inch head.


** Site had no indication of traffic flow or deposition.
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In addition to single-ring infiltration tests on the concrete cores, one single-ring


infiltration test was conducted with the core removed to measure a comparative infiltration


rate for the soil.  This single-ring infiltrometer field test was conducted on the soil at each of


the sites in Florida.   Soil samples were collected at each Florida site for lab analysis.


Geotechnical analyses were conducted on the soil in the laboratory including sieve analysis


and constant-head hydraulic conductivity test.  A summary of information pertaining to the


soils collected at each site, including results from the geotechnical analyses and the in-situ


single-ring infiltrometer field test, are shown in Table 3.  Only two of the available field test


infiltration rates fall within the range of conductivities obtained from constant-head


permeability tests in the laboratory.  The remaining field infiltration rates are greater than


the hydraulic conductivities predicted from laboratory testing.  Discrepancies could be the


result of two factors: the infiltration rates determined by the single-ring test do not take into


account the head of water used during the test and the soil samples tested in the lab were


disturbed samples and may not reflect exactly the same attributes as the soil would in its in


situ state.


Visual observations and conversations with individuals with personal knowledge at


each site indicated rare occurrence of runoff.  Also, frequent vehicle traffic was noted at


each site and at the landfill site, routine front-end loader traffic was noted.


Pitt (2002) reported for modified compacted sandy soils similar to that at sites 1-3, a


limiting soil infiltration rate of about 5 inches per hour.  He used a 4.5 inch head for the test.


His result is close to the minimum rate of 5.4 inches per hour reported within this work.


Soil compaction and site variability are believed to control the rate more than the small (3-9


inch) head difference between the field and the laboratory testing.
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Table 3 – Soils Infiltration Data


Field Results Hydraulic Conductivity LabSite # Soil Type (Sieve Analysis)
(in/hr) (in/hr)


Site 1 Fine Sand 14.8, 34.5 17 – 21
Site 2 Fine Sand with Silt 5.4 11.3 – 24
Site 3 Fine Sand 21.5 3.4 - 7.9
Site 4 Well Graded Sand Over Clay 15.6 10.85, 0.009**
Site 5 Fine Sand 8.8 1.9 - 7.3
Site 6 Gravel Reservoir Clay* -- --
Site 7 Gravel Reservoir Clay* -- --
Site 8 Gravel Reservoir Clay* -- --
*   Field observation only. No lab results taken.
** Clay conductivity rate
--  No data available


Table 4: Laboratory Concrete Compared to Field Concrete and Soil Infiltration Rates


Test Location


Laboratory Concrete
Limiting Infiltration Rate


Data


Field Derived Concrete
Average Limiting Infiltration


Rate


Field
Soil
Rate


 (in/hr) (in/hr) (in/hr)
Site 1 – Area 1  20.2, 34.5, 627 17.8 34.5
Site 1 – Area 2  3.0, 3.7, 4.8 10.5 14.8
Site 2  1.4, 5.6, 7.1 14.0 5.4
Site 3  2.3, 19.7, 24 -- 21.5
Site 4 – Area 1  0, 4.4 0.17 15.6
Site 4 – Area 2  1.0, 4.8, 5.2 1.05 15.6
Site 5  1.8, 4.3, 5.8 -- 8.8
Site 6  0, 2.3, 188 -- --
Site 7 3.2, 84.7, 86.2 -- --
Site 8 10.3, 30.8, 187 -- --
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The average concrete infiltration rates with average soil infiltration rates are


compared in Table 4 for the respective sites visited.  Presented are the range of and average


concrete infiltration rates for each site as they were measured using the laboratory


infiltration test.  Average soil rate is based upon the single-ring infiltrometer test conducted


on the soil.  Soil rates could not be obtained for the non-Florida locations because each site


was constructed with a gravel reservoir layer that prevented application of the single-ring


infiltration test or the collection of soil samples.


From Table 4 most of the infiltration rates indicate that at the sandy soil sites the


concrete rate is generally the control factor for the overall rate at which the system infiltrates


stormwater.  However, the concrete and soil infiltration rates at sites 1-3 are all greater than


1.4 inch per hour which is sufficient to capture a large percentage of rain (80% or more)


over the course of a year (see Figure 8, Faq = 0.16 in/hr).


5.2 Mass balance


5.2.1 Simulation


Table 5 summarizes the input values and results for an annual mass balance


simulation.  From the table, it is clear that the mass balance predicts that the majority of the


parking lots perform with excellent efficiency, even after years of operation.  The one


exception, Site 4, performed poorly for a number of reasons.  The most significant of which


is poor construction techniques.  Improper mix design and poor placement techniques


created a pervious concrete with low infiltrative ability, clogging notwithstanding.


Realistically, the porosity shown at Site 4 should probably be less than 0.2 because of poor


mix quality.  However, porosity tests were not conducted on the cylinders, so an average


value was used for all cases.
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Additionally, Site 4 was built on top of clayey subsoil with about one foot or less of


sand reservoir beneath the concrete.  The shallow reservoir constructed over such a low


permeability stratum provided some storage for infiltrate.  All of the other Florida sites were


constructed on top of a natural fine sand material without any reservoir.


Manipulation of the model through various simulations provided important insight


into the operation of the system.  The two most sensitive factors for % of yearly retention


and runoff on an annual basis are the conductivity rates for the concrete and for the water


table (aquifer) decline.  The rate for concrete (Fconc) limits the rate at which water enters the


system and produces an initial amount of runoff based upon the difference between the rate


of rainfall and the limiting rate of infiltration through the concrete.  The water table rate (Faq)


can influence runoff in addition to that caused by impeding the movement of water through


the system, thereby reducing the amount of available storage between rain events within the


concrete and the subsoil.  Sensitivity results are shown in Figure 8.


Figure 8 – Faq Sensitivity for Yearly Volume Retention
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Table 5 - Mass Balance Results
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5.2.2 Yearly Retention


The spreadsheet calculation matrix was developed to simulate the hydrologic


performance (retention) of pervious concrete.  Using a range of pervious concrete infiltration


rates and one year of precipitation data from central Florida, nearly 100 percent infiltration


can be expected for a limiting pervious concrete infiltration rate for 3.5 inches per hour.


This retention assumes a sandy soil with a soil infiltration rate of 5.4 in/hr (Figure 9).


A stormwater management credit of 80 percent (yearly infiltration volume) can be


applied to pervious concrete areas using central Florida rainfall provided the site data are as


listed in Figure 9, and so long as the limiting pervious concrete infiltration rate exceeds 1.5


inches per hour.  A similar efficiency graph results when the soil infiltration rate (Fsoil) is as


low as 1.0 inches per hour, and a depth to water table of only 12 inches.
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CHAPTER 6 – CONCLUSION AND RECOMMENDATIONS


Data collected and presented over the course of this study provided evidence that


pervious concrete retains an infiltrative capacity, provided proper installation, even after


years of use.  No maintenance was performed at any of the sites.  Sites 1, 2, 3 and 5, the four


located in Central Florida, had an average of 12.8 years of operation and produced cores


with infiltration rates ranging from 1.4 – 627 inches per hour.  Excluding the infiltration rate


of 627 inches per hour, the average infiltration rate for those sites was 9.87 inches per hour


and the median value was 5.2 inches per hour.   Considering all of the cores, the laboratory


infiltration rates ranged from 0 – 627 inches per hour.  It is important to note that the two


cores that produced infiltration rates of zero did so as a result of poor installation or a mix


that actually clogged pores at the surface.


Excluding the three values greater than 100 and those that were zero, the average


infiltration rate for the cores is 8.1 inches per hour and the median value is 4.4 inches per


hour.   These rates indicate that properly installed pervious concrete can continue to infiltrate


even without routine maintenance.   For new construction, the infiltration rates of the


pervious concrete exceeded that of the parent earth sub-soils, as found at the Stormwater


Lab.  Thus at first, the limitation to infiltration rate and storage of rain was the sub-soils.


After years of operation, however, the system limiting infiltration rate was the pervious


concrete in most cases.


Recommendation #1


The single-ring infiltrometer for existing site testing was used.  The test was applied


for pervious concrete infiltration estimates, while opening of the sub-soil for infiltration
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estimates, and facilitating the extraction of 30 pervious concrete cores.  Infiltration data


collected in the field was not highly correlated with laboratory data produced as evidenced


in Table 2.  The differences in the infiltration measures could have been caused by leakage


in the field seal around the embedded ring or a number of other conditions when samples are


extracted from the field site to a laboratory setting.  Additionally, the field test of existing


concrete is labor intensive and destructive as it requires drilling cores through the pervious


concrete in the system being tested.  Another limitation of this testing method is that it only


functions well when the pervious concrete system is constructed on a sandy soil.   The


single-ring infiltrometer could not be embedded in the gravel reservoirs on Sites 6 – 8. Also,


testing at Site 4 was difficult due to the proximity of the clay layer to the bottom of the


concrete in some places.  Nevertheless the concept of testing the pervious concrete and the


soil as one system proved valuable and lead to the recommendation that a single ring


infiltrometer should be placed in the pervious concrete and about 8 inches into the sub-


soil during the construction phase and used for testing infiltration rates in the future.


Embedding the infiltrometer and filling it with concrete will prevent side wall effects that


may cause leakage if the ring were embedded after construction.


Recommendation #2


Mass balance modeling shows that the pervious concrete section of this research can


significantly reduce yearly runoff volume based on an average year of precipitation data.  A


performance of nearly 100 percent retention can be expected with concrete infiltration rates


as little as 3.5 inches per hour with sandy conditions found at test sites.  Based on the


modeling parameters of a level surface, curbing, and the mix of pervious concrete, it is


recommended that the pervious concrete section include a sandy sub base material
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with at least a two foot depth to the seasonal high water table.  When the system


infiltration rate is measured by the embedded infiltrometer and the rate is below 1.5


inches per hour, it is recommended that the pervious concrete must be cleaned.


Recommendation #3


Based on the modeling using the data collected, it is recommended that credit for


infiltration of rainwater on pervious concrete systems be given for stormwater


treatment.


6.1 Future Research


The conclusions of this research have provided several aspects that could be further


investigated.  These relate to the testing methodology and the mass balance simulation.


6.1.1 Recommendations for Testing


To understand and determine yearly volume retention credit for existing pervious


concrete with gravel reservoirs for stormwater treatment, it is essential to develop an


alternative testing method to address structures that are built with gravel reservoirs. The


method of testing existing sites during the course of this study proved unsuccessful with


such systems where a gravel reservoir layer was installed.  However, when the infiltrometer


ring is embedded during construction and penetrates through the gravel and into the soil


layer, the field derived infiltration rates can be used in the modeling.


It will be necessary to expand upon the testing method utilized in this study in order


to provide a variety of perspectives on the topic.  One recommendation is to perform a


comparative analysis of infiltration rates using different heads in the single-ring embedded
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versus a double ring embedded infiltrometer.  Standard depths were used in the testing, such


as, three inches for field tests and nine inches for laboratory tests.  However, in reality,


pervious concrete would rarely experience a water depth of nine inches in parking lots.


Most likely it would only endure ponding as great as three inches, and then only during


extreme rainfall events.  It would be of interest to note how head affects the readings


produced from these tests and if it in some way needs to be accounted for in calculations.


Again, it is important to note that the single ring infiltrometer test as used to measure


rates at existing sites can also be done by permanently embedded the ring in the concrete


during construction.  Thus eliminating the effort needed after construction and destruction of


the sampling technique.  With the addition of an in-situ infiltrometer during the construction


phase, a longitudinal study to examine changes in rates over time or with seasonal changes


can be done.  Specifically, does the pervious concrete experience a greater build up of debris


during drier periods and experience a “washing” effect during periods of high precipitation?


This could result in a seasonal variation of performance efficiency.


6.1.2 Recommendations for the Mass Balance


The model can also be used to simulate a flood condition from a single event rainfall


event.   It is recommended that this single event be used in series with previous rainfall


events to determine the storage within the system prior to the flood producing rainfall.


Some model improvements may be helpful to create more realistic simulations. The


first of which is to allow for the simulation to consider unsaturated flow within the soil.


This would include the movement of wetting in fronts from the initial point of infiltration


until contact with the water table.  In the current approach, the water moves through the soil
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layer at a constant rate and there is no lag time between water entering and exiting the layer


or water that moves into a layer is immediately available to leave as outflow.  Unsaturated


flow conditions would allow for a greater detention time of the infiltrate within the soil


layer.  This may be important for slow infiltrating sub soils.


Another improvement is to consider a depth of additional surface storage that could


be provided should raised curbs be incorporated into the pervious concrete system.  This


amendment would have to consider the effects of surface storage on the system behavior and


would also have to incorporate an additional “mass out” term that would account for weir


flow when overtopping of the curb occurred.  In conjunction with curbing improvement


would be a function for evaluation of the excess rainfall as a function of slope, time, and


evaporation.  Another recommendation for additions to the model would be an additional


sink term for evaporation losses.  Accounting for evaporation would yet again refine the


simulation to perform more closely to real world operation.
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APPENDICES: DATA
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APPENDIX A:


Field Data and Results
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  Sun Ray Store-Away, Lake Mary, Florida
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  Strange Communications Parking Lot, Lake Mary, Florida
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 Murphy Vet Clinic Parking Lot, Sanford, Florida
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  FDEP Office Parking Lot, Tallahassee, Florida
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 FPCA Office Parking Lot, Orlando, Florida
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APPENDIX B:


Laboratory Data and Results
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Area 106.1 in2


Site 1
Core 1
Initial
Amount 10 Liters
Time 33 Seconds


Rate 303 mL/s
18182 mL/min
1110 in3/min


Infil Rate 627 in/hr


Site 1
Core 2
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 590 2000 1410 1410 Average
2 0 2000 2000 3410 1000 mL/min
4 0 2000 2000 5410 61 in3/min
6 0 2000 2000 7410
8 0 2000 2000 9410 Infil. Rate 34.5 in/hr


Site 1
Core 3
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 200 1000 800 800 Average
3 360 2000 1640 2440 586 mL/min
5 560 2000 1440 3880 36 in3/min
7 610 2000 1390 5270
9 480 2000 1520 6790 Infil. Rate 20.2 in/hr
11 900 2000 1100 7890
13 750 2000 1250 9140
15 800 2000 1200 10340
17 860 2000 1140 11480
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Site 1
Core 4
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 955 1000 45 45 Average
3 915 1000 85 130 107.5 mL/min
5 860 1000 140 270 7 in3/min
7 900 1000 100 370
9 920 1000 80 450 Infil. Rate 3.7 in/hr
11 890 1000 110 560


Site 1
Core 5
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 900 1000 100 100 Average
3 710 1000 290 390 138 mL/min
5 700 1000 300 690 8 in3/min
7 750 1000 250 940
9 730 1000 270 1210 Infil. Rate 4.8 in/hr
11 730 1000 270 1480


Site 1
Core 6
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 980 1000 20 20 Average
3 825 1000 175 195 86.25 mL/min
5 825 1000 175 370 5 in3/min
7 810 1000 190 560
9 850 1000 150 710 Infil. Rate 3.0 in/hr
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Site 2
Core 1
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 1000 1000 0 0
3 870 1000 130 130 Average
5 1000 1000 0 130 40 mL/min
7 910 1000 90 220 2 in3/min
9 1000 1000 0 220
11 930 1000 70 290 Infil. Rate 1.4 in/hr
13 910 1000 90 380
15 920 1000 80 460


Site 2
Core 2
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 760 1000 240 240
3 350 1000 650 890 Average
5 600 1000 400 1290 163 mL/min
7 840 1000 160 1450 10 in3/min
9 730 1000 270 1720
11 670 1000 330 2050 Infil. Rate 5.6 in/hr
13 710 1000 290 2340
15 790 1000 210 2550
17 700 1000 300 2850


Site 1
Core 3
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 790 1000 210 210
3 610 1000 390 600 Average
5 580 1000 420 1020 205 mL/min
7 570 1000 430 1450 13 in3/min
9 590 1000 410 1860
11 600 1000 400 2260 Infil. Rate 7.1 in/hr
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Site 3
Core 1
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 890 1000 110 110
3 870 1000 130 240 Average
5 750 870 120 360 66 mL/min
7 850 1000 150 510 4 in3/min
9 720 850 130 640
11 870 1000 130 770 Infil. Rate 2.3 in/hr


Site 3
Core 2
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 50 1000 950 950
3 400 2000 1600 2550 Average
5 450 2000 1550 4100 570 mL/min
7 860 2000 1140 5240 35 in3/min
9 700 2000 1300 6540
11 860 2000 1140 7680 Infil. Rate 19.7 in/hr
13 870 2000 1130 8810
15 850 2000 1150 9960


Site 3
Core 3
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 100 1000 900 900
3 480 2000 1520 2420 Average
5 600 2000 1400 3820 695 mL/min
7 600 2000 1400 5220 42 in3/min
9 630 2000 1370 6590
11 610 2000 1390 7980 Infil. Rate 24.0 in/hr
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Site 4
Core 1
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL) Average


1 1000 1000 0 0 0 mL/min
3 1000 1000 0 0 0 in3/min
5 1000 1000 0 0


Infil. Rate 0.0 in/hr


Site 4
Core 2
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 970 1000 30 30
3 830 1000 170 200 Average
5 730 1000 270 470 129 mL/min
7 740 1000 260 730 8 in3/min
9 750 1000 250 980
11 750 1000 250 1230 Infil. Rate 4.4 in/hr


Site 4
Core 3


Initial
Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 980 1000 20 20
3 960 1000 40 60 Average
5 938 1000 62 122 38 mL/min
7 890 1000 110 232 2 in3/min
9 860 1000 140 372
11 930 1000 70 442 Infil. Rate 1.3 in/hr
13 920 1000 80 522
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Site 4
Core 4
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 915 1000 85 85
3 710 1000 290 375 Average
5 790 1000 210 585 139 mL/min


7.5 690 1000 310 895 8 in3/min
10 660 1000 340 1235


12.5 750 1000 250 1485 Infil. Rate 4.8 in/hr


Site 4
Core 5
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 1000 1000 0 0
3 940 1000 60 60 Average
5 920 1000 80 140 28 mL/min
7 940 1000 60 200 2 in3/min
9 940 1000 60 260
11 950 1000 50 310 Infil. Rate 1.0 in/hr


Site 4
Core 6
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 580 1000 420 420
3 220 1000 780 1200 Average
5 500 1000 500 1700 152 mL/min
7 675 1000 325 2025 9 in3/min
9 740 1000 260 2285
11 700 1000 300 2585 Infil. Rate 5.2 in/hr
13 660 1000 340 2925
15 710 1000 290 3215
17 470 710 240 3455
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Site 5
Core 1
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 860 1000 140 140
3 700 1000 300 440 Average
5 750 1000 250 690 125 mL/min
7 740 1000 260 950 8 in3/min
9 760 1000 240 1190
11 750 1000 250 1440 Infil. Rate 4.3 in/hr


Site 5
Core 2
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 800 1000 200 200
3 600 1000 400 600 Average
5 650 1000 350 950 168 mL/min
7 700 1000 300 1250 10 in3/min
9 660 1000 340 1590
11 670 1000 330 1920 Infil. Rate 5.8 in/hr
13 660 1000 340 2260


Site 5
Core 3
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


1 0 1000 1000 1000
3 850 1000 150 1150 Average
5 880 1000 120 1270 52 mL/min
7 860 1000 140 1410 3 in3/min
9 900 1000 100 1510
11 900 1000 100 1610 Infil. Rate 1.8 in/hr
13 890 1000 110 1720
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Site 6
Core 1
Initial


2.33 mins for 8 inches of water to drain through


Vol water 849.1 in^3


Rate 3.1 in/min
188 in/hr


Site 6
Core 1
Initial


Time Reading of
Volume
Added Volume/min


Cum
Added


(min) (mL) (mL) (mL) (mL/min) (mL)
2 780 1000 220 110 220
5 600 1000 400 133 400 Average
6 850 1000 150 150 150 68 mL/min
8 770 1000 230 115 230 4 in3/min
10 740 1000 260 130 260
12 880 1000 120 60 120 Infil. Rate 2.3 in/hr
14 850 1000 150 75 150
16 820 1000 180 90 180
18 910 1000 90 45 90
20 860 1000 140 70 140
22 830 1000 170 85 170
24 900 1000 100 50 100


Site 6
Core 3
Initial
Infil Rate 0 in/hr
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Site 7
Core 1
Initial


Time Reading of Volume Added Cum Added Average
(min) (mL) (mL) (mL) (mL) 2500 mL/min


2 0 5000 5000 5000 153 in3/min
4 0 4000 4000 9000
6 0 6000 6000 15000 Infil. Rate 86.2 in/hr
8 0 5000 5000 20000
10 0 5000 5000 25000


Site 7
Core 2
Initial


Time Reading of Volume Added Cum Added Average
(min) (mL) (mL) (mL) (mL) 92 mL/min


2 820 1000 180 180 6 in3/min
4 810 1000 190 370
6 820 1000 180 550 Infil. Rate 3.2 in/hr


Site 7
Core 3
Initial


Time Reading of Volume Added Cum Added
(min) (mL) (mL) (mL) (mL)


2 440 6000 5560 5560
4 0 5000 5000 10560 Average
6 300 5000 4700 15260 2456 mL/min
8 300 5000 4700 19960 150 in3/min
10 400 5000 4600 24560


Infil. Rate 84.7 in/hr
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Site 1
Core 1
Initial


Time Reading of Volume Added Cum Added Average
(min) (mL) (mL) (mL) (mL) 894 mL/min


2 160 2000 1840 1840 55 in3/min
4 130 2000 1870 3710
6 310 2000 1690 5400 Infil. Rate 30.8 in/hr
8 200 2000 1800 7200
10 260 2000 1740 8940


Site 1
Core 2
Initial


Time Reading of Volume Added Cum Added Average
(min) (mL) (mL) (mL) (mL) 318 mL/min


2 320 1000 680 680 19 in3/min
4 380 1000 620 1300
6 370 1000 630 1930 Infil. Rate 11.0 in/hr
8 390 1000 610 2540


Site 1
Core 3
Initial
drained 8" in 2:34 minutes


Vol water 849.1 in^3


Rate 3.1 in/min
187 in/hr
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Pervious Concrete Research Compilation 
Past, Present and Future 
Revised November 2008 
  
Investigator: Dr. Heather J. Brown 
Concrete Industry Management Program 
Middle Tennessee State University 
 


PLEASE NOTE: TO ACCESS THE LINKS INCLUDED WITH THIS DOCUMENT, 
YOU MUST BE CONNECTED TO THE INTERNET. 


 
Research Categories 
APPLICATIONS AND CASE STUDIES  
CONSTRUCTION TECHNIQUES 
DURABILITY AND MAINTENANCE 
HYDROLOGICAL AND ENVIRONMENTAL DESIGN 
MIX DESIGNS 
SPECIFICATIONS AND TEST METHODS 
STRUCTURAL DESIGN AND PROPERTIES 
CURRENT ACTIVITY 
 
Additional Information 
SUMMARY AND FUTURE RESEARCH NEEDS 
STATE AND REGIONAL ASSOCIATION AND LOCAL UNIVERSITY RESOURCES 
ADDITIONAL RESOURCES 
 
APPLICATIONS AND CASE STUDIES 
 
Porous Pavements: The Overview 
Ferguson, B. K., University of Georgia 
Eight years of research have recently concluded with the first comprehensive review of porous 
pavement technology and applications resulting in the book, Porous Pavement, authored by 
Bruce Ferguson. It defines nine families of porous paving material each of which has 
distinctive costs, maintenance requirements, advantages and disadvantages for different 
applications, installation methods, sources of standard specifications, and performance levels. 
 
Learning Pervious: Concrete Collaboration on a University Campus 
Hein, M. F. and Schindler, A. K., Auburn University 
On the campus of Auburn University, architecture and construction students are working side 
by side with university facilities personnel as they learn by building with pervious concrete. 
Since the fall of 2003, six pervious concrete slab projects have been successfully built 
including: a sidewalk, a parking lot, a paved picnic area, and colored pervious arboretum 
walking trails. Each new project has been filled with learning opportunities as students and 



http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Porous%20Pavements%20-%20The%20Overview.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Learning%20Pervious%20-%20Concrete%20Collaboration%20between%20Workers%20and%20Students%20on%20a%20University%20Campus.pdf
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workers have experimented with the materials and application techniques of pervious 
concrete. 
 
Case Study of a 10 Year-Old Subdivision with 200 Pervious Pavement Driveways 
Amekuedi, G., Ready Mixed Concrete Company 
This presentation highlights the performance of 200 pervious pavement driveways placed in 
1995 in a residential subdivision. 
 
The Use of Pervious Concrete at Wal-Mart 
Pool, A. V., National Ready Mixed Concrete Association 
This presentation highlights the use of pervious concrete at a number of Wal-Mart stores, 
including two environmental "experimental" Wal-Mart stores. 
 
Pumped-in-Place Permeable Grout Systems, Permeation Grouting Bechtel Corporation 
Technical Grant, pp. 1-44, 2002 
Yen, P. T., Sundaram, P. N., and Godwin, W. A., 
The technology of grout injection to provide structural support beneath foundations has been 
practiced in construction since 1802. The materials have traditionally been a mixture of 
portland cement, water and often a filler, such as sand. This is mixed as a slurry and pumped 
into the desired area, usually the interface between constructed foundations and the in situ soil 
or rock, forming a structural bond that is rigid and not normally pervious. 
 
ACPA, Cement-Treated Permeable Base for Heavy-Traffic Concrete Pavements, IS404, 
American Concrete Pavement 
In recent years, several agencies have experimented with or specified drainable pavements on 
interstate and other major roadways where experience has indicated the potential for 
pavement faulting and pumping.  These drainable systems consist of highly permeable base 
courses and edge drains that are designed to carry infiltrated surface water away very rapidly. 
 
Pervious Concrete Pavements On Slope, 2004 Pages 13 to 14  
Tennis, P. D., Leming, M. L., and Akers, D. J., PCA and NRMCA 
Pervious concrete pavements have been placed successfully on slopes up to 16%. In these 
cases, trenches have been dug across the slope, lined with 6-mil visqueen, and filled with rock 
(CCPC 2003). (See Figures 8 and 9.) Pipes extending from the trenches carry water traveling 
down the paved slope out to the adjacent hillside. The high flow rates that can result from 
water flowing downslope also may wash out subgrade materials, weakening the pavement. 
Use of soil filter fabric is recommended in these cases. 
 
Building and Nonpavement Applications of No-Fines Concrete - Journal of Materials in Civil 
Engineering, Volume 7, Number 4, November 1995b, pages 286 to 289 
Ghafoori, N. and Dutta, S. 
No–fines concrete is defined as a type of concrete from which the fine aggregate component of 
the matrix is entirely omitted. The aggregate is of a single size and finished product is a cellular 
concrete of comparatively low strength and specific weight. The cellular nature eliminates 
capillary attraction and provides greater thermal insulation and water permeability than exists 
in conventional concrete. The advantages of no–fines concrete for different construction 
purposes have long been recognized. 
 



http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Case%20Study%20of%20a%2010%20Year%20Old%20Subdivision%20with%20200%20Pervious%20Pavement%20Driveways.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/The%20Use%20of%20Pervious%20Concrete%20at%20Wal-Mart.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Pumped-in-Place%20Permeable%20Grout%20Systems,%20Permeation%20Grouting.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Pumped-in-Place%20Permeable%20Grout%20Systems,%20Permeation%20Grouting.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Cement-Treated%20Permeable%20Base%20for%20Heavy-Traffic%20Concrete%20Pavements.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Cement-Treated%20Permeable%20Base%20for%20Heavy-Traffic%20Concrete%20Pavements.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Pervious%20Concrete%20Pavement%20On%20Slope.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Building%20and%20Nonpavement%20Applications%20of%20No-Fines%20Concrete.pdf
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No-Fines Pervious Concrete for Paving - Concrete International, American Concrete Institute, 
August 1988, pages 20 to 27.  
Meininger, R. C. 
Results of a laboratory study of no-fines pervious concrete for paving are presented. 
Conclusions are drawn regarding the percentage of air voids needed for adequate 
permeability, the optimum water-cement ratio range, and the amounts of compaction and 
curing required. Recommendations are made regarding appropriate uses for this type of 
concrete.  
 
Porous Portland Cement Concrete as an Airport Runway Overlay - Special Report 89-12, U.S. 
Army Cold Regions Research and Engineering Laboratory, Hanover, N. H., 20 pp, 1989 
Korhonen, C. J. and Bayer, J. J. 
A company recently introduced a special mixing method for producing stronger porous 
portland cement concrete than that made using standard mixing techniques.  The process, 
which includes no admixtures, relies on a patented high-speed mixer to achieve the claimed 
results. 
 
Laboratory Study of Porous Concrete for its Use as Top Layer of Concrete Pavements - 
Proceedings of the Fifth International Conference on Concrete Pavement and Rehabilitation, 
Purdue University, Indiana, USA, 1993, Vol.2, pp. 125-139 
Onstenk, E., Aguado, A., Eickschen, E., and Josa, A. 
A laboratory study of porous concrete for its use as top layer of concrete pavements. 
 
An Overview of Porous Pavement Research - Water Resources Bulletin. Vol. 18 no. 2, pp. 
265-270, (1982a) 
Field, R., Masters, H. and Singer, M. 
This paper discusses the economics, advantages, potential applications, and status and future 
research needs of porous pavements.  Porous pavements are an available stormwater 
management technique which can be used on parking lots and low volume roadways in order 
to reduce both stormwater runoff volume and pollution. In addition, ground water recharge is 
enhanced. 
 
Status of Porous Pavement Research - Water Research Vol. 16 no. 6 pp. 849-858 June 1982, 
(1982b) 
Field, R., Masters, H. and Singer, M. 
This paper discusses the U.S. Environmental Protection Agency's porous pavement research 
program along with the economics, advantages, potential applications, and status and future 
research needs of porous pavements. Porous pavements are an available stormwater 
management technique which can be used on parking lots and low volume roadways to 
reduce both stormwater runoff volume and pollution. In addition, groundwater recharge is 
enhanced. 
 
Heavy Metal Retention Within A Porous Pavement Structure - Department of Civil Engineering, 
Urban Water Management, University of Essen, Universitaetsstrassee15, 45141 Essen, 
Germany 
Dierkes, C, Holte, A., and Geiger, W.F. 
Porous pavements with reservoir structure for infiltration of runoff from parking spaces and 
residential streets offer the opportunity to dispose of water without using additional space in 
urban areas. However, pollutants in urban runoff endanger soils and groundwater, when 



http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/No-Fines%20Pervious%20Concrete%20for%20Paving-Meininger.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Porous%20Portland%20Cement%20Concrete%20as%20an%20Airport%20Runway%20Overlay.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Laboratory%20Study%20of%20Porous%20Concrete%20for%20its%20Use%20as%20Top%20Layer%20of%20Concrete%20Pavements.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/An%20Overview%20of%20Porous%20Pavement%20Research.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Status%20of%20Porous%20Pavement%20Research.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Status%20of%20Porous%20Pavement%20Research.pdf

http://www.perviouspavement.org/PDFs/heavy%20metal%20retention%20with%20pervious%20pavement.pdf
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pollutant retention in the structure is not sufficient. Porous pavement structures with four 
different subbase materials were tested in rigs. 
 
Performance Assessment of Portland Cement Pervious Pavement Used as a Shoulder for an 
Interstate Rest Area Parking Lot - Stormwater Management Academy - University of Central 
Florida 
Wanielista, M. and Chopra, M. 
A pervious concrete shoulder was constructed along a rest stop on Interstate 4 in central 
Florida.  The shoulder was 90 feet long and 10 feet wide.  The depth of pervious concrete was 
10 inches.  A 12-inch deep reservoir consisting of select pollution control materials was used 
beneath the pervious concrete.  The shoulder was monitored over a one year period for wear 
and stormwater management. 
 
Cast-in-Place Allows Water to Pass Through - ©2008 Portland Cement Association 
Pervious concrete is made from carefully controlled amounts of water and cementitious 
materials used to create a paste that forms a thick coating around aggregate particles. Unlike 
conventional concrete, the mixture contains little or no sand, creating a substantial void content 
– between 15% to 25%.  
 
 
Development of No-fines Concrete Pavement Applications - Journal of Transportation 
Engineering, Vol. 121, No. 3, May/ June 1995, pp. 283- 288 
Ghafoori, N. and Dutta, S. 
No-fines concrete is a type of concrete from which the fine aggregate is totally omitted and 
single-sized coarse aggregates are held together by a binder consisting of a paste of hydraulic 
cement and water. The earliest application of no-fines concrete dates back to 1852. 
 
Bellingham, WA, Case Study 
A residential homebuilder was interested in sustainable construction and decided to try 
pervious paving in an alley that provides access to homes. This was the first application of a 
pervious concrete roadway in a Whatcom County right-of-way. 
 
How Pervious Concrete Works: Article and Diagram 
Essentially, pervious concrete is a structural concrete pavement with a large volume (15 to 35 
percent) of interconnected voids. Like conventional concrete, it is made from a mixture of 
cement, coarse aggregates, and water. However, it contains little or no sand, which results in a 
porous open-cell structure that water passes through readily. 
 
Pioneering Pervious Pavement at Stratford Place Task Force Assists City of Sultan and 
Developer, Craig Morrison of CMI INC. - Elements: Sustainable Snohomish County, June 2006 
Vol. II, Issue 5 
O’dahl, C. A. 
City of Sultan has pioneered pervious pavement in Snohomish County, WA. This 
groundbreaking project paves the way for pervious pavement as a proven technology to 
provide an alternative to traditional stormwater management on public streets. 
 



http://www.dot.state.fl.us/research-center/Completed_Proj/Summary_RD/FDOT_BD521_02_rpt4.pdf

http://www.dot.state.fl.us/research-center/Completed_Proj/Summary_RD/FDOT_BD521_02_rpt4.pdf

http://www.concretethinker.com/Papers.aspx?DocId=10

Applications%20and%20Case%20Studies/Field%20Performance%20Investigation%20on%20Parking%20Lot%20and%20Roadway%20Pavements.pdf

Applications%20and%20Case%20Studies/Field%20Performance%20Investigation%20on%20Parking%20Lot%20and%20Roadway%20Pavements.pdf

Applications%20and%20Case%20Studies/Field%20Performance%20Investigation%20on%20Parking%20Lot%20and%20Roadway%20Pavements.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Bellingham%20case%20study.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/How%20Pervious%20Concrete%20Works.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/stratford%20case%202.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/stratford%20case%202.pdf
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Pervious Concrete: The Smart Stormwater Solution 
Morrison, C. L. 
You know the stuff: impervious to water, channels runoff. But what happens when - without 
sacrificing strength or durability - water drains right through it? Consider if roads and 
driveways, sidewalks and parking lots could let rain wash directly into the ground, where it's 
naturally filtered on its way to our aquifers. No runoff, no drains, no catch basins, detention 
vaults or piping systems. No kidding. 
 
UNI Project Uses New Pervious Concrete – Courier, October 15, 2007 
Erickson, J. 
Two years ago Scott Ernst, manager of Benton's Concrete, took a class that mentioned 
concrete that lets water flow through it into the ground.  Both students and instructors alike 
shrugged it off, thinking the idea may be there, but they won't see it any time in the foreseeable 
future. 
 
When it Rains, It’s Porous: Concrete-Slab Driveways May Soon be a Thing of the Past as New 
Paving Products Address Water Runoff Problem - San Francisco Chronicle, December 2007 
Richter, J. 
When the salesman at a new residential development turned a garden hose on full force, the 
water disappeared into the driveway. Not one drop ran into the street, the gutter and eventually 
the ocean. Instead, the pervious concrete at Heritage Lane, 12 new single-family houses on 
sale in Capitola (Santa Cruz County) earlier this year, absorbed the water and allowed it to 
percolate into the ground below.  
 
Pervious Concrete for Solid/Liquid Separation and Waste Remediation 
PCA Funded 
Luck, J. D. and Workman, S., University of Kentucky 
This project will demonstrate that pervious concrete can be used for solid/liquid waste 
separation and remediation in agricultural applications. 
 
Permeable Concrete for Drainable Pavement Bases 
Rapp, C. A. 
Permeable concrete is gaining acceptance for use as a pavement base course. As shown in 
Figure 1, this material produces a finished base course that is highly porous but stable.  These 
properties produce three benefits:  The material’s drainable nature protects the primary 
pavement from harmful effects of surface and subsurface water.  Strength and durability of 
permeable concrete provide a highly protective cover over the aggregate base and a strong 
working platform for placing concrete pavement.  Ease of construction is a significant cost and 
scheduling factor.  The material can also be used for erosion control on side slopes and in 
paving ditches. In this usage it reduces runoff by allowing water percolation but still prevents 
soil erosion. 
 
Field Performance Investigation on Parking Lots 
The purpose of this report will be to provide basic recommendations for design, construction 
and maintenance of pervious pavement based on data and test results collected from projects 
located in various geographical areas, which represent different soils, environmental 
conditions, materials and design parameters. 
 



http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Pervious%20Article.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Pervious%20case%20study.pdf

http://www.sfgate.com/cgi-bin/article.cgi?f=/c/a/2006/12/23/HOGL4N38UH1.DTL

http://www.sfgate.com/cgi-bin/article.cgi?f=/c/a/2006/12/23/HOGL4N38UH1.DTL

http://water.usgs.gov/wrri/06grants/progress/2006KY69B.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/article%20about%20pervious.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Applications%20&%20Case%20Studies/Field%20Performance%20Investigation%20on%20Parking%20Lot%20and%20Roadway%20Pavements.pdf
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Permeable Pavement Use and Research at Hannibal Parking Lot in Kinston, NC – NWQEP 
Notes 
Hunt, B and Stevens, S. 
Over the past several years, stormwater runoff has been diagnosed as a severe problem in the 
United States, beginning with the creation of the NPDES Phase I Program in the mid-1990s. 
However, efforts to address stormwater runoff have been researched and developed since the 
middle of the twentieth century. In North Carolina, stormwater runoff has been an issue since 
the 1940’s, triggered by massive flooding along the Roanoke River. 
 
Pervious Concrete - What, Why, & Where 
Pervious concrete is a porous concrete paving material which permits rain and stormwater 
runoff to percolate through it rather than flood surrounding areas or storm drains. It is usually a 
mixture of 3/8‖ to 1/2‖ average diameter aggregate, hydraulic cement, other cementitious 
materials, admixtures and water. When properly placed, pervious slabs will contain voids that 
would be filled by sand. Like a honeycomb these voids are held together with cement. 
 
Pervious Concrete Pavement Permitting - Land Development Today. Dubuque, IA., August 
2005, Vol. 1, No. 8, 2005 
Offenberg, M. 
Pervious concrete is one of the hottest topics in the world of land development today. It is not a 
new technology, but it’s a technology that is being embraced in a world of sustainable 
development and expensive land. If you’ve never seen it before, it looks like pavement made 
out of a big, gray Rice Krispies treat. In technical terms, it is a concrete manufactured without 
fine aggregate. This creates a void structure in the concrete that allows stormwater to pass 
through at incredibly high rates — on the order of 500 inches per hour. As a developer, you’re 
probably thinking and wondering how many wonderful ways you can use this on your new site. 
The purpose of this article is to demonstrate some projects that have been permitted and built 
around the United States and to share some ideas on how you may utilize pervious concrete in 
your next project.  
 
CONSTRUCTION TECHNIQUES 
 
Pervious PCC Compressive Strength in the Laboratory and the Field: The Effects of Aggregate 
Properties and Compactive Effort 
Crouch, L. K., Smith, N., Walker, A. C., Dunn, T. R., Sparkman, A., Tennessee Technological 
University 
Laboratory samples using three different gradations of crushed limestone and two different 
gradations of gravel were compacted at six various compactive efforts using a consistent 
pervious concrete mixture design. Cores from four field demonstrations were also obtained. 
The effective air void content (voids accessible to water at the surface) and compressive 
strength of the pervious concrete samples were determined and compared. 
 
Effect of Compaction Energy on Pervious Concrete Properties 
Suleiman, M., Kevern, J., Schaefer, V. R., and Wang, K., Iowa State University 
This paper summarizes a study performed to investigate the effects of compaction energy on 
pervious concrete void ratio, compressive strength, tensile strength, unit weight, and freeze-
thaw durability. Laboratory results show that compaction energy affects pervious concrete 
compressive strength, split tensile strength, unit weight and freeze-thaw durability. 
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Pervious Concrete Construction: Methods and Quality Control 
Kevern, J., Wang, K., Suleimen, M. T., and Schaefer, V. R., Iowa State University 
This paper describes the current state of practice in pervious concrete placement methods and 
presents results from a laboratory-based study to compare various placement practices and 
develop QA/QC criteria. 
 
Pervious Concrete—The California Experience 
Youngs, A., California Nevada Cement Promotion Council 
Over the last two years, pervious concrete usage in California has grown to over 500,000 
square feet annually. Unique delivery and construction techniques have contributed to the 
rapid rise in pervious concrete usage in the state. 
 
Portland Cement Pervious Pavement Construction - Concrete Construction, Vol. 37 no. 9, 4p, 
(1992) 
Paine, J. 
Unique mix design calls for special mixing and placing techniques. When properly proportioned 
and placed, pervious concrete pavements provide a smooth, durable riding surface while 
retaining an open surface texture that allows water to pass. 
 
Proper Installation of Pervious Concrete - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Good pervious concrete installation is an investment with an excellent pay-off. It is a team 
effort. If the site engineer knows how to use it effectively it will be a tool that will help convert 
the site into a green zone. The aquifer will be refreshed, trees will be protected and flourish 
and Green Building LEED points will be earned. 
 
Soil and Base Prep - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Whether for a pervious driveway or parking lot take test borings to establish whether soil will 
drain enough to support the right sub base and the pervious pavement. This boring machine 
will bring to the surface, soils that contain significant levels of silt or clay that are either highly 
compressible, lack cohesion or will expand or contract with the absorption of moisture. 
 
Placement, Curing, Contractors - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Compaction is done in two steps in quick succession. First, after the pervious concrete is 
poured from the ready mix chute and leveled with come-alongs and rakes the first compaction 
is done with a vibratory screed and then second, with a set of compaction rollers. This creates 
a slab where the top 1½" has smaller voids to trap pollutants which can be removed or which 
volatize in sunlight. 
 
Construction Method For Putting Pervious Concrete in Place - 2008 National Ready Mixed 
Concrete Association 
Subgrade and Subbase Prep, Batching and Mixing, Transportation, Placement and 
Consolidation, Joint Placement, Finishing, Curing and Protection, Opening to Traffic 
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Important Factors When Installing - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
While the engineered mixture is important there are other factors to consider such as: having a 
suitable base of soil, sand or crushed stone; having a drainable water table sufficiently below 
the pavement is also important.  
 
Performance - 2008 National Ready Mixed Concrete Association 
The creation, placement, and curing of concrete are all done on-site, rather than in a factory 
under uniform conditions. Although pervious concrete can be mixed by the same suppliers and 
delivered by the same trucks as dense concrete, its unique physical characteristics require a 
contractor with specialized experience. 
 
Producing Pervious Pavements - Concrete International, Farmington Hills, MI, March 2005, 
Vol. 27, No. 3, 2005 
Offenberg, M. 
Construction of pervious concrete is different from plain concrete pavements in that the 
contractor is responsible for an extra level of quality control. Acceptance of the material is not 
based on strength and smoothness, but porosity and thickness, so it takes a different mindset 
to build. The purpose of this article is to help identify each party’s responsibility and identify the 
keys for their success. But, primarily we will focus on the concrete contractor’s role in the 
success of the pervious pavement. 
 
DURABILITY AND MAINTENANCE 
 
Construction and Maintenance Assessment of Pervious Concrete Pavements - Stormwater 
Management Academy - University of Central Florida 
Chopra, M., Wanielista, M., Ballock, C., and Spence, J. 
RMC Research & Education Foundation Funding, in cooperation with Rinker Materials and the 
Florida Department of Transportation 
The use of pervious concrete pavements continues to grow as builders and communities move 
toward sustainable development. One of the environmental benefits of pervious pavements is 
its stormwater management properties. However, without proper maintenance, pervious 
pavement may become clogged and lose some of its permeability. This research addresses 
three main issues that are of interest to both the staff in water management districts and the 
concrete industry for widespread acceptance of pervious pavements: namely, 1. the design 
cross-section to ensure adequate infiltration, 2. credit for replacement of impervious areas, and 
3. operational and maintenance issues. 
 
Influence of Moisture Conditions on Freeze and Thaw Durability of Portland Cement Pervious 
Concrete 
Yang, Z., Brown, H., and Cheney, A., Middle Tennessee State University 
This study focuses on investigating the effects of moisture condition and freezing rate on the 
damage development in pervious concrete during cyclic freezing and thawing. A series of tests 
have been conducted in which pervious concrete specimens are preconditioned to different 
moisture contents and then exposed to slow or rapid freeze and thaw cycles. Resonant 
frequency is used to monitor the damage development in the specimens exposed to freezing 
and thawing. In addition, the mass change of each specimen is measured during the test. 
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Pervious Concrete Pavement Surface Durability in a Freeze-Thaw Environment Where Rain, 
Snow and Ice Storms are Common Occurrences 
Baas, W., Ohio Ready Mixed Concrete Association 
This presentation will provide brief viewings from known on-going research on the freeze-thaw 
durability of pervious concrete, with a focus on observations of pervious concrete pavement 
installations in Ohio.  
 
Freeze-Thaw Performance of Pervious Pavement in Minnesota 
MacDonald, K., Cemstone 
A large scale set of test panels were constructed at the MN/Road facility in the fall of 2005. 
Three mixtures were utilized to evaluate the freeze-thaw performance of various mixtures, as 
well as to monitor the hydraulic performance of the system. The pavements were instrumented 
for temperature and frost penetration, as were the sub-grade materials. An update of 
performance after the first winter, in terms of freeze-thaw resistance will be presented. In 
addition, the relationship between laboratory testing and field performance will be discussed. 
 
Freeze-Thaw Resistance of Pervious Concrete - National Ready Mixed Concrete Association, 
Silver Spring, Maryland, May 2004, 17 pages 
A considerably severe exposure condition on portland cement concrete elements is 
exposure to cycles of freezing and thawing. Since the 1930s, air entrainment has been used to 
enhance the freeze-thaw resistance of portland cement concrete exposed to an external 
environment. The typical deterioration of concrete exposed to freeze-thaw conditions is 
random cracking, surface scaling and joint deterioration due to D-cracking. 
 
Permeability Predictions for Sand Clogged Portland Cement Pervious Concrete Pavement 
Systems - Elsevier Journal of Environmental Management, 2006 
Haselbach, L. M., Valavala, S., and Montes, F. 
Pervious concrete is an alternative paving surface that can be used to reduce the nonpoint 
source pollution effects of stormwater runoff from paved surfaces such as roadways and 
parking lots by allowing some of the rainfall to permeate into the ground below. This infiltration 
rate may be adversely affected by clogging of the system, particularly clogging or covering by 
sand in coastal areas. 
 
Fatigue Behavior of Polymer-Modified Porous Concretes - Cement and Concrete Research,  
V. 29, No. 7, pp. 1077-1083, 1999 
Pindado, M. A., Aguado, A., and Josa, A. 
Highly permeable materials provide drainage and noise-absorption properties that are useful in 
pavement top layers. In such porous concretes, the voids reduce the mechanical integrity, 
which may have to be compensated for with the incorporation of non-conventional 
components, such as polymers. A basic property needed for the design of pavements is the 
fatigue behavior of the material, which has not been studied thoroughly for polymer-modified 
porous concretes. 
 
Prevention - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Some critics claim that Pervious gets clogged with oil and debris. It can if not given minimum 
attention. Some common sense procedures will keep it performing indefinitely.  All pavements 
require some maintenance depending on traffic and location. Pervious concrete usually 
requires much less. But inspection and some attention will keep it working for many years. 
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Maintenance - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Pervious concrete is the easiest pavement product to maintain! Pervious concrete is not a new 
product. It was originally used in Europe back in the late 1940's. Properly placed and 
maintained pervious concrete will last for decades, and it has. 
 
Pervious Concrete Pavement Surface Durability in a Freeze-Thaw Environment Where Rain, 
Snow and Ice Storms are Common Occurrences - Ohio Ready Mixed Concrete Association  
Baas, W. P. 
Following is a summary of replies we received from various entities when we asked them ―In 
your ongoing research/experience with pervious concrete, have you noted/recorded any 
observations of the material’s freeze-thaw durability at your installation sites or in your 
laboratory?‖ 
 
Long-Term Field Performance of Pervious Concrete Pavements 
Delatte, N. and Miller, D., Cleveland State University  
RMC Research & Education Foundation Funding  
Portland cement pervious concrete (PCPC) has an excellent performance history in the 
Southeastern U.S., but until recently has seen little use in environments with significant freeze-
thaw cycles. Therefore, assessment of actual field performance is important. This project 
documents field observations, and nondestructive testing results of PCPC sites located in the 
states of Ohio, Kentucky, Indiana, Colorado, and Pennsylvania. PCPC is most often used as a 
pavement for parking lots. Field performance depends on the quality of the mixture as well as 
proper control of construction and curing. In addition to field observations and nondestructive 
testing, laboratory testing was performed on cores removed from some of the test sites. 
Generally, the PCPC installations evaluated have performed well in freeze-thaw environments, 
with little maintenance required. 
 
Investigation into the Effect of Aggregate on the Freeze-Thaw Durability of Pervious Concrete  
Kevern, J., Wang, K. and Schaefer, V., Iowa State University 
PCA Funding 
Recent stormwater management regulations from the Environmental Protection Agency (EPA) 
and greater emphasis on sustainable development has increased interest in pervious 
pavement as a method for reducing stormwater runoff and improving stormwater quality. 
Pervious concrete is one of several pervious pavement systems that can be used to reduce 
stormwater runoff and treat stormwater on site. Pervious concrete systems have been used 
and are being proposed for all parts of the United States, including northern climates where 
severe freezing and thawing can occur. The purpose of the research is to develop pervious 
concrete mixtures that have sufficient porosity for stormwater infiltration along with desirable 
porosity, strength, and freeze-thaw durability. 
 
Is Pervious Concrete Strong Enough - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Thus far it has been difficult to quantify the strength of pervious concrete. We have installed 
thicknesses of 6" through 10", and have found that with the correct mix and placement it has 
lasted for many years. We offer a 10 year limited warranty.  Ultimate endurance of pervious 
concrete is dependant upon a well compacted porous base, fast, but controlled placement, 
uniform compaction and correct control joints. These factors control raveling and cracking. 
 



http://www.perviousconcrete.com/maintenance.htm
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Permeability Prediction for Sand-Clogged Portland Cement Pervious Concrete Pavement 
Systems 
Haselbach, L. M., Valavala, S., and Montes, F. 
Pervious concrete is an alternative paving surface that can be used to reduce the nonpoint 
source pollution effects of stormwater runoff from paved surfaces such as roadways and 
parking lots by allowing some of the rainfall to permeate into the ground below. This infiltration 
rate may be adversely affected by clogging of the system, particularly clogging or covering by 
sand in coastal areas. A theoretical relation was developed between the effective permeability 
of a sand-clogged pervious concrete block, the permeability of sand, and the porosity of the 
unclogged block. 
 
HYDROLOGICAL AND ENVIRONMENTAL DESIGN 
 
Hydraulic Performance Assessment of Pervious Concrete Pavements for Stormwater 
Management Credit - Stormwater Management Academy - University of Central Florida 
Wanielista, M., Chopra, M., Spence, J., and Ballock, C. 
RMC Research & Education Foundation Funding, in cooperation with Rinker Materials and the 
Florida Department of Transportation 
Portland cement pervious concrete’s ability to infiltrate water has encouraged its use for 
stormwater management. However, the material has suffered historically poor acceptance due 
to a lack of data related to long term infiltration rates and rainfall retention which leads to an 
undefined credit for stormwater management. 
 
Study on the Surface Infiltration Rate of Permeable Pavements - Submitted to the Interlocking 
Concrete Pavements Institute (2004) 
Bean, E. Z., Hunt, W. F., Bidelspach, D. A., and Smith, J. T. 
Surface infiltration study funded by the Interlocking Concrete Pavements Institute with each 
site's information included in the appendix. The report was completed in June, 2004. (50 p) 
 
Hydrologic Design of Pervious Concrete - PCA 
Leming, M. L., Malcom, H. R., and Tennis, P. D. 
Pervious concrete can be an important part of context-sensitive construction and low-impact 
development (LID), used to improve water quality by capturing the ―first flush‖ of surface runoff, 
reducing temperature rise in receiving waters, increasing base flow, and reducing flooding 
potential by creating short term storage detention of rainfall. In order to fully utilize these 
benefits, the hydrological behavior of the pervious concrete system must be assessed. The 
hydrological performance is usually a key parameter in decisions to use this material as a best 
management practice (BMP) for stormwater management. This publication provides an 
overview of design techniques for determining hydrological performance and provides an 
example spreadsheet for analysis.  
 
Area Rated Rational Coefficient Values for Portland Cement Pervious Concrete Pavement - 
American Society of Civil Engineers (ASCE) Journal of Hydrologic Engineering, Vol. 11, Issue 
3, 2006 
Valavala, S., Montes, F., and Haselbach, L., 
Surface area specific runoff coefficients were measured for non-clogged Portland cement 
pervious concrete systems according to the rational method. The systems were simulated with 
pervious concrete blocks with porosities ranging from 16 to 27% placed over sand sub-bases.  
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Rainfall was simulated in a flume set up with surface slopes ranging from 2% to 10%. There 
was negligible runoff for typical rainfall events under 100 year’s frequency in South Carolina. 
 
Principles and Techniques for Hydrologic Design of Pervious Concrete Systems 
Leming, M. L., Malcom, R., Amekuedi, G., and Arent, W., North Carolina State University  
This paper describes the hydrologic design elements of a pervious concrete paving system 
using the "stage storage discharge" approach, including selection of an appropriate design 
rainfall event, integration of site characteristics and specified runoff limits, and the effects of 
various soil horizons. Emphasis is on "active" mitigation applications where the intent is to 
capture a significant portion of the runoff from an entire site, including permeable, 
impermeable, and vegetated areas. Results of an example feasibility study found that by using 
pervious concrete for a nine-acre parking lot would act hydrologically as if it were grass. 
 
A Monitoring Field Study of Permeable Pavements in North Carolina  
Bean, E. Z., Hunt, W. F., and Bidelspach, D. A., North Carolina State University 
8th Biennial Conference on Stormwater Research & Watershed Management (Submitted) 
Summary of water quality and quantity monitoring from three permeable pavement sites 
across North Carolina; one each in the Piedmont, Coastal Plain, and Coastal regions.  Water 
quality data was collected from each site, while water quantity was only monitored from two 
sites. 
 
Measuring Hydraulic Conductivity in Pervious Concrete - Environmental Engineering Science. 
Nov 2006, Vol. 23, No. 6: 960-969 
Montes, F., and Haselbach, L. 
This presentation focuses on the hydraulic operations of a pervious concrete system including 
infiltration rates, storage capacity and clogging potential. A method of testing for the in situ 
infiltration rate of a pervious concrete system–an embedded single ring infiltrometer–has been 
developed and will be presented. The study consists of detailed analyses of several pervious 
concrete parking lots that have been in operation for 5 or more years. 
 
Hydraulic Performance of Pervious Concrete Pavements - Stormwater Management Academy 
- University of Central Florida 
Chopra, M., Wanielista, M., Spence, J., Ballock, C., and Offenberg, M. 
Pervious concrete is a mixture of coarse aggregate, portland cement, water, and admixtures. 
Lacking fines, this material has a void ratio that typically ranges from 15-20% allowing it to 
store and infiltrate stormwater. Pervious concrete has been used in lower traffic areas such as 
parking lots, shoulders, sidewalks, streets, and local roads. Though it has garnered significant 
interest in the past, there is still a great deal of concern about its durability, adequate infiltration 
capabilities, and clogging potential. This paper focuses on the hydraulic operations of a 
pervious concrete system including infiltration rates, storage capacity and clogging potential. 
 
A Field Study to Evaluate Permeable Pavement Surface Infiltration Rates, Runoff Quantity, 
Runoff Quality, and Exfiltrate Quality – A Master's thesis under the direction of Dr. William F. 
Hunt III, published by the Graduate School at North Carolina State University (2005) 
Bean, E. Z. 
This document Includes detailed research backgrounds, methods, results, analysis, and 
conclusions dealing with surface infiltration rates, water quantity and quality performance of 
permeable pavements. It also includes the summary of a rainfall analysis for major 
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municipalities across North Carolina and detention pond sizing study for different areas, land 
uses, and soil types in North Carolina. 
 
An Overview of Pervious Concrete Applications in Stormwater Management and Pavement 
Systems 
Schaefer, V. R., Suleiman, M. T., Wang, K., Kevern, J. T., and Weigand, P., Iowa State 
University 
In this paper a summary of recent research efforts on pervious concrete mix designs for cold 
weather applications, reduction of road noise, stormwater management and constructability 
issues is discussed. In addition, the efforts to develop a comprehensive and integrated study 
for full depth and wearing course applications under the auspices of the National Concrete 
Paving Technology Center at Iowa State University are presented. 
 http://www.ctre.iastate.edu/reports/mix_design_pervious.pdf 


 Smaller aggregate produces higher strength 
 River gravel generally produces higher strength than limestone 
 The use of sand increases strength while slightly decreasing void ratio and permeability 
 The use of fibers increases tensile strength and permeability without affecting other 


PCPC properties 
 Proper compaction is key to producing durable PCPC 
 Sand is required to produce freeze-thaw durable PCPC using the ASTM C666A 


procedure 
 Well designed pervious concrete can meet strength, permeability, and freeze thaw 


requirements for cold weather climates 
 
Low Impact Parking Lot Design Reduces Runoff and Pollutant Loads - Southwest Florida 
Water Management District, Brooksville, Fla., 225 pp., 2000 
Rushton, B. T. 
An innovative parking lot at the Florida Aquarium in Tampa, Fla., is being used as a research 
site and demonstration project to show how small alterations to parking lot designs can 
dramatically decrease runoff and pollutant loads.  Three paving surfaces are compared, as 
well as basins with and without swales, to measure pollutant concentrations and infiltration.  
Preliminary results from the first year of a 2-year study indicate that swales reduce average 
runoff amounts by 30% at this site and pervious paving reduces it by an additional 10-15%.   
 
Stormwater Quality Benefits of a Permeable Friction Course 
Barrett, M. E., University of Texas at Austin 
This project documents the impact of a permeable friction course overlay on the quality of 
highway stormwater runoff. A permeable friction course (PFC) is a layer of porous asphalt 
approximately 50 mm thick which is often applied on top of conventional asphalt highways to 
enhance safety. The quantity and quality of stormwater runoff from a four-lane divided highway 
in the Austin, Texas area was monitored before and after the installation of a PFC. 
 
Permeable Pavement for Stormwater Quality Enhancement - Urban Stormwater Quality 
Enhancement, pp. 113-155, 1988 
Pratt, C. J. 
Natural, permeable ground surfaces occur in various proportions within urban areas and are 
usually assumed to contribute little, if any, stormwater runoff to urban drainage systems.  In 
some situations the natural ground surface is graded and shaped to convey stormwater from 
roof downpipes and paved surfaces to a drainage inlet, situated within the permeable, 
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landscaped area of an urban development, but again little runoff is assumed to be derived from 
the natural surfaces, except in the case of snowmelt conditions. 
 
Permeable Pavements: Design and Maintenance - Developments in Storm Drainage - A 
Symposium on Infiltration and Storage of Stormwater in New Developments. pp. 136-151, 
1990 
Pratt, C. J. and Hogland, W. 
Engineered, permeable pavements have been constructed in the United States, Sweden, and 
Japan and some other countries, to a lesser extent, over the last decade as a part of 
stormwater management strategies within urban areas.  The surfacing of the constructions has 
commonly been porous macadam, although latterly in Japan use has been made on footways 
of porous concrete paving blocks and slabs. 
 
Permeable Bases Help Solve Pavement Drainage Problems - Aberdeen's Concrete 
Construction Vol. 37 no. 9 pp. 660-2 Sept. 1992 
Kozeliski, F. A. 
Within the last nine years, permeable bases under portland cement concrete pavements have 
become standard in some states. In the past, the chief function of a pavement sub-base was to 
provide uniform support. But heavier paving equipment and increasing traffic loads led to the 
use of denser, stronger base materials that were thought to be erosion-proof. 
 
Reducing the Noise Generated in Concrete Pavements Through Modification of the Surface 
Characteristics - PCA R&D Serial No. 2878, Portland Cement Association, Skokie, IL, 2005 
Neithalath, N., Weiss, W.J., and Olek, J. 
Tire-pavement interaction noise is one of the significant environmental issues in highly 
populated urban areas situated near busy highways. Even though sound barriers and texturing 
methods have been adopted to minimize road noise, they have their own limitations. Because 
it is necessary to reduce the sound at the source has led to the development of porous paving 
materials. This report outlines the systematic research effort conducted in order to develop 
methods to reduce tire-pavement noise through surface modification of portland cement 
concretes. The basic tenet of this research is that carefully introduced porosity of about 15% - 
25% in the material structure of concrete will allow sound waves to pass through and dissipate 
its energy. 
 
Development of Quiet and Durable Portland Cement Concrete Paving Materials 
Olek, J., Weiss, W. J., Neithalath, N., Marlof, A., Sell, E., and Thornton, W.D. 
This report outlines the systematic research effort conducted in order to develop and 
characterize Enhanced Porosity Concrete (EPC) to mitigate the problem of tire-road interaction 
noise. The basic tenet of this research is that carefully introduced porosity of about 15% - 25% 
in the material structure of concrete will allow sound waves to pass through and dissipate its 
energy. EPC mixtures were proportioned with three different aggregate sizes, and the binary 
blends of these sizes. The physical and mechanical properties of these mixtures were studied 
in detail. 
 
Silencing Concrete – The Concrete Producer Magazine, Nov 2005 issue 
In many areas of the country, one of the greatest complaints about new roads is traffic noise.  
Some believe asphalt should be specified because it flexes so much as tires pass over it, 
reducing the noise of the interaction.  It’s no wonder engineers are recognizing that the noise 
caused by tires on pavement is increasingly a significant environmental issue. 
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Tire-Pavement Interaction Noise: Recent Research on Concrete Pavement Surface Type and 
Texture - International Journal of Concrete Pavements, Vol.1, No.1, December 2005, pp. 88-
105, 2005 
Neithalath, N., Garcia, R., Weiss, J., and Olek, J. 
Several solutions have been proposed for quieter riding surfaces, including porous pavements, 
tining, and grinding. This paper deals with certain aspects of a recent large-scale research that 
has been carried out to examine the influence of cement concrete pavement surface type and 
texture on noise generation. One pavement surface type (Enhanced Porosity Concrete – 
EPC), and one surface texturing method (transverse tining) is dealt with in detail in this paper. 
 
Field Evaluation of Permeable Pavement Systems for Improved Stormwater Management - 
APA Journal 65, no. 3, 1999 
Booth, D. B. and Leavitt, J. 
The contribution of impervious surfaces to the disrupted runoff process in an urban watershed 
is overwhelming.  Nearly all the problems ultimately result from the loss of the water-retaining 
function of the soil in the urban landscape.  Traditional solutions for stormwater management 
have not been widely successful; in contrast, permeable pavements can be one element of a 
more promising alternative approach to reduce the downstream consequences of urban 
development.   
 
Environmental Benefits of Pervious Concrete - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder  
When the time comes to demolish a concrete structure or pavement, the material need not be 
wasted. It can be crushed and used as aggregate, base material or as a paving material. Even 
rebar can be recycled. And while it is being crushed it is absorbing CO2. Concrete can be 
made porous. This is done by removing sand and fines from the mix, and adjusting the cement 
paste with admixtures for maximum strength. The base and the pervious concrete mix is made 
of sustainable materials. 
 
Concrete Parking Areas Aren’t White, They’re Green – National Ready Mixed Concrete 
Association 
Pool, A. V. 
You know concrete parking lots are more attractive. You know they provide lower life cycle 
costs than higher maintenance cost alternatives (which means more money in owners’ 
pockets). You know they provide higher levels of curb appeal. But did you know concrete 
parking areas are a much greener alternative than the black stuff? This article is going to 
outline some of the many ways concrete parking areas are GREEN. 
 
Benefits of Pervious Concrete - 2008 Pervious Concrete Inc. 
Item includes information on the Environmental Benefits, Developmental Benefits, and 
Financial Benefits of pervious concrete. 
 
Construction and Maintenance Assessment of Pervious Concrete Pavements - Stormwater 
Management Academy - University of Central Florida 
Chopra, M., Wanielista, M., Ballock, C., and Spence, J. 
RMC Research & Education Foundation Funding, in cooperation with Rinker Materials and the 
Florida Department of Transportation 
The use of pervious concrete pavements continues to grow as builders and communities move 
toward sustainable development. One of the environmental benefits of pervious pavements is 
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its stormwater management properties. However, without proper maintenance, pervious 
pavement may become clogged and lose some of its permeability. This research addresses 
three main issues that are of interest to both the staff in water management districts and the 
concrete industry for widespread acceptance of pervious pavements: namely, 1. the design 
cross-section to ensure adequate infiltration, 2. credit for replacement of impervious areas, and 
3. operational and maintenance issues. 
 
Demonstration of Integrated Pervious Pavement System for Management of Stormwater 
Quality and Quantity - Center for Transportation Research and Education Iowa State 
University 
Weigand, P., Schaefer, V., and Suleiman, M. 
Iowa Department of Natural Resources Funded 
The overall goal of integrated pervious pavement systems is two-fold: 1) to reduce volume of 
direct runoff from the pavement surface by direct infiltration of the water through the pavement 
surface and into the subbase/subgrade; and 2) to provide enhancement of stormwater quality 
by directing the sheet flow of water through the pervious concrete and underlying porous 
subbase structure. This project is focused on the design of PC pervious concrete for use in the 
cold wet-freeze environment found in Iowa and the Upper Midwest. It will evaluate the mix 
design for durability, porosity, and improved stormwater runoff management. 
 
University of New Hampshire Stormwater Center 2007 Annual Report 
The University of New Hampshire (UNH) Stormwater Center is dedicated to the protection 
through effective stormwater management. It conducts research to evaluate and enhance the 
performance of stormwater management systems.  The center’s evolving outreach program 
supports a wide range of stormwater managers who seek to build programs that protect water 
quality, preserve environmental values, and reduce the impact of stormwater runoff.   
 Presentations and Posters 
 Publications and Resources 
 
Environmental Benefits of Pervious Concrete 
When the time comes to demolish a concrete structure or pavement, the material need not be 
wasted. It can be crushed and used as aggregate, base material or as a paving material. Even 
rebar can be recycled. And while it is being crushed it is absorbing CO2. Drive-thrus, gas 
stations, parking lots and driveways catch the most oil and grease. Roads are next. They also 
collect heavy metals from engines and catalytic converters, and harmful components from 
rubber tires. When it rains, they become large polluters. 
 
A Field Study to Evaluate Permeable Pavement Surface Infiltration Rates, Runoff Quantity, 
Runoff Quality, and Exfiltrate Quality 
Bean, E. Z. 
The surface infiltration rates of 48 permeable pavement sites were tested in North Carolina, 
Maryland, Virginia, and Delaware. Two surface infiltration tests (pre- and post-maintenance) 
were performed on 15 concrete grid paver (CGP) lots filled with sand. Maintenance consisted 
of removing the top layer of residual material (13 - 19 mm (0.5 – 0.75 in)). Maintenance 
significantly (p = 0.007) improved the surface infiltration rate. The median site surface 
infiltration rate increased from 4.9 cm/h (1.9 in/h) for existing conditions to 8.6 cm/h after 
simulated maintenance. 
 
 



http://www.ctre.iastate.edu/research/detail.cfm?projectID=-1141472327

http://www.ctre.iastate.edu/research/detail.cfm?projectID=-1141472327

http://www.unh.edu/erg/cstev/2007_stormwater_annual_report.pdf

http://www.unh.edu/erg/cstev/Presentations/index.htm

http://www.unh.edu/erg/cstev/pubs_specs_info.htm

http://www.rmc-foundation.org/images/PCRC%20Files/Hydrological%20&%20Environmental%20Design/Environmental%20Benefits%20of%20Pervious%20Concrete.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Hydrological%20&%20Environmental%20Design/A%20Field%20Study%20to%20Evaluate%20Permeable%20Infiltration%20Rates,%20Runoff%20Quantity%20&%20Quality,%20and%20Exfiltration.PDF

http://www.rmc-foundation.org/images/PCRC%20Files/Hydrological%20&%20Environmental%20Design/A%20Field%20Study%20to%20Evaluate%20Permeable%20Infiltration%20Rates,%20Runoff%20Quantity%20&%20Quality,%20and%20Exfiltration.PDF





Pervious Concrete Research Compilation 


 17 


Environmental Benefits – National Ready Mixed Concrete Association, 2008   
Pervious concrete pavement systems provide a valuable stormwater management tool under 
the requirements of the EPA Stormwater Phase II Final Rule. Phase II regulations provide 
programs and practices to help control the amount of contaminants in our waterways. 
Impervious pavements-- particularly parking lots-- collect oil, anti-freeze, and other 
automobile fluids that can be washed into streams, lakes, and oceans when it rains. 
 
Monitoring Pervious Concrete for Water Quality in a Laboratory and Field Environment 
Brown, H. J., Middle Tennessee State University 
This presentation presents an in field and laboratory study that monitored hydrocarbons and 
heavy metals through the pervious concrete matrix over simulated rain events as well as 
normal weathering cycles. With the construction of a 300,000 square foot parking lot beginning 
in March 2006 on MTSU campus, a better understanding of how to install collection sites for 
water quality testing will also be presented. Porous pavement pollutant removal mechanisms 
include absorption, straining, and microbiological decomposition in the soil.  Studies indicate 
removal efficiencies of between 82 and 95 percent for sediments, 65 percent for total 
phosphorus, and between 80 and 85 percent of total nitrogen.  It also indicated high removal 
rates for zinc, lead, and chemical oxygen demand. 
 
Study on the Surface Infiltration Rate of Permeable Pavements – Interlocking Concrete 
Pavement Institute 
Bean, E. Z. and Bidelspach, D. A. 
Asphalt surfaces have greatly increased the amount of runoff going into surface waters. To 
counteract this, permeable pavement can be installed to allow water to infiltrate, thus reducing 
runoff. This study tested the surface infiltration rate of 25 permeable pavement sites in North 
Carolina, Maryland and Delaware using variations of the double ring infiltrometer test. Five 
different classifications of surfaces were tested with pavement ages ranging from six months to 
21 years. Two sets of tests were run on 12 concrete grid pavers lots with sand. The initial test 
was on the existing condition of the surface and second test was run after the removal the top 
layer of residue (0.5 - 0.8 in. or 1.3 - 1.9 cm) to simulate maintenance. Maintenance improved 
the surface infiltration rate on 11 of 12 sites. 
 
Vertical Porosity Distributions in Pervious Concrete Pavement 
Haselbach, L. M. and Freeman, R. M. 
Pervious concrete is an alternative paving material that may alleviate many of the 
environmental problems caused by urban runoff from developed areas.  Additional research is 
important so that pervious concrete can be better specified and more effectively used.  An 
important property of pervious concrete is porosity, which will affect the hydrological and 
strength properties of the material. This research shows that there is a vertical distribution of 
porosity in slabs placed with certain placement techniques. 
 
Storm Water Infiltration in Clay Soils: A Case Study of Storm Water Retention and Infiltration 
Techniques in the North Carolina Piedmont – Estes Design, Inc. 
Estes, Christopher J. 
As developers and regulators alike struggle with increasing pressure to protect our streams 
and water quality, the perceived lack of sufficient data supporting the merits of the concept of 
storm water infiltration in sandy clay substrate is currently limiting its use. In this paper, two 
case studies are presented. The first project is two years old and presents preliminary 
monitoring data of retention and infiltration rates over a period of one year. The second project 
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presents design, modeling and installation issues associated with planning a low impact storm 
water solution.  Also included in this presentation is monitoring data from an undeveloped site 
that contains high clay soils in the hydrologic soil groups C and D, to illustrate natural 
infiltration rates in difficult soils. 
 
MIX DESIGN 
 
Development of Mix Proportion for Functional and Durable Pervious Concrete 
Wang, K., Schaefer, V.R., Kevern, J.T., and Suleiman, M. T., Iowa State University 
Pervious concrete mixes made with various types and amounts of aggregates, cementitious 
materials, and chemical admixtures were evaluated, and the effects of the mix proportions on 
the concrete porosity, water permeability, strength, and freezing-thawing durability were 
studied. Based on results, performance-based criteria are proposed for proportioning 
functional and durable pervious concrete mixes. 
 
Practical Application of Pervious Concrete: Mix Designs That Are Workable 
Blackburn, R., Axim Italcementi Group 
This paper focuses on the development of a practical pervious concrete mix designs that are 
workable for placement by hand and machine with an emphasis on compaction. The effect of 
compaction on porosity and 28 day flexural strength are presented. 
 
Making Pervious Concrete Placement Easy Using a Novel Admixture System 
Bury, M., Mawby, C., and Fisher, D., Degussa Admixtures, Inc. 
Through laboratory and field testing, an admixture system (consisting of a polycarboxylate-
based water-reducer, cement hydration controlling admixture, and viscosity-modifying 
admixture) has been developed to improve workability. This paper will offer a description of the 
chemical admixtures used to improve the mixing, handling, and performance of pervious 
concrete. Test data will be presented, along with two test methods used to evaluate the 
performance of pervious concrete. 
 
Fiber-Reinforced Pervious Pavement 
Moody, G., Cemex 
Polypropylene fibers are proposed as shrinkage and thermal reinforcement for pervious 
concrete in this presentation. Flexural testing of fiber reinforced pervious concrete in 
accordance with ASTM C 1399 showed that polypropylene fibers can attain residual flexural 
strength equal to temperature and shrinkage reinforcement. The addition of fibers was found to 
increase the spacing of the coarse aggregates, thus increasing the void content. The addition 
of sand allowed for adjustment of the void content and to maintain the desired compressive 
strength. 
 
Proportioning No-Fines Concrete - Indian Concrete Journal, May 1966, pages 183 to 189 
Jain, O. P. 
No-fines concrete has great potentiality as a substitute for brick masonry in places where good 
brick is not available, especially if a large number of residential blocks of houses is to be 
constructed. The present investigation was undertaken in order to evolve a rational method of 
design of mixes for no-fines concrete for a required strength. The proposed method takes into 
account all the relevant properties of cement and aggregate. No-fines concrete can be 
produced with reasonable assurance about its strength and can be employed as a building 
material with confidence.  
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Aggregate Effects on Pervious Portland Cement Concrete Static Modulus of Elasticity – ASCE 
Journal of Materials in Civil Engineering, Vol. 19, Issue 7, pp. 561-568, July 2007 
Crouch, L.K., Pitt, J., and Hewitt, R.  
The effects of aggregate gradation, amount, and size on pervious portland cement concrete 
(PCC) static modulus of elasticity were compared using four different mixtures. A standard mix 
and three variable mixes using a uniform gradation, increased aggregate amount, and 
increased aggregate size were used. The effective air void content was determined for each 
mixture. The compressive strengths and static elastic moduli were determined and compared 
at equal void contents. For a uniform gradation, the compressive strengths and static elastic 
moduli appeared to be higher within an optimal range of voids; however, there was no 
statistically significant difference between the results from the different gradations. An 
increased aggregate amount resulted in a statistically significant decrease in both compressive 
strength and static elastic moduli due to the subsequent decrease in paste amount. While the 
compressive strengths were higher for mixtures containing smaller aggregate sizes, there was 
no significant difference between the static elastic moduli when different aggregate sizes were 
used. Further research is needed to understand the effects of aggregate size on the static 
modulus of elasticity of pervious PCC. 
 
Mix, Forms, and Admixtures - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
Pervious mixture suppliers must employ high quality control. Pervious mixes contain Portland 
cement, a nominal 3/8" or larger, Florida limerock aggregate, admixtures and minimum water 
as designed. In some locations, granite may be substituted. Almost all fine aggregate is 
eliminated from the mix to provide the necessary voids to allow the penetration of water. 
Typically pervious concrete has about 70% of the density of standard concrete paving 
mixtures. 
 
Mix Design Development for Pervious Concrete in Cold Weather Climates - National Concrete 
Pavement Technology Center, Feb 2006  
Schaefer, V. R., Wang, K., Suleiman, M. T., and Kevern, J. T. 
Sponsored by Iowa DOT, NCPTC, Iowa Concrete Association 
Portland cement pervious concrete (PCPC) is being used more frequently due to its benefits in 
reducing the quantity of runoff water, improving water quality, enhancing pavement skid 
resistance during storm events by rapid drainage of water, and reducing pavement noise. In 
the United States, PCPC typically has high porosity and low strength, which has resulted in the 
limited use of pervious concrete, especially in hard wet freeze environments (e.g., the 
Midwestern and Northeastern United States and other parts of the world). Improving the 
strength and freeze-thaw durability of pervious concrete will allow an increase in its use in 
these regions. 
 
SPECIFICATIONS AND TEST METHODS 
 
Characterizing Enhanced Porosity Concrete Using Electrical Impedance to Predict Acoustic 
and Hydraulic Performance – Science Direct: Cement and Concrete Research, 2006 
Neithalath, N., Weiss, J., and Olek, J. 
This paper presents a unique non-destructive method to determine the permeability of 
pervious concrete from electrical conductivity measurements. Combining the normalized 
electrical conductivity of pervious concrete determined using either alternating or direct 
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currents with the porosity of the material, and applying it in a modified version of Kozeny-
Carman equation, a new parameter called hydraulic connectivity factor is introduced. Using 
this factor, and the porosity, the hydraulic conductivity or permeability of pervious concrete is 
determined. 
 
Determining Pervious PCC Permeability with a Simple Triaxial Flexible-Wall Constant Head 
Permeameter 
Crouch, L. K., Smith, N., Walker, A. C., Dunn, T. R., and Sparkman, A., Tennessee 
Technological University 
A simple triaxial flexible-wall constant head permeameter was constructed for determining the 
permeability of pervious concrete in the range of 0.001 to 10 cm/sec (1 to 14,000 inches/hour).  
Laboratory samples using three different gradations of crushed limestone and two different 
gradations of creek gravel were compacted at six different compactive efforts using a 
consistent pervious concrete mixture design. The effective air void content and constant head 
permeability of both the field and laboratory pervious concrete mixtures was determined. 
 
Effectively Estimating In-situ Porosity of Pervious Concrete from Cores - submitted to the 
Journal of ASTM International, December 2005 
Haselbach, L.M., and Freeman, R.M. 
Pervious concrete is an alternative pavement material which may help reduce nonpoint source 
pollution problems. The porosity of pervious concrete is an important parameter used for both 
pavement and environmental design and is dependent on field placement techniques. It is 
recommended that porosity be tested on field-placed specimens. It has been noted that some 
of the concrete is knocked out while coring from field-placed samples which may affect the 
porosity. This paper researches a methodology for estimating the in-situ porosity of pervious 
concrete from the porosities of cores taken from the field based on aggregate size, core size 
and porosity.   
 
Measuring the Effective Air Void Content of Portland Cement Pervious Pavements - ASTM 
Journal of Cement, Concrete, and Aggregates, CCA, Vol. 25, No. 1, June 2003 – Link not 
available 
The current literature indicates that air voids of Portland Cement Pervious Pavements (PCPP) 
should be 15–25%, to achieve desired permeability. However, there is no current AASHTO or 
ASTM test method to determine PCPP air voids. This study is an attempt to modify currently 
available hot-mix asphalt (HMA) air determination techniques for PCPP. The equation used to 
determine air voids in HMA is Percent Air Voids = 100(1 -Gmb/Gmm). Where Gmb is the bulk 
specific gravity of the specimen and Gmm is the theoretical maximum specific gravity of loose 
HMA. Previous research on HMA cores at Tennessee Technological University (TTU) has 
shown the INSTROTEK CORELOK SYSTEM to be a most effective means of determining Gmb 
of a material with surface accessible voids. Therefore, it was selected for determining Gmb of 
the PCPP cores. Gmm of PCPP cores must be determined in a compacted condition. 
Therefore, three modified techniques for determining the ―effective‖ Gmm of PCPP were used. 
Air voids calculated from the effective Gmm will be referred to as effective air voids. Specifically, 
effective air voids are air voids accessible from the surface, which effect PCPP permeability. 
Thirty-three field PCPP cores were used in the study. The ―cut bag method‖ using the 
INSTROTEK CORELOK SYSTEM was found to be the most accurate in determining the 
effective air voids of the PCPP cores. Further, compressive strengths of all cores were also 
determined. As expected, compressive strength of PCPP cores was inversely related to 
effective air voids. Correlation coefficients ranged from 0.367–0.989. 



http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Determining%20Pervious%20PCC%20Permeability%20with%20a%20Simple%20Triaxial%20Flexible-Wall%20Constant%20Head%20Permeameter.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Determining%20Pervious%20PCC%20Permeability%20with%20a%20Simple%20Triaxial%20Flexible-Wall%20Constant%20Head%20Permeameter.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Effectively%20Estimating%20In-situ%20Porosity%20of%20Pervious%20Concrete%20from%20Cores.pdf
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Certification, What Does it Mean? - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
An article on the new training programs for becoming pervious certified. 
Due to the recent increase in interest in pervious concrete including EPA listing it as a BMP 
(Best Management Practice) for managing stormwater and recycling it into the aquifer, the 
shortage of qualified pervious installers has become obvious. Many industry associations, tool 
and admixture providers are trying to remedy the problem by establishing training programs to 
teach concrete installers how to install pervious concrete. 
 
Concrete Solutions for Sustainable Growth - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
The world's population will continue to increase to about 6.9 billion by 2010! Developing 
countries will build more factories and homes. Their people will drive more vehicles and need 
more roads and parking lots. In the U.S. the number of vehicles registered increased to 226 
million in 2006 (Source U.S. Census Bureau). More vehicles and roads mean more 
greenhouse gasses and atmospheric warming. Our planet, our country and our neighborhoods 
will feel the impact. The Census Bureau explains that for every 5 new cars registered, an area 
the size of a football field gets paved. 
 
StoneyCrete Specifications for a Pervious Pavement System - Stoney Creek Materials L.L.C., 
Austin, Texas 
StoneyCrete specifications for a Pervious Pavement System. 
 
Predicting the Permeability of Pervious Concrete (Enhanced Porosity Concrete) from Non-
Destructive Electrical Measurements 
Neithalath, N., Weiss, J., and Olek, J. 
The effectiveness of a pervious concrete pavement to transport water through it depends on 
the intrinsic permeability of the system. However, this characteristic is usually defined in terms 
of the porosity of the material. It has been observed that porosity alone is an inadequate 
indicator of the permeability of pervious concretes, since the permeability depends on pore 
sizes, geometry and connectivity also. This paper presents a unique non-destructive method to 
determine the permeability of pervious concrete from electrical conductivity measurements. 
 
Pervious Concrete Specifications - © 2008 Charger Enterprises Inc. 
Wolfersberger, C., Member ICC and Certified Green Builder 
This nine page document is dedicated to all specifications involved throughout the pervious 
concrete placement process. 
 
City of Olympia Specifications for Pervious Concrete Sidewalks  
Section 8-30 applies to the construction of pervious concrete sidewalks, made of Portland 
cement, aggregate, water, and other approved admixtures. 
 
Pervious Concrete Certification Program - National Ready Mixed Concrete Association, 2008 
The goal of this certification program, administered by the National Ready Mixed Concrete 
Association, is to ensure that knowledgeable contractors are selected to place the product and 
thereby minimize the chance for failure. Development of the Text Reference for the Pervious 
Concrete Certification program was funded by the RMC Research & Education Foundation. 
 



http://www.perviousconcrete.com/certification.htm

http://www.perviousconcrete.com/environment.htm

http://www.stoneycreekmaterials.com/pervious/specs.html

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Predicting%20the%20Permeability%20of%20Pervious%20Concrete%20from%20Non-Destructive%20Electrical%20Measurements.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Predicting%20the%20Permeability%20of%20Pervious%20Concrete%20from%20Non-Destructive%20Electrical%20Measurements.pdf

http://www.perviousconcrete.com/pdf/specifications.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/CityofOlympiaSpec.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Pervious%20Concrete%20Contractor%20Certification%20Program.pdf
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K C Materials Lab Specifications on a Pervious Concrete Mix – Seattle Public Utilities Pervious 
Specification, 8/22/2006 
The work of this section includes subgrade preparation and installation of portland cement 
pervious pavement structures (i.e. porous concrete sidewalks). 
 
Recommended Specifications for Portland Cement Pervious Pavement - The Carolinas Ready 
Mixed Concrete Association Inc. 
This abbreviated specification is presented as a recommended guide for light traffic paving 
loading. 
 
STRUCTURAL DESIGN AND PROPERTIES 
 
Developing a Structural Design Method for Pervious Concrete Pavement 
Delatte, N., Cleveland State University 
This paper will review the current state of the practice on structural design of pervious concrete 
pavements, and outline a methodology for moving forward to develop a new, more appropriate 
structural design method. Design methods should identify the failure mechanisms for pervious 
concrete pavements, as well as the layer properties and thickness and joint detailing 
necessary to prevent failure. 
 
Estimating Pervious PCC Pavement Design Inputs with Compressive Strength and Effective 
Void Content 
Crouch, L. K., Sparkman, A., Dunn, T. R., Hewitt, R., Mittlesteadt, W., Byard, B., and Pitt, J., 
Tennessee Technological University 
This study uses a two-fold approach to obtain information on pervious concrete static modulus 
of elasticity (ASTM C 469), split tensile strength (ASTM C 496) and flexural strength (ASTM C 
78).   In the first approach existing correlations for normal concrete were applied to pervious 
concrete field and laboratory data. Secondly, the impact of effective void content on these 
properties was determined. 
 
Laboratory and Analytical Study of Permeability and Strength Properties of Pervious Concrete 
Huang, B., Cao, J., Chen, X., and Shu, X., University of Tennessee 
This paper presents a study in which the effects of aggregate gradations on the permeability 
and mechanical properties of pervious concrete were investigated. Pervious concrete with 
three aggregate gradations were characterized through laboratory tests. Air voids distributions 
were evaluated through image analysis. Theoretical and laboratory methods were employed to 
evaluate the permeability properties of the concrete mixtures. The mechanical properties of the 
concrete mixtures were characterized through the modulus of elasticity, compressive and split 
tensile strength tests. 
 
Analysis of the Behavior of Filtration vs. Compressive Strength Ratio in Pervious Concrete 
Flores, J. J., Martinez, B., and Uribe, R., Cement and Concrete Technology Center, Cemex 
This paper characterizes different mixture designs using a proposed test that measures the 
filtering capabilities in relation to compressive and flexural strengths. The tests analyze the 
individual and accumulated influence of different factors that take part in the filterable concrete 
design, such as cement content, the addition of different percentages of sand, or the use of 
additives that modify the fresh-state properties. 
 
 



http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/SPUSpec.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Specifications%20&%20Test%20Methods/Pervious%20Specs.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Developing%20a%20Structural%20Design%20Method%20for%20Pervious%20Concrete%20Pavement.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Estimating%20Pervious%20PCC%20Pavement%20Design%20Inputs%20with%20Compressive%20Strength%20and%20Effective%20Void%20Content.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Estimating%20Pervious%20PCC%20Pavement%20Design%20Inputs%20with%20Compressive%20Strength%20and%20Effective%20Void%20Content.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Laboratory%20and%20Analytical%20Study%20of%20Permeability%20and%20Strength%20Properties%20of%20Pervious%20Concrete.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Analysis%20of%20the%20Behavior%20of%20Filtration%20vs.%20Compressive%20Strength%20Ratio%20in%20Pervious%20Concrete.pdf
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Pervious Concrete Durability Testing 
Erickson, S., Quality Concrete 
This paper presents results of a full-scale accelerated load test on a driveway into an 
aggregate and ready mix plant in Oregon. The trucks are 5-axle concrete mixers with a legal 
capacity of 70,500 pounds and 8 axle dump truck and trailer combinations with a legal capacity 
of 105,500 pounds. The pavement is divided in multiple test areas that range from four inch to 
ten-inch thick sections of pavement on an engineered base. 
 
Compressive Strength of Pervious Concrete Pavements - Stormwater Management Academy 
University of Central Florida 
Wanielista, M. and Chopra, M. 
The pervious concrete system and its corresponding strength are as important as its 
permeability characteristics. The strength of the system not only relies on the compressive 
strength of the pervious concrete but also on the strength of the soil beneath it for support. 
Previous studies indicate that pervious concrete has lower compressive strength capabilities 
than conventional concrete and will only support light traffic loadings. This project conducted 
experimental studies on the compressive strength on pervious concrete as it related to water-
cement ratio, aggregate-cement ratio, aggregate size, and compaction. 
 
Experimental Study on Properties of Pervious Concrete Pavement Materials – ScienceDirect: 
Cement and Concrete Research, Vol. 33, 2003, pp. 381-386 
Yang, J. and Jiang, G. 
In this paper, a pervious concrete pavement material used for roadway is introduced. Using the 
common material and method, the strength of the pervious concrete is low. Using smaller 
sized aggregate, silica fume (SF), and superplasticizer (SP) in the pervious concrete can 
enhance the strength of pervious concrete greatly. The pervious pavement materials that 
composed of a surface layer and a base layer were made. The compressive strength of the 
composite can reach 50 MPa and the flexural strength 6 MPa. The water penetration, abrasion 
resistance, and freezing and thawing durability of the materials are also very good. It can be 
applied to both the footpath and the vehicle road. It is an environment-friendly pavement 
material. 
 
Attainable Compressive Strength of Pervious Concrete Paving Systems - Masters Thesis, 
University of Central Florida, 132 pp., 2005 
Mulligan, A. M. 
The pervious concrete system and its corresponding strength are as important as its 
permeability characteristics. The strength of the system not only relies on the compressive 
strength of the pervious concrete but also on the strength of the soil beneath it for support. 
Previous studies indicate that pervious concrete has lower compressive strength capabilities 
than conventional concrete and will only support light traffic loadings. This thesis investigated 
prior studies on the compressive strength on pervious concrete as it relates to water-cement 
ratio, aggregate-cement ratio, aggregate size, and compaction and compare those results with 
results obtained in laboratory experiments conducted on samples of pervious concrete 
cylinders created for this purpose. 
 
Laboratory Investigation of Compacted No-Fines Concrete for Paving Materials - Journal of  
Materials in Civil Engineering, Volume 7, Number 3, August 1995a, pages 183 to 191. 
Ghafoori, N., and Dutta, S. 



http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Pervious%20Concrete%20Durability%20Testing.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Compressive%20Strength.pdf

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWG-46RCRTB-3&_user=10&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=7b70141199ab79bea12942455b7b1be3

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Attainable%20Compressive%20Strength%20of%20Pervious%20Concrete%20Paving%20Systems.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Laboratory%20Investigation%20of%20Compacted%20No-Fines%20Concrete%20for%20Paving%20Materials.pdf
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In this study the physical and engineering characteristics of various no-fines concrete mixtures 
are investigated.  No-fines concrete mixtures subjected to impact compaction are studied 
under unconfined compression, indirect tension, and static modulus of elasticity; and the 
results are interpreted as functions of mix proportions.  The effect of impact-compaction 
energies, consolidation techniques, mixture proportions, curing types, and testing conditions 
on physical and engineering properties are presented. 
 
Structural Design of Permeable Pavements Worksheet 
This 12 page document is dedicated to the four key elements to the structural design of 
permeable pavements: Total Traffic; In Situ Soil Strength: Environmental Elements; Actual 
Layer Design 
 
Pervious Concrete Pavement: A Solution for Sustainable Communities - The Journal for 
Surface Water Quality Professionals, (2006) 
Davy, M. 
In recent years, the development community, permitting agencies, engineers, and owners 
have been seeking out new and innovative ways to reduce stormwater runoff and build low-
impact, sustainable communities. One of the ―new and innovative‖ ways that assist in these 
efforts just might be a product that has actually been around for some time—pervious 
concrete. 
 
Structural Design Considerations and Benefits 
This section provides guidelines for the structural design of pervious concrete pavements. 
Procedures described provide a rational basis for analysis of known data and offer methods to 
determine the structural thickness of pervious concrete pavements.  Pervious concrete is a 
unique material that has a matrix and behavior characteristics unlike conventional portland 
cement concrete or other pavement materials. Although these characteristics differ from 
conventional concretes, they are predictable and measurable. Projects with good to excellent 
performance over service lives of 20 to 30 years provide a great deal of empirical evidence 
related to material properties, acceptable subgrades, and construction procedures. Laboratory 
research in these areas has only recently begun. 
 
CURRENT ACTIVITY 
 
Side-by-Side Comparison of Pervious Concrete and Porous Asphalt – Funded in part by the 
RMC Research & Education Foundation  
 
Pervious Concrete Mix Design for Wearing Course Applications – Funded in part by the RMC 
Research & Education Foundation 
 
Performance of Pervious Concrete Pavement in Cold Weather Climate – Funded in part by the 
RMC Research & Education Foundation 
 
http://www.concretenetwork.com/pervious/design-ideas/pervious-concrete-washington.html 


 
Pervious Concrete Research Underway at the Minnesota Department of Transportation 
 
2007 Best Pervious Concrete Project MTSU Pervious Bus Transit Station 
 



http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Structual%20Design%201.pdf

http://www.gradingandexcavation.com/sw_0610_pervious.html

http://www.rmc-foundation.org/images/PCRC%20Files/Structural%20Design%20&%20Properties/Structural%20Design%20Considerations%20and%20Benefits.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Current%20Activity/Project%2006-12%20Comparison%20of%20Pervious%20Concrete%20&%20Porous%20Asphalt.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Current%20Activity/Project%2006-06%20Pervious%20Wearing%20Course%20Revised%20Proposal.pdf

http://www.rmc-foundation.org/images/PCRC%20Files/Current%20Activity/Project%2008-11%20Pervious%20Cold%20Weather%20Univ%20of%20MN.pdf

http://www.concretenetwork.com/pervious/design-ideas/pervious-concrete-washington.html

http://www.rmc-foundation.org/images/PCRC%20Files/Current%20Activity/MnDOT�s%20PERVIOUS%20CONCRETE%20RESEARCH.pdf

http://www.tnconcrete.org/tnconcrete/index.php?option=com_content&task=view&id=162&Itemid=40
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Serviceability of Pervious Concrete Pavements – Link not available 
Mata, L. and Leming, M., North Carolina State University 
 
Increasing exfiltration from pervious concrete into an underlying clay soil - Journal of 
Environmental Management – Link not available 
Tyner, J. S., W. C. Wright, and P. A. Dobbs., University of Tennessee, 2008 
 


 
These papers and presentations were showcased at the 2008 NATIONAL READY MIXED 


CONCRETE ASSOCIATION Concrete Technology Forum (a CD of the Forum’s 
proceedings are now available from the National Ready Mixed Concrete Association): 


 
Best Strategic Advances In Pervious Concrete Technology, D. Huffman 
 
Pervious Concrete Pavement Hydrological Design Considerations and Methods, J. 
Buffenbarger 
 
Design of Pervious Portland Cement Concrete Pavement—How Important is Strength?, A. 
Marks 
 
Development of a Test Method for Assessing the Surface Durability of Pervious Concrete, M. 
Offenberg and M. Davy 
 
A Retrospective Look at the Field Performance of Iowa’s First Pervious Concrete 
Sections as of Spring 2008, V. Schaefer, J. Kevern and K. Wang 
 
A Synthesis of Pervious Concrete Freeze-Thaw Testing Results, J. Kevern, K. Wang and V. 
Schaefer Sedimentation Effects on Pervious Concrete, L. Mata and M. Fleming 
 
Modeling the Retention of Oil in Enhanced Porosity Concretes, B. Bhayani, O. Deo, T. Holsen 
and N. Neithalath 
 
ASTM C 09.49 Subcommittee Activity on Test Methods for Pervious Concrete, K. Obla 
 
Statistical Characterization of the Pore Structure of Enhanced Porosity Concretes, K. Low, 
D.Harz and N. Neithalath 
 
The Effect of Compaction and Aggregate Gradation on Pervious Concrete, K. Mahboub, J. 
Canler, B. Davis and R. Rathbone 
 
Self Consolidating Pervious Concrete for Overlay Applications, K. Wang, J. Kevern and V. 
Schaefer 
 
SUMMARY AND FUTURE RESEARCH NEEDS 
 
Applications and Case Studies 
 Applications have been focused on parking lots and pedestrian pavements.  More field 


applications of pervious overlays, low volume streets, highway shoulders, medians and 
swales needs to be researched for additional concrete opportunities. 



http://my.nrmca.org/scriptcontent/BeWeb/Orders/ProductDetail.cfm?pc=2PCTF08

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf

http://www.concretetechnologyforum.org/documents/Program_By_Presenter_3_3_08.pdf
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Construction Techniques 
 With the wide variety of placement techniques (plate compactor, vibratory screed, roller, 


high density paver), an attempt to standardize the equipment used is important.  
Compactive effort affects many properties of pervious concrete that are used for Quality 
Assurance/Quality Control (QA/QC) purposes 


 As pervious pavement applications widen, attention will eventually turn to quicker 
turnaround on opening pervious pavements.  No research has been focused in that area. 


 
Durability and Maintenance 
 Clogging, whether surface or within, needs to be further researched in terms of being able 


to monitor volume loss over time and the maintenance techniques that can be used to 
recapture volume.  Removing cores for clogging observation is not a perfect science since 
water is used to remove cores which could disturb some of the sediment loading. 


 Additional design elements due to heavy sediment loading to prevent failure of pavement. 
 
Hydrological and Environmental Design 
 Adsorption of grease and oil into pervious concrete pores and its long term impact.   
 Growth and decomposition of biomass and aerobic digestion in a pervious system. 
 Leaching of concrete materials into the groundwater and soils. 
 
Mix Designs 
 Byproduct research – cement kiln dust, high carbon ash, etc. 


 
Specifications and Test Methods 
 Development of observation wells for water quality testing. 
 
Structural Design and Properties 
 Work has started on developing a structural design method for pervious pavements and 


should be further emphasized. 
 
** This list is solely the opinion of the investigator and other research areas should be 
considered if a lack thereof exists.  


STATE AND REGIONAL ASSOCIATION AND LOCAL UNIVERSITY RESOURCES 


Alabama 
Alabama Concrete Industries Association 
 
Arkansas 
Arkansas Ready Mixed Concrete Association 
  
California 
Concrete Promotion Council of Northern California 
 
California Construction and Industrial Materials Association 
  
California Nevada Cement Association 
 



http://www.alconcrete.org/

http://www.concretearkansas.org/

http://cpcnc.org/

http://www.calcima.org/

http://www.cncement.org/
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Pacific Southwest Concrete Alliance 
 
Colorado 
American Concrete Pavement Association (ACPA) – CO/WY 
 
Rocky Mountain Cement Council 


  
Connecticut 
Connecticut Ready Mixed Concrete Association 
 
Florida 
Florida Concrete Products and Association 
 
University of Central Florida 
 
Georgia 
Georgia Concrete & Products Association 
 
University of Georgia 
 
Cool Communities 


  
Hawaii 
Cement & Concrete Products Industry of Hawaii 
  
Illinois  
Illinois Ready Mix Concrete Association 


  
Indiana 
Indiana Ready Mixed Concrete Association 


   
Iowa 
Iowa Concrete Paving Association 
 
Iowa Ready Mix Concrete Association 


  
Kansas 
Concrete Promotion Group, Inc. of Greater Kansas City 
 
Kansas Aggregate Producers' Association/Kansas Ready Mixed Concrete Association 


  
Kentucky 
Kentucky Ready-Mixed Concrete Association 
 
University of Kentucky 


  
Louisiana 
Concrete & Aggregate Association of Louisiana 


 



http://www.concreteresources.net/

http://www.paveconcrete.org/

http://www.cementcouncil.org/

http://www.ctconstruction.org/

http://www.fcpa.org/

http://www.stormwater.ucf.edu/

http://www.gcpa.org/

http://www.sed.uga.edu/people/faculty/ferguson.htm

http://www.coolcommunities.org/cool_pavements.htm

http://www.ccpihawaii.org/

http://www.irmca.org/

http://www.irmca.com/

http://www.iowaconcretepaving.org/

http://www.iowareadymix.org/

http://www.concretepromotion.com/

http://www.kapa-krmca.org/

http://www.kapa-krmca.org/

http://www.krmca.org/

http://www.secement.org/PDFs/KRMCA-UK%20Agriculture%20Pervious%20Research.pdf

http://www.caal.org/intro/
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Maine 
Northern New England Concrete Promotion Association 
 
Maryland 
Maryland Ready Mix Concrete Association and Promotion Council 
 
Michigan 
Michigan Concrete Association 
 
Minnesota 
Aggregate & Ready Mix Association of Minnesota 
 
Mississippi 
Mississippi Concrete Industries Association 
 


Missouri 
Concrete Council of St. Louis 
 
Concrete Promotion Council of the Ozarks 


  
Montana 
Montana Contractor's Association 
  
Nebraska 
Nebraska Concrete and Aggregates Association 


  
Nevada 
Sierra Nevada Concrete Association 
 
Southern Nevada Concrete & Aggregates Association 
 
California Nevada Cement Association 
  
New Mexico 
New Mexico Ready Mixed Concrete & Aggregates Association 
  
New York 
New York Concrete Promotion Council 
 
Northeast Cement Shippers Association 
 
Clarkson University 


  
North Carolina 
Carolinas Ready Mixed Concrete Association 
 
NC State  
 
 



http://www.nnecpa.com/

http://www.marylandconcrete.com/

http://www.miconcrete.org/

http://www.armofmn.com/

http://www.mississippiconcrete.com/

http://www.concretecouncil.com/

http://www.cpcoz.com/

http://www.mtagc.org/

http://www.nebrconcagg.com/

http://www.sierranevadaconcrete.com/

http://www.lasvegasconcrete.com/

http://www.cncement.org/

http://www.concrete-nm.org/

http://www.nyconcrete.com/home.asp

http://www.necementshippers.com/

http://www.clarkson.edu/cee/faculty/neithalath.html

http://www.crmca.com/

http://www.bae.ncsu.edu/topic/permeable-pavement/research.html
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North Dakota 
North Dakota Ready Mix and Concrete Products Association 


  
Ohio 
Concrete Promotion Council of Southwest Ohio 


  
Ohio Ready Mixed Concrete Association 


  
Oklahoma 
South Central Cement Promotion Association 
 
Pennsylvania  
Pennsylvania Aggregate and Concrete Association 
 
Penn State 
 
Villanova University 


  
South Carolina 
Carolinas Ready Mixed Concrete Association 
 
Southeast Cement Association/University of South Carolina 
 
Tennessee 
Tennessee Concrete Association 
   
Texas 
Texas Aggregate and Concrete Association 
 
Cement Council of Texas 


  
Virginia 
Virginia Ready-Mixed Concrete Association 


  
Washington 
Washington Aggregate & Concrete Association 
 
West Virginia 
Builder's Supply Association of West Virginia 


  
Wisconsin 
Wisconsin Ready Mixed Concrete Association 


  
Wyoming 
American Concrete Pavement Association (ACPA) – CO/WY 
 
CANADA 
Cement Association of Canada 



http://www.ndconcrete.com/

http://www.cpcso.org/

http://www.ohioconcrete.org/

http://www.sccementpromo.com/

http://www.pacaweb.org/

http://hortweb.cas.psu.edu/research/greenroofcenter/

http://egrfaculty.villanova.edu/public/Civil_Environmental/WREE/VUSP_Web_Folder/PC_web_folder/PC_main.html

http://www.crmca.com/

http://www.secement.org/pervious_research_USC.htm

http://www.tnconcrete.org/

http://www.tx-taca.org/

http://www.cementcounciloftexas.org/

http://www.vrmca.com/

http://www.washingtonconcrete.org/

http://www.wvbsa.com/

http://www.wrmca.com/

http://www.paveconcrete.org/

http://www.cement.ca/
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British Columbia Ready-Mixed Concrete Association 
 
Manitoba Ready Mix Concrete Association 
 
Atlantic Concrete Association 
 
ADDITIONAL RESOURCES 
 
The following links are from a websites dedicated to educating and explaining the 
fundamentals of using pervious concrete.  
 
http://www.perviouspavement.org/ 
 
http://www.pervious.info/ 
 
http://www.concretenetwork.com/pervious/ 
 
http://www.nrmca.org/aboutconcrete/cips/38p.pdf 
 
LEED Reference Guide 
 
Pervious Concrete Contractor Certification Information 
 
 
Final Note: If you are aware of additional pervious concrete research or resources that were 
not included in this document, please e-mail the pertinent information or web link to Julie 
Garbini or Jennifer LeFevre at jgarbini@rmc-foundation.org or jlefevre@rmc-foundation.org, 
respectively. 



http://www.bcrmca.bc.ca/

http://www.mrmca.com/

http://www.aprmca.com/

http://www.perviouspavement.org/

http://www.pervious.info/

http://www.concretenetwork.com/pervious/

http://www.nrmca.org/aboutconcrete/cips/38p.pdf

http://www.rmc-foundation.org/newsite/images/RMCRF%20LEED%20Guide%20Revised%2010-06%20v2.pdf

http://www.nrmca.org/certifications/pervious/

mailto:jgarbini@rmc-foundation.org

mailto:jlefevre@rmc-foundation.org






 
 


Ready Mixed Concrete Industry LEED Reference Guide Update 
February 2009 


 
The United States Green Building Council (USGBC) will transition their 
Leadership in Energy and Environmental Design (LEED) rating system 
from LEED 2.2 to LEED 2009 as of March 1, 2009. Projects registered prior 
to March 1 will have the option of meeting the requirements of LEED 2.2 or 
LEED 2009 while projects registered after that date will fall under the 2009 
version. The current version of the Ready Mixed Concrete Industry LEED 
Reference Guide addresses the LEED 2.2 version. The RMC Research & 
Education, partnering with the National Ready Mixed Concrete Association 
(NRMCA), is working to update the Guide to incorporate the new changes 
in version 2009 regarding the use and treatment of ready mixed concrete. 
The revised Guide will be available this summer. 
 
Until the revised Guide is available, we have included with the current 
Guide an article written for Concrete inFocus by NRMCA’s Lionel Lemay, 
senior vice president of sustainable Development and Erin Mack Ashley, 
senior director of sustainable construction that details changes included in 
LEED 2009. The article is included as an insert in the Guide hardcopy and 
as an addendum at the end of the electronic version. 
 
Should you have any questions, please contact the Foundation’s Jennifer 
LeFevre at 240-485-1151 or at jlefevre@rmc-foundation.org. If you have 
specific questions related to the LEED program, please contact Lionel 
Lemay at 847-918-7101 or at llemay@nrmca.org or Erin Mack Ashley at 
410-796-7975 or at eashley@nrmca.org.  
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This document was underwritten by the 
Ready Mixed Concrete (RMC) Research 
Foundation and the Portland Cement 
Association (PCA). It was researched and 
written by Steven Winter Associates, Inc. 
(SWA), 50 Washington Street, Norwalk, CT 
06854 (www.swinter.com). SWA is an 
independent research and consulting firm with 
a long-standing commitment to achieving 
energy-, cost-, and resource-efficient 
buildings. SWA works closely with project 
architects, building owners, developers, and 
other industry representatives to apply 
sustainable, “whole building” strategies in a 
wide variety of building types: commercial, 
residential, educational, and institutional. 
SWA possesses expertise in material 
selection, systems engineering and 
specification, environmental performance, 
affordability, reduced construction and 
operating costs, HVAC control strategies, 
durability and affordability. The guide was 
revised in 2006 by an industry working group 
and is published by the RMC Research 
Foundation. 


The RMC Research Foundation is a non-
profit organization dedicated to improving the 
concrete industry through achieving its 
mission of promoting education and research 
projects that will strengthen and improve an 
already superior product in an industry 
committed to excellence.  PCA is an 
organization of cement companies to improve 
and extend the uses of portland cement and 
concrete through market development, 
engineering, research, and public affairs work. 
NRMCA is a leading industry advocate 
working to expand and improve the ready 


mixed concrete industry through leadership, 
promotion, education and partnering, ensuring 
that ready mixed concrete is the building 
material of choice. 


SWA, RMC Research Foundation, PCA 
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assistance in the preparation and review of 
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Abstract: Ready mixed concrete offers 
opportunities for designers, architects, 
engineers, contractors, concrete producers 
and others in the building industry to 
maximize credits offered by the United States 
Green Building Council’s (USGBC) 
Leadership in Energy and Environmental 
Design (LEED®) New Construction (NC) 
version 2.1 standard. This document will 
guide the reader in understanding the LEED 
program and areas where ready mixed 
concrete can be applied in a project to earn 
LEED points, enhancing its sustainability. 


Keywords: Energy conservation, 
environmental factors, innovative design, 
LEED, ready mixed concrete, recycling, 
sustainability. 


Reference: Steven Winter Associates, 
Inc., Ready Mixed Concrete Industry LEED 
Reference Guide, RMC Research Foundation, 
Silver Spring, Maryland, USA, October, 2005. 
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THERE IS NO WARRANTY, OR 
REPRESENTATION OF ANY KIND 
RESPECTING THIS PUBLICATION OR ANY 
INFORMATION CONTAINED HEREIN; AND 
ANY WARRANTY, EXPRESS OR IMPLIED, 
IS EXCLUDED AND DISCLAIMED, 
INCLUDING THE IMPLIED WARRANTIES 
OF MERCHANTABILITY AND FITNESS FOR 
A PARTICULAR PURPOSE; NOR IS THERE 
ANY WARRANTY THAT THIS PUBLICATION 
OR ANY INFORMATION CONTAINED 
HEREIN WILL MEET OR COMPLY WITH 
THE REQUIREMENTS OF ANY SAFETY OR 
ENVIRONMENTAL CODE OF ANY STATE, 
MUNICIPALITY OR OTHER JURISDICTION. 


IT IS AGREED THAT SELLER’S LIABILITY 
AND PURCHASER’S SOLE REMEDY, 
WHETHER IN CONTRACT, UNDER ANY 
WARRANTY, IN TORT (INCLUDING 
NEGLIGENCE), IN STRICT LIABILITY OR 
OTHERWISE, SHALL NOT EXCEED THE 
RETURN OF THE AMOUNT OF THE 
PURCHASE PRICE PAID BY PURCHASER, 
AND UNDER NO CIRCUMSTANCES SHALL 
SELLER BE LIABLE FOR ANY SPECIAL, 
INCIDENTAL, OR CONSEQUENTIAL 
DAMAGES. 







 


TABLE OF CONTENTS 
 


PREFACE................................................................................................................................................ i 
EXECUTIVE SUMMARY........................................................................................................................ 1 
INTRODUCTION .................................................................................................................................... 1 
     The LEED Certification Process........................................................................................................ 2 
     The Ready Mixed Concrete Industry LEED Reference Guide .......................................................... 4 
USING READY MIXED CONCRETE TO ACHIEVE LEED-NC CREDITS ............................................ 5 
     Sustainable Sites PREREQUISITE AND CREDITS ......................................................................... 5 
     LEED Credit SS-C6.1 Stormwater Management - Rate and Quantity .............................................. 5 
     LEED Credit SS-C6.2 Stormwater Management - Treatment........................................................... 5 
     LEED CREDIT SS-C7.1 LANDSCAPE AND EXTERIOR DESIGN TO REDUCE HEAT         


ISLAND EFFECT ........................................................................................................................... 15 
ENERGY AND ATMOSPHERE PREREQUISITE AND CREDITS...................................................... 20 
     LEED EA-P2 MINIMUM ENERGY PERFORMANCE ..................................................................... 20 
     LEED EA-C1 OPTIMIZE ENERGY PERFORMANCE .................................................................... 20 
MATERIALS AND RESOURCES CREDITS........................................................................................ 28 
     LEED Credit MR-C2 CONSTRUCTION WASTE MANAGEMENT ................................................. 28 
     LEED CREDITS MR-C4.1 AND MR-C4.2 RECYCLED CONTENT................................................ 33 
     LEED CREDIT MR-C5.1 AND MR-C5.2 REGIONAL MATERIALS................................................ 45 
     LEED CREDIT MR-C7 CERTIFIED WOOD.................................................................................... 48 
INNOVATION IN DESIGN CREDITS ………………………….……………………………………………53 
      GENERAL DISCUSSION............................................................................................................... 53 
      LEED CREDIT ID-C1 EXEMPLARY PERFORMANCE IN MEETING CREDIT     


REQUIREMENTS .......................................................................................................................... 55 
 LEED CREDIT ID-C1 FORTY PERCENT REDUCTION IN THE USE OF PORTLAND     


CEMENT ........................................................................................................................................ 59 
 LEED CREDIT ID-C1 SITE-WIDE VOC REDUCTION.................................................................. 62 
INCIDENTAL READY MIXED CONCRETE USE IN OTHER CREDITS ............................................. 66 
OTHER ENVIRONMENTAL ISSUES................................................................................................... 70 
 Plant Waste Water Disposal .......................................................................................................... 70 
 On-site Wash Water Disposal........................................................................................................ 70 
 Solid Waste .................................................................................................................................... 71 
 Site Protection................................................................................................................................ 72 
APPENDIX A: Sample Letter................................................................................................................ 73 
APPENDIX B: Chart of LEED 2.2 Changes ......................................................................................... 76 
 







 


 
 


This page intentionally left blank. 







 


PREFACE - Potential LEED Credits for Ready Mixed Concrete 
Concrete contributes to this LEED Credit 


Incidental concrete use in this LEED Credit 
Sustainable Sites 14 Points


Prereq 1 Erosion & Sedimentation Control  Required 


Credit 1 Site Selection 1 
Credit 2 Urban Redevelopment - 60,000 sf/acre Development Density 1 
Credit 3 Brownfield Redevelopment 1 
Credit 4.1 Alternative Transportation, Proximity to Mass Transit 1 
Credit 4.2 Alternative Transportation, Bicycle Storage & Changing Rooms 1 
Credit 4.3 Alternative Transportation, Alternative Fuel Refueling Stations (3% of Parking) 1 
Credit 4.4 Alternative Transportation, Parking Capacity 1 
Credit 5.1 Reduced Site Disturbance, Protect or Restore Open Space  1 
Credit 5.2 Reduced Site Disturbance, Development Footprint (25% Reduction ) 1 
Credit 6.1 Stormwater Management, 25% Reduction in Rate & Quantity or No Net Increase 1 
Credit 6.2 Stormwater Management, Treatment 1 
Credit 7.1 Landscape & Exterior Design to Reduce Heat Islands, Non-Roof 1 
Credit 7.2 Landscape & Exterior Design to Reduce Heat Islands, Roof 1 


Water Efficiency 5 Points 


Credit 1.1 Water Efficient Landscaping, Reduce by 50%  1 
Credit 1.2 Water Efficient Landscaping, No Potable Water Use or No Irrigation 1 
Credit 2 Innovative Wastewater Technologies 1 
Credit 3.1 Water Use Reduction, 20% Reduction 1 
Credit 3.2 Water Use Reduction, 30% Reduction 1 


Prereq 1 Fundamental Building Systems Commissioning Required 


Prereq 2 Minimum Energy Performance ASHRAE 90.1-1999.  Required 


Prereq 3 CFC Reduction in HVAC&R Equipment Required 


Credit 1.1 Optimize Energy Performance, 15% New / 5% Existing.  1 


Credit 1.2 Optimize Energy Performance, 20% New / 10% Existing 1 
Credit 1.3 Optimize Energy Performance, 25% New / 15% Existing 1 


Credit 1.4 Optimize Energy Performance, 30% New / 20% Existing 1 


Credit 1.5 Optimize Energy Performance, 35% New / 25% Existing 1 


Credit 1.6 Optimize Energy Performance, 40% New / 30% Existing 1 


Credit 1.7 Optimize Energy Performance, 45% New / 35% Existing 1 


Credit 1.8 Optimize Energy Performance, 50% New / 40% Existing 1 


Credit 1.9 Optimize Energy Performance, 55% New / 45% Existing 1 


Credit 1.10 Optimize Energy Performance, 60% New / 50% Existing 1 


Credit 2.1 Renewable Energy, 5% (2.5%) 1 
Credit 2.2 Renewable Energy, 10% (7.5%) 1 
Credit 2.3 Renewable Energy, 20% (15.5%) 1 


Credit 3 Additional Commissioning 
DD, CD, & submittal review + recommissioning manual & 1yr system operations review.


1 


Credit 4 Ozone Depletion - No HCFC's and Halons 1 


Credit 5 Measurement & Verification 
Continuous monitoring of 10 key building systems (IPMVP). 


1 


Credit 6 Green Power 2 Year Contract 
Tradable Renewable Certificates available for 1.5-2.5 cents Kw.


1 


Materials & Resources 13 Points


i 







 


Prereq 1 Storage & Collection of Recyclables Required 
Credit 1.1 Building Reuse, Maintain 75% of Existing Shell 1 
Credit 1.2 Building Reuse, Maintain 100% of Shell 1 
Credit 1.3 Building Reuse, Maintain 100% Shell & 50% Non-Shell 1 


Credit 2.1 Construction Waste Management,  
Divert 50% of C&D waste from landfill.  1 


Credit 2.2 Construction Waste Management, Divert 75% 
Divert 75% of C&D waste from landfill.  1 


Credit 3.1 
Resource Reuse, Specify 5% 
Based on material cost, this would require the project to purchase salvaged materials equal 
to at least 5% of the total material costs.  


1 


Credit 3.2 Resource Reuse, Specify 10% 1 


Credit 4.1 Recycled Content, Specify 5%.  1 


Credit 4.2 Recycled Content, Specify 10%.  1 


Credit 5.1 Local/Regional Materials, 20% Manufactured Locally (w/in a 500-maile radius).  1 


Credit 5.2 Local/Regional Materials, of 20% Above, 50% Harvested Locally 1 


Credit 6 Rapidly Renewable Materials 5% of materials from renewable resources 1 


Credit 7 Certified Wood 50% of Wood FSC Certified 1 


Indoor Environmental Quality 15 Points
Prereq 1 Minimum IAQ Performance - ASHRAE 62-2001 Required 
Prereq 2 Environmental Tobacco Smoke (ETS) Control Required 
Credit 1 Carbon Dioxide (CO2 ) Monitoring 1 


Credit 2 Increase Ventilation Effectiveness - Air Exchange Effectiveness >= 0.9 (ASHRAE 
127-1997) 1 


Credit 3.1 Construction IAQ Management Plan, During Construction 1 
Credit 3.2 Construction IAQ Management Plan, Before Occupancy(Flush-out) 1 
Credit 4.1 Low-Emitting Materials, Adhesives & Sealants 1 
Credit 4.2 Low-Emitting Materials, Paints 1 
Credit 4.3 Low-Emitting Materials, Carpet 1 
Credit 4.4 Low-Emitting Materials, Composite Wood 1 
Credit 5 Indoor Chemical & Pollutant Source Control 1 


Credit 6.1 Controllability of Systems, Perimeter - 1 operable window & 1 lighting control/ 200 
sf. 1 


Credit 6.2 Controllability of Systems, Non-Perimeter - Individual airflow, temp, & lighting 
control for 50% of non-perimeter occupants. 1 


Credit 7.1 Thermal Comfort, Comply with ASHRAE 55-1992 1 
Credit 7.2 Thermal Comfort, Permanent Monitoring System 1 
Credit 8.1 Daylight & Views, Daylight 75% of Regularly Occupied Spaces 1 
Credit 8.2 Daylight & Views, Views for 90% of Regularly Occupied Spaces 1 


Innovation & Design Process 5 Points 
Credit 1.1 Innovation in Design: Exemplary Performance.  1 
Credit 1.2 Innovation in Design: Site Wide VOC Reduction.  1 
Credit 1.3 Innovation in Design: 40% Reduction in the use of Portland Cement. 1 
Credit 1.4 Innovation in Design: Open 1 
Credit 2 LEED™ Accredited Professional 1 


Project Totals 69 Points
Certified 26-32 points   Silver 33-38 points   Gold 39-51 points   Platinum 52-69 points  


ii 
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Concrete offers several opportunities for building 
projects to gain LEED points. 


EXECUTIVE SUMMARY


Of all the green building design and 
construction evaluation programs in the 
Unites States, the United States Green 
Building Council’s (USGBC) LEED Rating 
System is the most widely adopted standard. 
Public and private companies, government 
agencies, trade groups, and other entities 
throughout the United States construction 
industry have adopted LEED as the standard 


for determining a building’s degree of 
sustainability. Recognizing the importance of 
LEED, NRMCA, PCA, and the RMC 
Research Foundation commissioned the 
development of a LEED Reference Guide 
that could be used by architects, developers, 
clients, builders, manufacturers, suppliers, 
and others in the construction industry to 
determine how the use of ready mixed 
concrete can contribute to sustainable 
building. 


The resulting document presents a 
detailed discussion of the LEED program, 
how LEED points are assigned, how material 


uses and construction methods must be 
documented, and what issues must be 
carefully considered in using ready mixed 
concrete to enhance a building’s 
sustainability. 


Potential LEED points gained through 
the use of ready mixed concrete are 
discussed in the following areas: stormwater 
management; landscape paving; minimizing 
energy use; optimizing energy performance; 
managing construction waste; recycled 
content; use of regional materials; use of 
certified wood; innovation in design; site-wide 
VOC reduction; and reduction in the use of 
portland cement. The document also covers 
plant waste water disposal; on-site wash 
water disposal; solid waste; and site 
protection. In each of these areas, the 
Reference Guide presents information useful 
to the designer, the contractor, and the ready 
mixed concrete supplier in achieving LEED 
points. This information is supplemented by 
extensive lists of citations, references, and 
other resource documents, trade groups, and 
websites. 


INTRODUCTION 


Established in 1998, the LEED Green 
Building Rating System for New Construction 
(LEED-NC) is a voluntary, consensus-based 
national standard for designing and building 
high-performance, sustainable buildings. 
LEED was developed by members of the 
USGBC representing many segments of the 
building industry and environmental science. 







 


 2  


LEED’s mission is to: define that which 
qualifies as a "green building" by establishing 
a common standard of measurement; 
promote integrated, whole-building design 
practices; recognize environmental 
leadership in the building industry; stimulate 
green competition; raise consumer 
awareness of green building benefits; and 
transform the building market. While the 
current number of registered LEED projects 
only accounts for about 5% of the United 
States Commercial and Institutional Building 
market, this number has grown from 12 
registered LEED projects in 1999 to 2,164 by 
August 2005.  


LEED Certification can be achieved at a 
Certified, Silver, Gold, or Platinum level 
based on how many of the 69 LEED-NC 
Credits are awarded after a project meets 
seven LEED Prerequisites. The LEED-NC 
Rating System divides these credits and 
prerequisites into six categories: Sustainable 
Sites, Water Efficiency, Energy and 
Atmosphere, Materials and Resources, 
Indoor Environmental Quality, and Innovation 
in Design. Prerequisites and Credits are 
based mostly on established governmental, 
trade group, or laboratory standards, such as 
the USEPA’s “Stormwater Management for 
Construction Activities,” or the standards for 
energy efficiency and ventilation 
effectiveness of the American Society of 
Heating, Refrigerating, and Air Conditioning 
Engineers (ASHRAE). The number of points 
a project earns by satisfying the 
environmental performance criteria of the 
various LEED Credits determines the level at 
which a project can be certified.  


While the LEED-NC Rating System was 
initially designed for commercial high-rise 
office buildings, the system can be used for a 
wide variety of projects. LEED-NC Version 
2.1, released in November 2002, includes 
requirements suitable for multi-family 
residential high-rise projects. Also, the 
USGBC modified and added to the LEED-NC 
Rating System to create two new LEED 
Rating Systems; LEED-CI for Commercial 
Interiors and LEED-EB for existing buildings. 
In addition, LEED-CS for Core and Shell and 
LEED-H for Homes and LEED-CI for 
Commercial Interiors are currently in the pilot 
phase with approximately 98 projects 
registered between them. The USGBC is 
currently developing guidelines for residential 
and laboratory projects, and is making the 
final revision to the LEED-EB Rating System 
for Existing Buildings. 


The LEED Certification Process 


LEED is a voluntary rating system. An 
environmentally conscious building owner or 
developer may choose to design and 
construct a building to minimize 
environmental impact using the LEED rating 
system as a guide. LEED certification 
quantifies the level of environmental 
performance for a building. Typically the 
owner’s representative, who is usually an 
architect, is directed to design the building to 
meet a certain level of LEED certification. 
Some building owners have committed to 
having all of their projects LEED certified and 
others have committed to certifying only 
selected buildings. For example, several 
public agencies such as city governments or 
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federal agencies have declared that all of 
their new buildings shall be LEED certified. 
Some private companies have built new 
headquarters using LEED certification.  


A project formally begins the LEED 
Certification process by having it registered 
as a LEED project on the USGBC website 
(www.usgbc.org) by one of the project team 
members. This process requires completing 
an online form that asks for information on 
the project and the design team. Registering 
also requires a fee based on the total square 
footage of the project. The registration fee 
ranges from $750 to $3,000 depending on 
project size. The registration process entitles 
the project team access to member-only 
portions of the USGBC’s website and to two 
free Credit Interpretation Requests (CIR). 
CIRs are made to the USGBC online when a 
project deems that compliance with a credit’s 
intent can be met without meeting the letter 
of a given Credit Requirement. The 
member’s-only portion of the USGBC 
website includes access to all prior CIRs 
made by registered projects and subsequent 
USGBC responses or “Rulings.” 


Informally, most project representatives 
begin the LEED process by evaluating 
criteria of the various LEED Credits and 
targeting those most compatible with the 
project scope, budget, and environmental 
goals. Representatives who start this process 
in the early stages of the design process are 
usually more successful because they can 
take advantage of synergies between LEED 
Credits and because they do not need to 
make design changes to meet LEED Criteria. 


The process of documenting compliance 
with LEED Criteria can begin early in the 
design, but many of the credits related to 
construction activities and building materials 
require documentation that is not available 
until the final stages of Construction 
Administration, or even Substantial 
Completion. While the building 
commissioning (the process of making final 
checks and adjustments to construction and 
building operations), may need to continue 
beyond substantial completion for seasonal 
or deferred testing, projects are usually able 
to assemble all the documentation needed to 
submit a LEED Application to the USGBC at 
about the same time as Substantial 
Completion. 


The LEED Application includes 
documentation or letters declaring 
compliance for all LEED Prerequisites and 
targeted LEED Credits. The USGBC website 
includes detailed information on the required 
format for the LEED Application. Once a 
representative has submitted the two copies 
of the application to the USGBC, the USGBC 
forwards one copy to a contracted reviewer 
and the LEED third party review process 
begins. The USGBC will issue a formal 
review of the LEED Application within 30 
days. This first formal preliminary review will 
detail which credits are accepted, which 
credits need additional documentation, and 
which credits are being audited. The 
preliminary review provides descriptions of 
the additional documentation materials 
required. The project team then has 30 days 
to provide the requested materials to the 
USGBC. The final Certification then occurs 







 


 4  


within 30 days from the date in which the 
USGBC receives the additional requested 
materials. At that time, a set of 10 LEED 
Certified, Silver, Gold, or Platinum 
Certificates are issued to the design team in 
recognition of the LEED Rating earned. The 
actual LEED Plaque is then ordered and is 
usually available within four to six weeks. 


LEED encourages and rewards an 
integrated approach to design and 
construction that involves all team members 
in the project, including the design and 
construction team, owners, product suppliers 
and manufacturers, construction managers, 
cost estimators, specification writers, and 
others. LEED documentation is the 
responsibility of several team members, 
although it is typically coordinated by a 
LEED-accredited professional, who also 
prepares CIRs, the final submittal, and the 
responses to the USGBC during the review 
period. 


The Ready Mixed Concrete Industry LEED 
Reference Guide 


The document is organized into 11 
sections that offer the best opportunities for 
achieving LEED Credits through the use of 
ready mixed concrete. The term “ready 
mixed concrete” and “concrete” are used 
interchangeably throughout this publication 
and meant to describe concrete that is 
delivered to the project site in the plastic 
state in concrete trucks. The 11 sections are 
organized under four categories: 
“Sustainable Sites,” “Energy and 
Atmosphere,” “Materials and Resources,” 


and “Innovation in Design.” These four 
categories are taken directly from the LEED-
NC standard. A fifth section, “Incidental 
Ready Mixed Concrete Use in Other Credits,” 
offers guidance in how the material can 
enhance opportunities for gaining LEED 
Credits in other areas. 


In each section, the discussion of the 
LEED-NC Credits relevant to ready mixed 
concrete is separated into those issues 
primarily affecting the project designers (in 
the section “Design Issues”) and those 
primarily affecting the concrete trade 
professionals (in the section “Trade 
Contractor and Manufacturer Issues”). 
However, each group needs to read both 
portions, as both groups are often 
responsible for completing documentation 
requirements. In general, “Design Issues” 
deals with issues that must be decided 
before the project begins construction, while 
“Trade Contractor and Manufacturer Issues” 
is concerned with actual construction and 
close-out. 


A final section of the document 
addresses environmental considerations in 
using ready mixed concrete with reference to 
plant waste water disposal, on-site wash 
water disposal, solid waste, and site 
protection. 
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Example of uncontrolled water run-off. 


USING READY MIXED CONCRETE TO 
ACHIEVE LEED-NC CREDITS 


Sustainable Sites PREREQUISITE AND 
CREDITS 


 


LEED Credit SS-C6.1 Stormwater 
Management - Rate and Quantity 


Intent: Limit disruption and pollution of 
natural water flows by managing stormwater 
runoff. 


Requirements 


If existing imperviousness is less than or 
equal to 50%, implement a stormwater 
management plan that prevents the post-
development 1.5 year, 24 hour peak 
discharge rate from exceeding the pre-
development 1.5 year, 24 hour peak 
discharge rate; 


OR 


If existing imperviousness is greater than 
50%, implement a stormwater management 
plan that results in a 25% decrease in the 
rate and quantity of stormwater runoff. LEED 
will also give credit for rainwater collected 
and reused on-site. 


 


LEED Credit SS-C6.2 Stormwater 
Management - Treatment 
Intent: Limit disruption of natural water flows 
by eliminating stormwater runoff, increasing 
on-site infiltration and eliminating 
contaminants. 


Requirements 


Construct a site stormwater treatment 
system designed to remove 80% of the 


average annual post-development total 
suspended solids (TSS) and 40% of the 
average annual post-development total 
phosphorous (TP) based on the average 
annual loadings from all storms less than or 
equal to the 2-year/24-hour storm. Do so by 
implementing Best Management Practices 
(BMPs) outlined in Ch. 4, Part 2 (Urban 
Runoff), of the USEPA’s Guidance 
Specifying Management Measures for 
Sources of Nonpoint Pollution in Coastal 
Waters, Jan. 1993 (Document No. EPA-840-
B-93-001c) or the local government’s BMP 
document (whichever is more stringent). 


Summary of Concrete Applications and 
Materials Relevant to the Credits 


LEED includes Stormwater Management 
and Treatment Credits to reduce the negative 
effects of runoff created by development. 
Roofs, sidewalks, parking lots, driveways, 
streets and other impervious surfaces 
prevent water from naturally infiltrating soil, 
filtering pollutants and recharging aquifers. 
As a result, large volumes of sheet runoff 
must be collected, concentrated, and 
directed into waterways. These volumes of 
stormwater carry sediment and other 
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Pervious concrete paving example – 
placing pervious screed. 


contaminants that compromise water quality. 
Expensive infrastructure works are 
necessary to control the erosion and flooding 
that occur when stormwater is concentrated 
and released into waterways. 


Stormwater runoff picks up pollutants 
such as spilled oil, tire particles, detergents, 
pesticides, fertilizer, de-icing salt, pathogens, 
chemicals, sand, and many other 
substances. These pollutants are then 
deposited into waterways with concentrated 
stormwater. Some municipalities route 
stormwater through sewage treatment 
facilities, and when heavy storms cause flow 
rates to exceed treatment plant capacity, 
untreated sewage is discharged into 
waterways. 


Concrete can be an important part of 
strategies to achieve these two credits: first, 
by controlling the rate and quantity of 
stormwater runoff; and second by removing 
some of the most important pollutants from 
the runoff. 


These conventional uses of concrete for 
stormwater management such as piping, 
collection systems and waste water 
treatment are important, but are commonly 
used and are well-documented. This report 
will concentrate on pervious pavement made 
from concrete, a very promising technology 
that is rapidly gaining popularity throughout 
the United States. 


DESIGN ISSUES 


Pervious Concrete Paving 


Pervious paving allows water to 
percolate to the ground, filter contaminants 


and recharge groundwater and aquifers. 
Pervious concrete consists of specially 
formulated mixtures of portland cement, 
uniform, open-graded coarse aggregate, and 


water. It usually contains little or no sand. It 
has enough void space to allow rapid 
percolation of liquids through the pavement. 


The pervious pavement surface is 
typically placed over a highly permeable 
layer of open-graded gravel and crushed 
stone. Voids in the aggregate layers act as a 
storage reservoir for stormwater. A filter 
fabric may be placed beneath the gravel and 
stone layers to screen out fine soil particles. 
The amount of storage in the stone reservoir 
beneath the pavement can be varied. If the 
soil has low permeability, or is highly 
vulnerable to freeze-thaw cycles, perforated 
pipes can be added near the top of the 
reservoir to discharge excess stormwater 
after the reservoir has been filled. Urban infill 
projects or projects without adequate room 
for the required stone reservoir may not be 
appropriate candidates for pervious paving. 
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Pervious paving has many advantages in 
addition to meeting LEED credit 
requirements.  It is a consistently improving 
technology that shows great promise, with 
benefits that are still being discovered by the 
industry. 


Maintenance 


The advantages of pervious pavement 
can only be realized if it is designed and 
maintained to prevent clogging. To ensure 
success, employ design strategies to help 
prevent clogging. Grade site areas away 
from paving to prevent the flow of dirt and 
debris into pervious paving (alternatively, 
“pretreatment” borders can be added to filter 
out particles before they flow onto the 
pavement). Only employ pervious paving in 
appropriate areas under suitable conditions 
(see “Design Guidelines” below). 


Maintenance could include vacuum 
sweeping or pressure washing on a periodic 
basis commensurate with the level and type 
of debris that might come onto the pavement 
surface. The pavement should be inspected 
several times during the first few months 
following installation and annually thereafter. 
Annual inspections should take place after 
large storms, when puddles will make any 
clogging obvious. The condition of adjacent 
pretreatment devices should also be 
inspected. 


Provide maintenance guidelines for the 
building owner. Consider posted signage on-
site to identify pervious pavement areas. 
These can also serve an educational and 
environmental promotion function. 


Filtering and Treating Stormwater with 


Pervious Concrete Paving 


Pervious pavement pollutant removal 
mechanisms include absorption, straining, 
and microbiological decomposition in the soil. 
An estimate of pervious pavement pollutant 
removal efficiency is provided by two long-
term monitoring studies conducted in 
Rockville, MD, and Prince William County, 
VA. These studies indicate removal 
efficiencies of between 82% and 95% for 
sediment, 65% for total phosphorus, and 
between 80% and 85% of total nitrogen. The 
Rockville, MD, site also indicated high 
removal rates for zinc, lead, and chemical 
oxygen demand. There is some question of 
how closely these results reflect other 
situations, but the treatment effectiveness of 
properly designed and maintained pervious 
pavement is not in doubt. 


Table 2. Effectiveness of porous pavement 
pollutant removal (Schueler, 1987) 


 


Some key factors (other than 
maintenance) that increase pollutant removal 
include a drainage time of at least 24 hours, 
and the use of clean-washed aggregate.  


  Pollutant Removal (%) 


Study TSS TP TN COD Metals 


Prince William 
County, VA 


82 65 80 - - 


Rockville, MD 95 65 85 82 98–99 
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Pervious pavements allow for groundwater recharging 
while also assisting with water pollution removal. 


 “Stormwater hot spots” are areas where 
land use or activities generate highly 
contaminated runoff, with concentrations of 
pollutants in excess of those typically found 
in stormwater. Since pervious pavement is 
an infiltration practice, it should not be used 
at stormwater hot spots due to the potential 
for ground water contamination. These areas 
include commercial nurseries, auto recycle 
facilities, fueling stations, storage areas, 
marinas, outdoor container storage of liquids, 
hazardous materials generators (if containers 
are exposed to rainfall), vehicle service and 
maintenance areas, and vehicle and 
equipment washing/steam cleaning facilities. 


Recharging Ground Water Below Pervious 
Concrete Paving 


Pervious paving can be used either to 
recharge ground water, or to store 
stormwater for later reuse (and/or diversion 
into stormwater conveyance systems), or 
both. This section discusses its ground water 
recharge function. 


Some data suggest that as much as 70% 
to 80% of annual rainfall will go toward 
ground water recharge (Gburek and Urban, 
1980). These data will vary depending on 
design characteristics and underlying soils. 
Per the USEPA, systems that rely on soil 
absorption require deep pervious soils at 
separation distances of at least 4’ between 
the bottom of the structure and seasonal high 
ground water levels. In theory, pretreatment 
and treatment by the pervious paving should 
reduce the depth of soil above seasonal high 
ground water levels.  


Another source lists the following criteria: 


• Soils need to have permeability between 
0.5” and 3.0” per hour.  If this criterion is 
not met, a combination of an aggregate 
base and drainage pipes can be used to 
channel the excess water to a holding 
medium. 


• The bottom of the stone reservoir should 
be flat so that infiltrated runoff will be 
able to infiltrate through the entire 
surface. 


• Porous pavement should be sited at least 
2’ to 5’ above the seasonally high ground 
water table, and at least 100’ away from 
drinking water wells. 


Designs also require the inclusion of 
devices to convey to the storm drain system 
excess water from storms that exceed the 
design flow rate. One option is to use storm 
drain inlets set slightly above the elevation of 
the pavement. This configuration would allow 
for some ponding above the surface, but 
would bypass flows that are too large to be 
treated by the system, or that occur if the 
surface clogs. 
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Retention/Attenuation (or Tanked) Systems 


The gravel underlying the paving can be 
used for the storage (retention) of 
stormwater, substituting for expensive or 
land-consuming retention structures 
elsewhere on the property. This function of 
pervious paving incorporates base and sub-
base storage in conjunction with standard 
drainage infrastructure to provide a delayed 
stormwater discharge. Retention systems 
can also enable reuse of stormwater for 
some domestic purposes such as irrigation. 


Two ways of modifying pervious 
pavement systems to function as reservoirs 
are (1) varying the amount of storage in the 
stone reservoir beneath the pavement and 
(2) adding perforated pipes near the top of 
the reservoir to discharge excess stormwater 
after the reservoir has been filled. Some 
municipalities have also added stormwater 
reservoirs (in addition to stone reservoirs) 
beneath the pavement. These reservoirs 
should be designed to accommodate runoff 
from a design storm. For more information, 
see design criteria from the United States 
Environmental Protection Agency Office of 
Water, Washington, D.C., document: EPA 
832-F-99-023, dated September 1999. 


Benefits and Costs 


As with most stormwater runoff reduction 
measures, the initial incremental costs need 
to be compared to the costs of infrastructure 
that may be required by municipal or other 
authorities for which pervious paving is an 
acceptable alternative (i.e. detention tanks). 
Maintenance costs, such as required 
vacuuming of pervious paving, should also 


be considered. 


Limitations 


Several studies indicate that, with proper 
maintenance, porous pavement can retain its 
permeability (e.g., Goforth et al., 1983; 
Gburek and Urban, 1980; Hossain and 
Scofield, 1991). Many pavement engineers 
and contractors lack expertise with this 
technology. Therefore, it is suggested that 
specifications require pervious concrete 
installers be NRMCA Pervious Concrete 
Contractor (or Technician) Certified. For 
infiltrating systems (the great majority of 
cases), the use of pervious pavement does 
create risk of ground water contamination, 
depending on soil conditions and aquifer 
susceptibility. Fuel may leak from vehicles 
and toxic chemicals may leach from asphalt 
and/or binder surface. Infiltration-type 
treatment systems, including pervious 
paving, are not designed to treat these 
pollutants. Likewise, nitrates and chlorides 
may continue to move through the soil profile 
and into the ground water, possibly 
contaminating drinking water supplies. 
Therefore, until more scientific data is 
available, it is not advisable to construct 
porous pavement near ground water drinking 
supplies. 


Because pervious paving is not in wide 
use, special planning and expertise will be 
necessary until it becomes routine. Retrofit 
may not be possible in many cases without 
redesigning and rebuilding the sub-base for 
proper drainage. Anaerobic conditions may 
develop in underlying soils if the soils are 
unable to dry out between storm events. This 
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Pervious concrete finishing uses similar equipment as 
for finishing standard concrete; technique is the key. 


situation may impede microbiological 
decomposition. 


Codes and Standards 


Any paving must meet requirements for 
material quality, compressive strength, water 
absorption, and freeze-thaw resistance. The 
NRMCA publication Freeze-Thaw Resistance 
of Pervious Concrete provides guidance for 
freeze-thaw resistance. In areas where 
codes have not caught up with new 
technologies, requirements for curbing, 
gutters, stormwater piping and other 
standard civil engineering measures may 
compromise the use of pervious paving. In 
these cases, rationalization must be 
prepared and justified with the appropriate 
agencies. 


Regulatory agencies may require review 
and approval regarding the recharging of 
underground aquifers or the horizontal 
movement of water under the paving, when 
the water may contain undesirable chemicals 
or pathogens. 


Integration with Other LEED Credits 


Pervious concrete is also known as 
percolating concrete, no-fines concrete, and 
pervious or porous paving. Like porous 
asphalt pavement or porous precast concrete 
pavers, it may be an option for the 
achievement of three LEED Credits in 
addition to the Stormwater Management 
points: 


• Because concrete is much lighter in 
color than asphalt, it may help satisfy 
the requirement for LEED Credit SS-
7.1(See Heat Island Reduction Credit). 


• The gravel sub-base under porous 
pavement can be used to store 
stormwater for irrigation, helping to 
satisfy LEED Credit WE-1. If no 
irrigation is required for a project, two 
points may be earned. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


The specifications will likely include a 
new section number, but otherwise, should 
be self explanatory with regards to meeting 
the LEED criteria for these credits. See the 
specifications of this report for LEED 
Performance and Submittal Requirements 
related to LEED Materials or Site Credit 
specification issues. 


Installation 


The equipment used to place pervious 
concrete is different from that used to place 
standard concrete. Deposit concrete directly 


into final position since pervious concrete has 
little or no flowability. Do not pull or shovel 
into final position. After the paving is struck 
off and compacted, don’t do any other 
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finishing. Typically, compacting is completed 
by rolling and is different from traditional 
finishing.  Personal protective equipment 
used for placing pervious concrete is the 
same as with placing standard concrete and 
includes: hardhat, safety shoes, protective 
eyewear, chemical resistant gloves, and a 
chemical resistant knee board, if necessary. 
Initial set occurs quickly, in about one hour 
(1.5 hours with a set retarding admixture). 
Covering with plastic sheets is the 
recommended curing method. 
Recommended curing time is seven days. Do 
not allow truck traffic for 10 days or 
passenger car/light truck traffic for seven 
days. 


If random cracks are not desired, form 
control (contraction) joints at 20 foot intervals 
to one-fourth the depth of the pavement. 


Traditional portland cement pavement 
testing procedures based on strength, air 
content and slump control are not applicable 
to this type of pavement material. Most 
commonly, the quality of pervious pavements 
is assessed by measuring the unit weight of 
both plastic and cured concrete.  This 
assessment is used to estimate the voids 
content that influences the storage capacity.  
See NRMCA’s Pervious Concrete 
Pavements for more information. 


Required LEED Documentation 


Data regarding the runoff coefficient will 
likely be secured by the architect or 
landscape architect prior to the Construction 
Documents. 


If the concrete producer has reflectance  
test results (see Credit SS-7) for the pervious 


concrete mix used on the project, he may 
choose to submit a letter to the contractor 
(and architect) indicating the results of the 
tests. See Appendix B for a sample letter. 


REFERENCES AND INFORMATION 
SOURCES 


Resource Websites 


www.nrmca.org – The National Ready Mixed 
Concrete Association in Silver Spring, MD, 
provides up-to-date information on the 
application, placing and maintenance of 
pervious concrete. Of particular relevance 
are the recent publications: 


• Pervious Concrete Pavements 


• Freeze-Thaw Resistance of Pervious 
Concrete 


• 2006 Concrete Technology Forum 
Conference Proceedings 


www.rmc-foundation.org – The RMC 
Research Foundation is a non-profit 
organization dedicated to improving the 
concrete industry through achieving its 
mission of promoting education and research 
projects that will strengthen and improve an 
already superior product in an industry 
committed to excellence.   


RMC Research Foundation’s pervious 
concrete research compilation can be found 
at www.rmc-
foundation.org/newsite/images/Pervious%20
Concrete%20Compilation.pdf 


www.perviouspavement.org – This website 
specifically on pervious concrete pavement 
includes details about the pavements 
environmental benefits, applications, 
performance, engineering properties, mix 
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design and materials, design, construction, 
maintenance and an FAQ section. 


www.concreteparking.org – This website 
provides useful information on concrete 
paving, parking lots and parking structures.  
Discusses the economic, environmental, curb 
appeal and fast placement benefits of 
conventional concrete, Pervious Concrete, 
White Topping, Ultra-Thin White Topping and 
Concrete Paths. 


www.greenrooftops.org – Information on 
waterproof concrete systems that has proven 
itself as a fast, smart and economical system 
that can boost the green roof industry. 


www.gcpa.org/specification.htm – This, one 
of the few published specifications for 
pervious concrete paving, is available on this 
website for the Georgia Concrete and 
Products Association. 


www.concretehelp.org – Website from 
NRMCA that provides a variety of concrete 
resources, including information about the 
materials “green” characteristics, cost, 
durability attributes and many other topics. 


www.epa.gov/owow/protecting – This 
document, “Protecting and Restoring 
America's Watersheds,” contains useful 
information on pervious paving. 


www.cncpc.org/pages/pervious.html – 
California Nevada Cement Promotion 
Council site with general information and 
photos of concrete pervious paving. 


www.concrete.net.au/search.php?category=
Paving&menu=4 – “Pervious Concrete 
Pavements – a-state-of-the-art report,” 
Cement & Concrete Association of Australia, 


February 2004. This is a concise and useful 
summary of available information on pervious 
cast-in-place concrete paving. It was an 
important reference source for this report. 


www.tarmacamerica.com/tarmac/products/re
adymix/ – This is the website of a large mid-
Atlantic ready-mix company is included 
because it contains useful data on different 
kinds of concrete and applications. The 
company makes a product that has no fine 
aggregate. 


www.epa.gov/owm/mtb/porouspa.pdf – A 
1999 USEPA document from its Municipal 
Technology Branch, Office of Water 
Management. Detailed recommendations for 
porous pavement used for stormwater 
control, including cost data for asphalt porous 
paving. The pavement itself only accounts for 
one-fourth of the total cost of the installation. 


www.fcpa.org – Florida Concrete and 
Products Association 


www.icpi.org – Interlocking Concrete 
Pavement Institute includes general and 
technical information, specifications and 
details for pervious segmental paving 
options. 


www.millermicro.com/porpave.html 


dep.state.ct.us/wtr/stormwater/manual/CH11
_PP_S-6.pdf 


cfpub.epa.gov/npdes/stormwater/menuofbmp
s/post_21.cfm – An overview and one of a 
series of USEPA BMPs (Best Management 
Practice) Guides in its National Pollutant 
Discharge Elimination System (NDPES) 
program. 


epa.gov/owow/nps/mmsp/Section-4-5.pdf – 
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USEPA, National Management Measures to 
Control Nonpoint Source Pollution from 
Marinas and Recreational Boating, Section 4. 
Although directed at marinas, this document 
contains some useful information (some 
quoted in this report). 


www.cwp.org – Center for Watershed 
Protection, 8391 Main St., Ellicott City MD 
21043-4605, Phone: 410-461-8323  


United States Environmental Protection 
Agency, Office of Water, 1200 Pennsylvania 
Avenue N.W., Washington DC 20460, Email: 
ow-general@epa.gov 


Resource Documents 


Center for Watershed Protection (CWP). 
1998. Better Site Design: A Handbook for 
Changing Development Rules in Your 
Community. Center for Watershed 
Protection, Ellicott City, MD. 


Center for Watershed Protection (CWP). 
1997. Stormwater BMP Design Supplement 
for Cold Climates. Prepared for: USEPA 
Office of Wetlands, Oceans and Watersheds. 
Washington, DC. 


Ferguson, Bruce, 2005, Porous Pavements, 
CRC Press, Boca Raton, FL. 


Field, R., et al., 1982, “An Overview of 
Porous Pavement Research,” Water 
Resources Bulletin, Volume 18, No. 2, pp. 
265-267. 


Galli, J. 1992. Preliminary Analysis of the 
Performance and Longevity of Urban BMPs 
Installed In Prince George's County, 
Maryland. Department of Natural Resources, 
Annapolis, MD. 


Gburek, W., and J. Urban, 1980. Stormwater 
Detention and Ground Water Recharge 
Using Porous Asphalt—Experimental Site. In 
Proceedings: International Symposium on 
Urban Storm Runoff. University of Kentucky, 
Lexington, KY, p. 89–97. 


Goforth, G., E. Diniz, and J. Rauhut. 1983. 
Stormwater Hydrological Characteristics of 
Porous and Conventional Paving Systems. 
United States Environmental Protection 
Agency, Office of Research and 
Development, Cincinnati, OH. 


Hossain, M., and L. Scofield, 1991. Porous 
Pavement for Control of Highway Runoff. 
Arizona Department of Transportation, 
Phoenix, AZ. 


Metropolitan Washington Council of 
Governments, 1987, Controlling Urban 
Runoff: A Practical Manual for Planning and 
Designing Urban BMPs. 


Metropolitan Washington Council of 
Governments, 1992, A Current Assessment 
of Best Management Practices: Techniques  


for Reducing Nonpoint Source Pollution in a 
Coastal Zone. 


Portland Cement Association, 2004, Pervious 
Concrete Pavements, Skokie, Illinois. 


Schueler, T. 1987. Controlling Urban Runoff: 
A Practical Manual for Planning and 
Designing Urban BMPs. Metropolitan 
Washington Council of Governments, 
Washington, DC. 


Southeastern Wisconsin Regional Planning 
Commission, 1991. Costs of Urban Nonpoint 
Source Water Pollution Control Measures, 
Technical Report No. 31. 
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Stenmark, C. 1995. An Alternative Road 
Construction for Stormwater Management. 
Water Science and Technology 32(1):79–84. 


USEPA, 1981, Best Management Practices 
Implementation Manual. 


USEPA, 1992, Stormwater Management for 
Industrial Activities: Developing Pollution 
Prevention Plans and Best Management 
Practices. EPA 833-R-92- 006. 


Washington State Department of Ecology, 
1992, Stormwater Management Manual for 
the Puget Sound Basin. 


Watershed Management Institute (WMI), 
1997, Operation, Maintenance, and 
Management of Stormwater Management 
Systems, prepared for the USEPA Office of 
Water, Washington, DC. 
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The use of light-colored concrete and good 
landscaping are a winning combination for the 


reduction of heat-island effects.


LEED CREDIT SS-C7.1 LANDSCAPE AND 
EXTERIOR DESIGN TO REDUCE HEAT 


ISLAND EFFECT 


Intent: Reduce heat islands (thermal gradient 
differences between developed and 
undeveloped areas) to minimize impact on 
microclimate and human and wildlife habitat. 
This credit is for non-roof applications. 


Requirements 


Comply with one of the following: 


• Provide shade (within five years) on at 
least 30% of non-roof impervious 
surfaces on the site, including parking 
lots, walkways, plazas, etc., OR, 


• Use light-colored/high-albedo materials 
(reflectance of at least 0.3) for 30% of the 
site’s non-roof impervious surfaces, OR 


• Place a minimum of 50% of parking 
space underground OR 


• Use open-grid pavement system (net 
impervious area of LESS than 50%) for a 
minimum of 50% of the parking lot area. 


Summary of Concrete Applications and 
Materials Relevant to the Credit  


Ready mixed concrete products can help 
significantly in gaining not only this credit, but 
Innovation Credits based on exemplary 
achievement of this credit (see Innovation 
Credits, Exemplary Performance). 


DESIGN ISSUES 


Details 


One strategy for achieving this Credit is 
to use concrete instead of asphalt for more 
than 30% of the non-roof impervious surface 


paving on a given project. Solar reflectance 
includes not just visible light, but also infrared 
heat and UV, and is measured by the 
surface’s “albedo.” An albedo of 0.3 means 
that 30% of all the solar energy striking a 
surface is reflected back into the 
atmosphere, while 70% is absorbed by the 
surface, raising its temperature. According to 
research conducted by Lawrence Berkeley 
National Laboratory, ordinary gray cement 
concrete has an initial albedo in the range of 
0.35 to 0.45; the more expensive white 
cement concrete has an albedo of 0.7 to 0.8. 
By comparison, the albedo of asphalt is from 
0.05 to 0.10 when new, weathering to 0.10 to 
0.15 over time. 


The USGBC has allowed this credit if the 
unprotected surface area of a garage 
(exposed sidewalls and roof) is 50% or less 
of the total garage floor area. Whether a fully 
enclosed above-ground garage can meet the 
requirement depends on its plan area relative 
to its sidewall area. Any below-grade 
elevation will have no exposed sidewalls and 
so will improve any calculation. 


Concrete Pavement: Portland cement 
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Whitetopping is gaining in popularity in fixing 
deteriorating hot-mix asphalt pavements and includes 


the benefit of having a higher albedo, better 
performance and increased durability over asphalt.  


concrete pavements for parking areas, 
roadways, drives, plazas, and sidewalks are 
used extensively. The albedo of ordinary 
concrete often exceeds the 0.30 LEED 
requirement. However, concrete albedo can 
sometimes fall just below 0.30. Concrete 
containing slag cement is sometimes 
naturally lighter than ordinary concrete at no 
added cost, and makes use of a post-
industrial recycled material. This could help 
in achieving the Credit by increasing the 
albedo over a smaller area to achieve the 
desired average. Fly ash may sometimes 
lower the albedo of the concrete. When using 
either slag cement or fly ash, the actual 
albedo of the concrete would need to be 
verified by testing. 
 


It is recommended to have the albedo 
tested by a lab that can perform reflectance 
tests compliant with ASTM E 903 or ASTM C 
1549. This will require a sample of 
approximately 4” in diameter and just 1” thick 
in order to fit within the dimensions of the 
testing equipment. The concrete surface 
finish affects albedo, with a rougher finish 
lowering the value. The same finish as will be 
used on the in-place concrete is 
recommended. Also, the curing and drying 
time affect albedo. Concrete should be 
allowed to dry a sufficient time before testing. 


Information on how to construct 
conventional concrete paving is widely 
available, and will not be repeated here. 
Adding coloring to the concrete mix may 
reduce its albedo. In these cases, the actual 
albedo of the concrete used must be tested. 
Note that you cannot take credit for the high 


albedo of the top deck of a parking garage, 
which is considered a building and not 
paving. 


Whitetopping: Portland cement concrete 
overlays over existing hot-mix asphalt (HMA) 
pavements have been available as a 
rehabilitation option for roadways and 
parking areas for many years. Coined 
whitetopping by the industry, these overlays 
have been used on airports, interstates, 
highways, secondary roads, and parking lots 
to improve the performance, durability and 
riding quality of deteriorated HMA surfaces. 
There are three types of whitetopping: 


• Conventional (thickness greater than 8”) 


• Thin (thicknesses from four to 8”), and 


• Ultra-thin - UTW (thickness less than 4”) 


Ultra-Thin Whitetopping (UTW) is a 
bonded, fiber reinforced concrete overlay. It 
can be used as a road surface course where 
traditional paving materials have failed due to 
shoving, rutting, or general deterioration. 
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UTW provides an economical, durable, and 
long-lasting pavement surface if the 
underlying road course is sound. 


The concern about the “heat island 
effect” that led to this credit SS-C7.1 is 
generating an interest in light-colored paving 
for Green construction. However, this is a 
relatively new issue, and has not percolated 
down to everyday pavement design. 


New software under development will 
help engineers develop cost-effective 
specifications for UTW in particular 
situations. While intended primarily for 
resurfacing projects, the software can be 
applied to new construction. 


UTW is placed as follows: the existing 
roadway is milled to a uniform depth of 4” 
(1/2 inch) and cleaned. The UTW concrete is 
placed directly on the milled asphalt surface 
using a conventional vibratory screed to 
consolidate the concrete and bring the 
concrete to final grade. The fresh concrete 
may be finished with a tined, broomed, or 
burlap dragged finish. The UTW concrete is 
then jointed using an early entry, or green cut 
saw. Joint spacing is usually laid out in three-
foot squares. The proper joint spacing is 
critical to control random cracking of the 
concrete surface. 


Concrete pavement has a service life 
several times greater than that of asphalt 
pavement. Concrete pavement is naturally 
light gray in color, and can be periodically 
pressure-washed to remove dirt and stains 
and to help retain its reflective qualities. 


 


Benefits and Costs 


UTW costs approximately $1.50 to $2.50 
per square foot installed excluding surface 
preparation. Conventional concrete paving 
costs $2.00 to $6.00 per square foot.  
Benefits derived include highly reflective 
surfaces and a high level of durability. 


Integration with Other LEED Credits 


If the concrete used is porous and has 
the required albedo, it can help meet both 
this credit and credit SS-C6.1. However, 
porous concrete is not considered to meet 
the requirements of open-grid paving per the 
USGBC Credit Interpretation Ruling SS-7.1 
dated 10/18/2004. The contribution of open 
grid paving to reducing the heat island effect 
depends upon evaporation from the plant 
material within the grid, and not on its ability 
to transmit water. Porous concrete can only 
contribute to this credit under the high albedo 
option. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


 Credit 7.1 requires the use of "light 
colored/high albedo materials (reflectance of 
at least 0.3) for 30% of the site's non-roof 
impervious surfaces." The reflectance level of 
applicable materials must be adequately 
documented to earn this credit. 


 Include reflectance documentation from 
the American Concrete Pavement 
Association or Lawrence Berkeley National 
Laboratory, making sure to indicate the 
original source of the research data and the 
reflectivity category that relates to your 
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concrete mix. Alternatively, testing labs can 
be found using the ASTM lab directory at 
www.astm.org. Testing fees should be 
approximately $200 for ASTM E 903. ASTM 
Test Method C 1549, "Standard Test Method 
for Determination of Solar Reflectance Near 
Ambient Temperature Using a Portable Solar 
Reflectometer” is also recommended. The 
lab will choose the test method and explain 
how to prepare test samples. Also include a 
site plan showing where concrete will be 
used. 


For the concrete portion of the site, it is 
acceptable to use the reflectivity rate for new 
concrete for this credit, as this will meet the 
intent of the credit at the time of construction. 
Existing old concrete cannot be considered in 
the square footage for high albedo materials, 
unless its reflectance can be measured to be 
0.3 or greater, and documentation is 
provided showing this reflectance.  Pressure 
washing can be a solution for increasing the 
albedo of dirty, weathered concrete.  
However, if the albedo of the various 
impervious surfaces (including pervious 
paving) is measured and documented, the 
areas and albedos of each material can be 
averaged to achieve the credit, as explained 
in the CIR Ruling dated 12/05/01. 


The concrete producer may choose to 
have concrete mixes used for parking areas 
and plazas pre-tested to determine 
reflectance values. In such cases, the 
producer should provide a letter to the 
contractor and architect stating the mix 
design was tested in accordance with ASTM 
E 903 or ASTM C 1549 and provide the 
reflectivity values. See Appendix B for a 


sample letter. 


REFERENCES AND INFORMATION 
SOURCES 


Resource Websites 


eetd.lbl.gov/HeatIsland/ 


www.secement.org/PDFs/RT3.05.pdf – 
American Concrete Pavement Association, 
R&T Update #3.05, June 2002 


www.pavement.com/techserv/RT3.05.pdf – 
Ultra-Thin Whitetopping 


www.whitetopping.com/news.asp#iprf 


www.tfhrc.gov/pubrds/02jul/09.htm 


www.paconcrete.com/paconcrete/streetsandr
oads/ultrathinwhitetopping.asp 


Resource Documents 


www.secpa.org/PDFs/RT3.05.pdf 


Effects of Composition and Exposure on the 
Solar Reflectance of Portland Cement 
Concrete, 2001, Lawrence Berkeley National 
Laboratory, Berkeley, CA. 


History of Credit Interpretations 


10/18/04 - Ruling: Porous concrete is 
considered 100% impervious for purposes of 
this credit. If using a grid that is more than 
50% impervious, but over a larger area, 
follow the averaging method detailed in the 
12/5/2001 CIR. 


6/27/03 - Ruling: This ruling explains how to 
establish the albedo of concrete. It also 
confirms that the albedos required are those 
of new, and not aged, materials. 


12/5/01 - Ruling: This ruling details the 
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calculation method for averaging to meet the 
credit, in this case with regard to option 2. 


6/26/01 - Ruling: Shading of non-roof 
impervious site surfaces is calculated on 
June 21 at solar noon. It is possible to 
combine the effects of different measures, 
with proper documentation. 


6/25/01 - Ruling: This ruling explains that 
achieving this credit using option 3 with a  


parking garage requires engineering 
calculations showing that the net exposed 
surface area of the garage roof and 
elevations are less than 50% of all parking 
surfaces on-site. Also, it suggests obtaining 
Innovation Credit points for satisfying more 
than one of the options. It is not clear 
whether in fact three points would be 
awarded if the requirements are met 
independently three different ways. 
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ENERGY AND ATMOSPHERE 
PREREQUISITE AND CREDITS 


 


LEED EA-P2 MINIMUM ENERGY 
PERFORMANCE 


Intent: Establish the minimum level of energy 
efficiency for the base building and systems. 


Requirements 


Design the building to comply with 
ASHRAE/IESNA Standard 90.1-1999 
(without amendments) or the local energy 
code, whichever is more stringent.  


 
LEED EA-C1 OPTIMIZE ENERGY 


PERFORMANCE 
Intent: Achieve increasing levels of energy 
performance above the prerequisite standard 
to reduce environmental impacts associated 
with excessive energy use. 


Requirements 


Reduce design energy cost compared to 
the energy cost budget for regulated energy 
components described in the requirements of 
ASHRAE/IESNA Standard 90.1-1999 
(without amendments), as demonstrated by a 
whole building simulation using the Energy 
Cost Budget Method described in Section 11, 
by the following: 


New Buildings Existing Buildings Points 


20% 10% 2 


30% 20% 4 


40% 30% 6 


50% 40 8 


60% 50% 10 


 


Regulated energy systems include HVAC 
(heating, cooling, fans and pumps), service 
hot water and interior lighting. Non-regulated 
systems include plug loads, exterior lighting, 
garage ventilation and elevators (vertical 
transportation). Project teams are 
encouraged to apply for Innovation Credits if 
the energy consumption of non-regulated 
systems is also reduced. 


Summary of RMC Applications and Materials 
Relevant to the Prerequisite and Credit 


There are a number of ready mixed 
concrete technologies that have an important 
role in energy saving. Credit EA-P2 requires 
a minimum energy performance that meets 
ASHRAE 90.1-1999, while Credit EA-C1 
provides up to 10 Credit Points for achieving 
better energy performance. The primary role 
of ready mixed concrete in improving energy 
performance is in reducing heat loss and 
gain through foundation and building walls, 
using relatively new insulated wall 
technologies. The mass effect of concrete 
can also play a role in satisfying the 
prerequisite and in achieving points under 
LEED Credit EA-C1, by reducing overall 
energy consumption. 


DESIGN ISSUES 


Details 


Insulated wall technologies fall into three 
categories: Insulating Concrete Form (ICF) 
systems, in which the insulation is outside 
the concrete; and sandwich construction, 
either tilt-up or vertically cast, in which a layer 
of insulation is sandwiched between two 
wythes of concrete, or conventionally 
insulated wall systems which consist of one 
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ICF buildings have long been known 
to be particularly energy efficient. 


layer of concrete with a single layer of 
insulation on the interior or exterior, either tilt-
up or vertically cast. 


Insulating Concrete Forms: Insulating 
Concrete Form (ICF) systems use forms 
made of rigid insulation, or combinations of 
insulation and concrete that typically remain 
in place as part of the finished wall after 
concrete hardens. 


The great majority of ICF systems utilize 
EPS (expanded polystyrene, “beadboard”) or 
XPS (extruded polystyrene), with 
polyisocynurate (polyiso) rarely used. These 
systems have been used extensively in the 
homebuilding industry and are gaining 
popularity in commercial construction. There 
are a few systems using hollow blocks made 
of concrete and mineralized wood chips or 
foam chips. 


ICF systems can be classified in two 
ways: 


By Configuration of Concrete – Flat 


systems result in a solid concrete wall of 
constant thickness, from four to 12” thick. 
Waffle-Grid systems result in a 
continuous concrete wall of varying 
thickness, as in a waffle, with a typical 
grid being 12” OC vertically and 16” OC 
horizontally. A 2” thick web and 6”-8” 
cores are typical. Screen-Grid systems 
resemble waffle systems without the 
concrete web, with the cores at 12” OC in 
both directions (although spacing varies 
from system to system). Post-and-Beam 
systems are similar to the screen-grid 
systems, but with wider spacing (up to 4’ 
for columns and between 4’ and 8’ for 
beams). 


By Form Types – Panel systems are 
similar to standard plywood forms, 
ranging in size from 1’-3” x 8’-9” to 4’-0” x 
12’-0”. Plank systems consist of long, 
narrow planks 8” to 12” high, and 4’ to 8’ 
long.  Both panel systems and plank 
systems can be shipped flat. Block 
systems resemble large concrete 
masonry units (CMU’s), and range in size 
from 8” x 16” to 16” x 48”. They vary in 
how they interlock. Most are shipped as 
blocks in their final configuration but 
some are shipped with hinged ties that 
allow the blocks to be shipped flat. 


Tilt-up Construction: Tilt-up walls are cast 
horizontally on-site and lifted, or tilted, into 
final vertical position once the concrete 
reaches adequate strength, usually three to 
five days after casting. Tilt-up walls, long 
used to build large, simple buildings such as 
warehouses, are rapidly gaining in popularity 
for use in a wide variety of building types. 
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Tilt-up construction is often used 
to save on energy costs. 


Tilt-up walls can be used in a sandwich panel 
configuration or conventional single wythe 
configuration. For sandwich panel 
configuration: Using the floor slab as a form 
bed, the outer layer of concrete is cast face 
down with proprietary metal or plastic ties 
cast into connect the inner and outer layer of 
the sandwich panel. A layer of polystyrene 
insulation specially configured to fit over the 
ties is installed next, over which is cast the 
inner reinforced structural wall layer. The 
resulting sandwich panel is then erected, 
forming an extremely durable, economical, 
and well-insulated wall system. For single 


wythe configuration: Using the floor slab as a 
form bed, the outer or inner layer of concrete 
is cast face down. Ties and insulation are 
either placed into the plastic concrete while 
the panel is in the horizontal position or 
attached to the hardened concrete once the 
panel is erected. In many cases, tilt-up walls 
are insulated using fiberglass or other batt 


insulation applied using furring strips or metal 
framing on the inside face of the wall. 


Removable form systems can also be 
used to construct sandwich panels or single 
wythe insulated walls. For residential and 
small commercial buildings, the insulation is 
held in the center or to one side of ordinary 
removable standing forms by the special 
metal or plastic structural ties. Ready mixed 
concrete is then placed into the forms, 
creating a sandwich wall or single wythe wall 
in its final upright position. In many cases, 
concrete walls are insulated using fiberglass 
or other batt insulation applied using furring 
strips or metal framing on the inside face of 
the wall. 


In both tilt-up and standing form systems, 
the most energy efficient systems are those 
that use plastic ties which do not create “cold 
bridges” because they do not readily conduct 
heat. 


Mass Effect of Concrete: The “thermal 
mass effect” (thermal storage-and-release) of 
both interior and exterior concrete is well-
documented. In principle, excess heat is 
absorbed by constructed mass and released 
later. In cold weather, excess heat supplied 
by the sun or gained from internal sources 
can be released at night to warm the 
building. In warm weather, unwanted solar 
heat or excess heat from internal sources is 
temporarily stored in massive construction 
during hours of expensive on-peak electricity 
use, and released later when it can be 
tempered using lower cost off-peak electricity 
or cool nighttime air. 


The economic benefit of thermal mass is 
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determined in part by the extent to which the 
exterior temperature “swings” or oscillates 
between a maximum and minimum around 
the ideal interior temperature. Typically, 
passive solar buildings (or portions of 
buildings, such as a glazed south-facing 
gallery or atrium) are designed to undergo 
substantial temperature swings, to maximize 
the benefit of the mass effect. The mass 
effect is most pronounced in dry climates 
with large temperature swings such as are 
found at high altitudes in the western states. 
In such climates, sunny days where solar 
energy can readily be collected and stored 
regularly alternate with cold nights, where the 
stored energy can be used to good effect. 
Thermal mass works well in any season or 
climate where the outdoor temperature varies 
above and below the balance point of the 
building, generally between 50° and 60° F. 


However, all other things being equal, a 
building in which the required structural 
elements are created with conventional 
concrete will typically have somewhat better 
thermal performance than a building 
constructed with lighter-weight materials. 
Continuous concrete exterior walls such as 
ICFs, tilt-up, or removable form systems also 
save energy by significantly reducing air 
infiltration. 


The design of the ICF assembly limits the 
air infiltration resulting in an interior space 
that is “neutral.”  The result is an ambient 
temperature within the wall that shows little 
variance.  Therefore, with the use of the ICF 
assembly, credit EQ2, Increased ventilation 
Effectiveness, is easily gained by the HVAC 
designer.  ICFs also reduce the temperature 


and humidity variables which facilitate the 
maintenance and comfort ranges for Credit 
EQ7, Thermal Comfort.   


Prerequisite EA-P2 requires that the 
building meet the more stringent of ASHRAE 
90.1-1999 or the local energy code. This can 
be demonstrated by the same Energy Cost 
Budget calculations used to gain points 
under Credit EA-C1, described below. 
Alternatively, it can be satisfied using 
prescriptive requirements customized for the 
location and climate of the project. ASHRAE 
90.1 and many energy codes require less 
insulation for mass walls than for frame walls. 
In many milder climates, no additional 
insulation is required for above or below 
grade concrete walls. In appropriate climates, 
the mass effect of concrete is taken into 
account as a way to reduce building 
envelope energy consumption. In these 
cases, the use of ready mixed concrete can 
help achieve the prerequisite by contributing 
to the mass effect. 


Gaining points under Credit EA-C1, 
Improved Energy Performance, requires that 
the “design case” – the building being 
constructed – be compared with a simulated 
“base case” – a lightweight frame building, 
but lacking the “energy efficiency measures” 
(EEMs) that make the design case more 
energy conserving than the base case. An 
energy model that simulates annual energy 
use on an hourly energy basis is required; 
only these types of models correctly 
accommodate mass effects.  


The LEED scoring system automatically 
rewards the mass effect in the following way. 
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Sandwich construction is gaining in 
popularity for commercial building use. 


Suppose better equipment, lighting, and 
insulation (all allowable EEMs) save 
10,000,000 BTUs per year in the design 
case, as compared with the base case. If the 
base case building is light weight, and uses 
58,000,000 BTUs per year, the design case 
saves 17.25% and is eligible for one point 
under Credit EA-C1. However, if a massive 
building of similar design results in 1,000,000 
BTUs savings per year from the mass effect 
and the same 10,000,000 BTUs savings per 
year from equipment, lighting, and insulation 
is 19% of the total usage, the line is crossed 
to gain an additional Credit point. In general, 
using a concrete frame and cost-effective 
insulation strategies can lower energy costs 
15% to 25% depending on the building and 
climate. 


Benefits and Costs 


All insulated wall systems use materials 
that are non-biodegradable, which eliminates 
problems of rot (see Limitations for a 
discussion of termite concerns). The walls 
have excellent insulating and acoustical 
properties, and inhibit air infiltration in 
systems where through-joints in the forms 
are sealed by finishes, or by a continuous 
wythe of concrete. 


Tilt-up concrete systems have long 
proven to be economical for “big box” type 
construction such as large warehouse and 
retail buildings, but their use is rapidly 
expanding to include other buildings types 
such as offices, schools, churches, and multi-
family residences. 


ICF and standing form sandwich wall 
systems have primarily been used for 


residential construction, even though first 
cost is higher than wood-frame construction, 
which can be significantly higher than typical 
wood-frame construction. However, their use 
in commercial applications has been 
increasing rapidly because their cost is 
comparable to other types of insulated 
concrete, steel, and CMU walls.  


Sandwich construction also has the 
advantage of having continuous concrete 
inside and out, allowing it to be used for 
applications that require hard surfaces inside 
and out, such as foundations and industrial 
buildings. 


Mass-Effect: As noted above under 
“Details,” the value of the mass effect of 
concrete depends in part upon the extent to 
which the interior temperature is allowed to 
deviate from the set point – the more 
deviation (or “swing”), the more benefit. The 
distribution of the mass, its relation to 


incoming solar energy, its thickness, its color, 
and the extent to which it is “coupled” to 
other building elements also have roles to 
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play in its usefulness as a thermal storage 
medium. For example, the concrete in a 4” 
slab without floor covering, directly irradiated 
by the sun, will have a noticeable mass 
effect. In addition, most of the concrete in a 
12-inch-thick wall in a space without windows 
will significantly delay and moderate energy 
loads, thus reducing peak load and overall 
energy consumption. The peak load will 
always be reduced; the energy consumption 
will be significantly reduced if the outdoor air 
temperature is between 50° and 80° F for 
any portion of the day. 


Installation 


Utility runs in concrete walls are best 
located in advance, with sleeves installed 
before pouring. 


Attachment of casework, electrical 
boxes, and interior trim should be planned in 
advance. Some ICF and sandwich panel 
systems have furring strips or attachment 
surfaces at regular intervals making 
attachment more convenient. Heavy hanging 
objects can be directly attached to the 
concrete with a variety of concrete anchors. 
All systems should be evaluated carefully 
with regard to ease of construction, reliability, 
cost, etc. 


Integration with Other LEED Credits 


Any recycled material used in the stay-in-
place formwork, concrete, and reinforcement, 
can contribute to LEED MR-C4 Recycled 
Content. Similarly, these materials can 
contribute to LEED MR-C5 Regional 
Materials. 


The LEED credit MR4, Recycled 


Content, is applicable for some 
manufacturers of ICF systems.  The 
expanded polystyrene used for the forms 
may contain post-industrial waste.  The 
concrete mix for the ICF may contain a high 
percentage of fly ash which is 100% post 
consumer recycled. For LEED calculations, 
the recycled fraction is determined by weight 
and then multiplied by the cost of assembly 
to determine the recycled content value. 


Availability  


There are many manufacturers of ICF 
systems distributing directly to contractors. 
Tilt-up contractors are available in most parts 
of the country. Removable form wall 
construction for below-grade applications are 
readily available in most parts of the country. 
Removable form wall construction for above-
grade applications is at present limited to a 
small number of contractors. 


 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


Trade contractors should only need to 
meet standard specifications issued. Energy 
efficiency issues in terms of LEED 
performance requirements will have been 
modeled by the project A&E team and 
specified accordingly. 


Required LEED Documentation 


The project A&E team typically creates 
the document required for this credit. No 
particular LEED documentation should be 
required of the contractors or concrete 
producer in reference to Optimize Energy 
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Performance Requirements. See 
Documentation Requirements for Material 
and Resources Credits 4, 5, and 7. 


REFERENCES AND INFORMATION 
SOURCES 


Associations 


Insulating Concrete Forms Association 
1807 Glenview Road 
Suite 203 
Glenview, IL 60025 
847-657-9730 
FAX: 708-657-9728 
www.forms.org 


Cement Council of Texas – 
www.cementcounciloftexas.org/  
They maintain directory of builders, 
architects, manufacturers, and projects done 
within the state. 


ICF Hotline 
888-333-4840 
www.concretehomes.com 


List of manufacturer members and 
contractor/distributor members available by 
State/Province. 


ICC Evaluation Service 
5360 Workman Mill Road 
Whittier, California 90601 
562-699-0543 
Fax: 562-695-4694 
www.icc-es.org 


National Ready Mixed Concrete Association 
900 Spring Street 
Silver Spring, MD 20910 
301-587-1400 
888-846-7622 
Fax: 301-585-4219 


www.nrmca.org 


Portland Cement Association 
5420 Old Orchard Road 


Skokie, IL 60077-1083 
847-966-6200 
www.cement.org 
www.concretehomes.com 
Publications 
800-868-6733 


Tilt-up Concrete Association  
113 First Street West 
P.O. Box 204 
Mount Vernon, IA 52314 


319-895-6911 


Fax: 319-895-8830 


www.tilt-up.org 


 
Concrete Foundations Association  
113 First Street West 
P.O. Box 204 
Mount Vernon, IA 52314 
319-895-6940 
Fax: 319-895-8830 
www.cfawalls.org 
 
Books and Publications 


Advanced Buildings: Energy Benchmark for 
High Performance Buildings, New Buildings 
Institute, White Salmon, Washington, 2003. 
www.newbuildings.org 


Advanced Energy Design Guide for Small 
Office Buildings: Achieving 30% Energy 
Savings Over ASHRAE 90.1, American 
Society for Heating, Refrigerating, and Air-
Conditioning Engineers, Atlanta, 2004. 
www.ashrae.org  
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Insulating Concrete Forms for Residential 
Design and Construction, VanderWerf, Pieter 
A., Feige, Stephen J., Chammas, Paula, and 
Lemay, Lionel A., “,” McGraw-Hill (1997), 
New York, New York. 


ICF Points to LEED, Insulating Concrete 
Form Association, Greenview, IL, 2006.  
www.forms.org 


Investigation of Wind Projectile Resistance of 
Insulating Concrete Form Homes, Keisling 
and Carter, Texas Tech University, (1999). 
Portland Cement Association, Skokie, IL. 


Design Criteria for Insulating Concrete Form 
Wall Systems, John Roller, CTL, (1996). 
Portland Cement Association. 


Insulating Concrete Forms: Installed Cost 
and Acoustic Performance, by Farkas and 
Pesce, NAHB Research Center (1999). 
HUDUSER, Rockville, MD. 


Insulating Concrete Forms, Construction 
Manual, Successful Methods and 
Techniques, Vanderwerf and Munsell, 
Portland Cement Association (1996). 
Available through PCA and McGraw-Hill. 


Insulating Concrete Forms: Comparative 
Thermal Performance, Farkas and Johnson, 
NAHB Research Center, (1999). PCA, 
HUDUSER. 


Design of Tilt-Up Concrete Wall Panels, 
Gerald Joseph Weiler, University of British 
Columbia (1979). 


Tilt Up Concrete Structures, American 
Concrete Institute, 1992. 


“Tilt-up concrete construction: tips on 
choosing materials for tilt-up panels,” 


(Material Selection Guide), article from: 
Concrete Construction [HTML], Joe Nasvik, 
Bill Palmer, Hanley Wood, Inc., (2003). 


Tilt-up Site Cast Concrete: An Architect's 
Viewpoint, R. Anderson, Cement and 
Concrete Association, (1974).  


Tilt-Up Building: Methods and Marketing, 
Editors of Concrete Construction magazine, 
Hanley Wood, Inc. (1988). 


The Tilt-Up Design and Construction Manual, 
Hugh Brooks, HBA Publications, (1997). 


Tilt-Up Design & Construction Manual, 6th 
edition, Tilt-Up Concrete Association, (2000). 


Construction Manual: Concrete and 
Formwork, T.W. Love, Craftsman Book 
Company, (1973) 


Using Concrete to Obtain Energy Points for 
LEED-NC, Medgar L. Marceau and Martha 
G. Van Geem, Portland Cement Association, 
2005. 


Formwork For Concrete Structures, R. L. 
Peurifoy, G. D. Oberlender, McGraw-Hill 
Professional, 3rd edition (1995). 


Resource Videos 


Building With Insulating Concrete Forms 
Video Training Series – Contact Portland 
Cement Association 


PCA Wind Tunnel Tests – Contact Portland 
Cement Association. 
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Concrete taken from demolition sites may be recycled by 
crushing and reuse as backfill or as a base for road 


construction.  


MATERIALS AND RESOURCES CREDITS 


 


LEED Credit MR-C2 CONSTRUCTION 
WASTE MANAGEMENT 


Intent: Divert construction, demolition and 
land clearing debris from landfill disposal. 
Redirect recyclable recovered resources 
back to the manufacturing process. Redirect 
reusable materials to appropriate sites. 


Requirements 


Develop and implement a waste 
management plan, quantifying material 
diversion goals. Calculations can be done by 
weight or volume, but must be consistent 
throughout.  


Credit 2.1 (1 Point): Recycle and/or salvage 
at least 50% of construction, demolition, and 
land clearing waste. Remember that salvage 
may include the donation of materials to 
charitable organizations such as Habitat for 
Humanity. 


Credit 2.2 (1 Point): Recycle and/or salvage 
an additional 25% (75% total) of the 
construction, demolition, and land clearing 
debris. 


Summary of Concrete Applications and 
Materials Relevant to the Credit 


The USEPA has estimated that C&D 
debris accounts for 23% of all municipal solid 
waste. By crushing and recycling concrete 
waste material, this diverts usable resources 
from landfills, which is the intent of credit MR-
C2, Construction Waste Management. In 
addition, concrete producers recycle returned 
concrete, aggregate and wash water during 


the construction process which can 
contribute to this credit. 


DESIGN ISSUES 


Details 


Concrete is an easy material to keep 
segregated on-site, or to separate from 
combined site construction waste by an off-
site recycler. Demolition waste concrete is 
recycled by crushing it and, when necessary, 
removing rebar. Typically, this material is 
employed as clean fill for backfill applications 
or road base applications. In a few areas 
there might even be a market for the use of 
recycled concrete as aggregate in the 
production of new concrete (see discussion 
of concrete aggregate under credit MR-C4 
Recycled Content). When used as clean fill, 
crushed concrete may be combined on-site 
with other crushed demolition debris such as 
brick, mortar, and concrete masonry units. 


It is important to note that C&D Waste 
Materials reused on-site as clean fill or other 
applications will count towards this credit only 
and not towards the Resource Reuse, 
Recycled Content or Regional Materials 
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Credits. Resource Reuse, Recycled Content 
and Regional Materials Credits are all based 
on cost, and thus materials must be 
purchased for the project to apply to these 
credits. 


LEED does not consider fresh concrete 
that is returned from the job site to be 
recycled (this issue is discussed in more 
detail in the section “Other Environmental 
Issues”). However, if returned concrete is not 
credited to the project (that is, subtracted 
from the cost of delivered concrete), then it 
can be added to the quantity of concrete 
diverted from landfills under this credit. 


Benefits and Costs 


In some areas of the country where 
tipping fees are high or where C&D Waste 
has to be hauled great distances, there could 
be some savings due to reduced tipping fees. 
However, in these parts of the country, 
recycling has become standard practice. 


There is some cost to segregating site 
waste, but pieces of broken concrete are 
likely to be set aside in a separate pile in any 
case, so additional cost is unlikely. 


Integration with Other LEED Credits 


Waste crushed concrete reused on-site 
or off-site counts toward this credit, because 
it is diverted from a landfill. However, waste 
concrete reused on-site does not count 
towards the Resource Reuse, Recycled 
Content or Regional Materials Credits as 
noted above. If, on the other hand, waste 
crushed concrete from another project is 
purchased and used as clean fill on a LEED 
project, the material value of the fill can be 


applied towards the Recycled Content and 
Regional Materials Credit. It does not count 
toward credit MR-C4 Recycled Content, 
which is aimed in part toward developing a 
market for recycled products. Crushed 
concrete aggregate or backfill material meets 
the criteria for recycled content only if it is 
purchased at an off-site location. 


Technically, it is possible for this material 
to gain credit for recycled content in the 
following way. Waste concrete from the site 
is sent to a recycler, who crushes it and sells 
it back for use as backfill or concrete 
aggregate. While the material is now counted 
toward both credits MR-C2 and MR-C4, it is 
very unlikely the particular pieces of concrete 
from the site would be segregated from other 
waste concrete. Instead, both the diverted 
waste concrete from the site and the recycled 
crushed concrete become part of a market 
for recycled materials, which is the intent of 
the USGBC. 


If this same process occurs entirely on-
site – that is, there is a crushing plant on-site 
that makes aggregate from waste concrete, 
and this aggregate is used for backfill – the 
material can only be counted toward this 
credit MR-C2, and not toward Recycled 
Content credit MR-C4, as it never becomes 
part of the recycled material market. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


To achieve this credit, the project 
specifications will typically include a section 
in the front end or general conditions called 
Construction Waste Management. This 
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section will either contain a job-specific 
Construction Waste Management Plan, or 
will require the CM or GC to prepare one. 
Individual sections that generate C&D Waste 
then reference this section in an article 
entitled “Related Work in Other Sections” or 
a similar title. 


Projects located in dense urban 
environments will likely employ off-site 
separation and recycling. In this 
circumstance, the concrete contractor will 
dispose of waste materials in a single 
container which is then taken to an off-site 
facility where the concrete and other 
recyclables are separated and sent to 
appropriate recyclers. This type of C&D 
Waste management has the least impact on 
concrete contractors. 


Job sites with more area may employ on-site 
separation. In this circumstance, multiple 
containers will be on-site and should be 
clearly labeled according to the type of 
material in which a contractor is allowed to 
dispose of waste material.  Attention should 
be paid to specifications requiring on-site 
separation as they may require attendance at 
training sessions and there may be penalties 
for non-compliance. In situations where new 
concrete must be removed because it was 
placed incorrectly or otherwise fails to pass 
acceptance tests, it may be necessary to 
break-out the concrete from the rebar and 
dispose of them in separate containers.  The 
ready mixed concrete producer must track 
the amounts of returned concrete and the 
individual amounts (volume and/or weight) of 
the coarse aggregate, sand and water that is 
recycled rather than landfilled. 


Integration with Other LEED Credits  


This credit does not generally integrate with 
other credits. A common misconception is 
that waste material reused on-site can 
contribute towards Resource Reuse, 
Recycled Content, or Local Manufacture 
credits. However those credits are all based 
on cost. Therefore, if a material is not 
purchased from a market source, then it 
cannot be applied to those credits. Waste or 
salvaged materials from a project site that 
are reused either on or off the project site 
count only towards the Construction Waste 
Management Credit. 


Required LEED Documentation  


LEED will require the completion of a 
template that includes the total weight or 
volume of construction waste and a list of 
materials diverted from the landfill, measured 
by weight or volume. Typically, this table is 
completed by the party responsible for the 
project’s C&D Waste Management Plan. If 
the concrete contractor was responsible for 
any waste disposal or reuse, data on the 
weight or volume will need to be provided to 
the party responsible for the overall project 
C&D Waste Management Plan. The concrete 
producer should provide a letter stating the 
amounts of returned concrete and individual 
amounts (volume and/or weight) of coarse 
aggregate, fine aggregate, and water that 
was diverted from landfills. See Appendix B 
for a sample letter. 


The following is an example of such a 
template: 







 


 31 


Waste Management Plan for Demolition Debris 


DESTINATION OF WASTE  Project Name: __________________________________________ 


Type of Material Salva Recycled Landfilled Name of Destination Address Telephone  # 


Wood 


Dimensional Lumber       


Finished Millwork       


0     


0     


Metals 


Structural Steel     


Miscellaneous Metals       


0     


0     


Concrete/Asphalt 


Concrete     


Asphalt     


Bricks/Blocks     


0     


Other 


Landscaping Material       


Roofing     


Gypsum Board     


Windows/Glass     


Carpeting     


Plumbing Fixtures     


Electrical Devices     


Debris/Non-Recyclables       


0     


0     


0     


Source: Demolition Waste Management Plan Specification Guide for Engineers, Solid Waste 
Agency of Lake County, Ill. 
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REFERENCES AND INFORMATION 
SOURCES 


Trade Associations 


Construction Materials Recycling Association 
– www.cdrecycling.org 


Cement Association of Canada 
www.cement.ca/cement.nsf: PowerPoint 
presentation on advantages of crushing 
waste concrete. 


National Ready Mixed Concrete Association 
900 Spring Street 
Silver Spring, MD 20910 
301-587-1400 
888-846-7622 
Fax: 301-585-4219 
www.nrmca.org 


Resource Websites 


The Whole Building Design Guide’s 
Construction Waste Management Database: 
www.wbdg.org/tools/cwm.php 


The City of New York Department of Design 
and Construction and Demolition Waste 
Management: 
http://www.nyc.gov/html/ddc/html/ddcgreen/d
ocuments/waste.pdf 


Environmental Council of Concrete 
Organizations: www.ecco.org/ 


The Way to Go, Construction and Demolition 
Debris Management: 


www.sustainablenc.org/thewaytogo/main/cd.
htm 


Resource Documents 


Contractor’s Guide to preventing Waste and 
Recycling: 
www.resourceventure.org/publications.htm 


Sustainable Design Guide, University of 
Minnesota: 
www.sustainabledesignguide.umn.edu/MSD
G/text/01690.pdf 


Recycling Concrete and Other Materials for 
Sustainable Development. ACI Symposium 
Publication 219, 2004, 164 pp. 


History of Credit Interpretations 


Credit MR-C2: Credit Interpretation Request 
2/05/03, with ruling 2/26/03. This covers the 
complex issue of assigning credit to MR-C1 
through MR-C4 for material reprocessed on-
site. 


Credit MR-C3: Credit Interpretation Request 
7/28/03, with ruling 8/14/03. This covers the 
credit assignment of recycled masonry 
materials crushed on-site and used for 
backfill. 
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Crushing concrete and then using the material for 
aggregate is an opportunity to qualify for recycled 


content credit. 


LEED CREDITS MR-C4.1 AND MR-C4.2 
RECYCLED CONTENT 


Intent: Increase the demand for building 
products that have incorporated recycled 
content material reducing the impacts 
resulting from the extraction of new material. 


Requirements for MR-C4.1 


Use materials with recycled content such 
that the sum of post-consumer recycled 
content plus one-half of the post-industrial 
content constitutes at least 5%* of the total 
value of materials in the project. 


Requirements for MR-C4.2 


Use materials with recycled content such 
that the sum of post-consumer recycled 
content plus one-half of the post-industrial 
content constitutes at least 10%* of the total 
value of materials in the project. 


* Percentages are calculated in terms of total 
dollar value for materials. Exclusions: labor 
costs; all mechanical and electrical material 
and labor costs; and project overhead and 
fees. 


Summary of Concrete Applications and 
Materials Relevant to the Credits 


Ready mixed concrete nearly always 
contains one or more materials that can 
directly contribute in the achievement of the 
Recycled Content Credit. These include 
“supplementary cementitious materials” or 
SCMs, such as fly ash, slag cement, or silica 
fume that have recycled content; recycled 
aggregate; recycled water; steel 
reinforcement; and recycled wood products 
used for non-rented wood formwork. 


Using SCM’s, recycled aggregate or 
recycled water as a way to contribute to 
achieving this LEED Credit will affect project 
design and concrete trade professionals. 
Concrete specifications for large-scale 
commercial LEED buildings are typically 
developed by the project structural engineer. 
As the LEED Rating System grows in use, 


engineers, contractors and producers will 
need to increase their familiarity with issues 
related to recycled content in concrete design 
mixes. Regardless of who develops the 
design mix specifications, LEED 
documentation requirements will require new 
submittal data from concrete contractors and 
manufacturers. 


About one ton of CO2 is released in the 
production of one ton of portland cement. 
Cement production constitutes about 1.5% of 
CO2 generation in the United States as a 
result of an aggressive effort by the industry 
to reduce emissions. Replacing part of the 
portland cement in concrete with SCMs 
reduces the emission of CO2, a primary 
greenhouse gas (GHG). However, only 
recycled SCMs qualify for this LEED credit. 
Other natural SCMs such as calcined clay 
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and shale do not qualify for this LEED credit 
despite reducing GHGs. See the “Intent” 
above. In addition, see the discussion on 
LEED Credit ID-C1 on the reduction in use of 
portland cement. 


Cement producers are also replacing 
fossil fuels with recycled materials such as 
used tires and spent solvents that are used in 
the cement manufacturing process. Many 
also incorporate post-industrial recycled 
content materials, such as bottom ash, 
foundry sand, iron slag, etc., to replace 
conventional materials used to produce 
portland cement. This process reduces 
material sent to landfills and in some cases 
reduces the energy required to pyro-process 
the cement clinker. This recycled content can 
count toward the achievement of this credit if 
the manufacturer publishes a recycled 
content for the portland cement itself. 


Post-Consumer Recycled Content refers 
to materials or finished products that have 
been recovered after they have served their 
intended consumer use and have been 
discarded by the consumer (e.g., a plastic 
bottle from a soft drink). 


Post-Industrial Recycled Content refers 
to materials such as scrap, tailings, or waste 
by-products from industrial sources that have 
been traded through the market. 


DESIGN ISSUES 


A. Supplementary Cementitious Materials 
(SCMs) with Recycled Content 


There is a large amount of information 
regarding SCMs with recycled content. For 
clarity, this section goes into some detail 


about cement and concrete chemistry in an 
attempt to clarify how SCMs are best used in 
concrete. This technology is a dynamic area, 
with new SCMs in the offing. A basic 
understanding of the underlying chemistry 
will help in evaluating the use of these new 
products, as they become available. 


The raw materials most commonly used 
in making portland cement are limestone to 
provide calcium oxide; and clay and shale to 
provide silica, alumina, and iron oxide. Sand 
(for silica), bauxite (for alumina) and iron ore 
(for iron oxide) are also used. These 
materials are ground together and either fed 
into a rotary kiln dry (dry process), or in a 
slurry (wet process). In the kiln, it is heated to 
800˚C -900˚C (“calcined”) to drive off CO2, 
then burnt at temperatures from 1,300˚C to 
1500˚C (approximately 2,500˚F) to partially 
fuse the components into hard balls of 
ceramic-like material called “clinker.” When 
cool, the clinker is mixed with a small amount 
of gypsum (calcium sulfate) and ground to a 
fine powder called portland cement and is the 
most common of the broad category of 
materials called hydraulic cement. 


Typically, portland cement is combined 
with SCMs by concrete producers to make 
concrete. However, in some cases, SCMs 
are combined with portland cement by the 
cement manufacturer during the grinding 
phase. If combined with more than 5% of 
SCMs, the product is called “blended 
cement.” 


The most common SCMs are fly ash, 
slag cement, and silica fume. These 
materials, when used in conjunction with 
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hydraulic or blended cement, contribute to 
the properties of the hardened concrete 
through hydraulic or pozzolanic activity or 
both. A hydraulic cement (such as portland 
cement) is one that directly forms 
cementitious calcium-silicate hydrate (CSH) 
in the presence of water. CSH is the 
essential binding material that constributes to 
strength and durability of concrete. In the 
process, calcium hydroxide is produced, 
which does not contribute to the strength and 
durability of the concrete. A pozzolan is a 
siliceous or aluminosiliceous material that 
reacts with the calcium hydroxide to form 
additional CSH, which results in 
improvements in strength and durability 
properties of the concrete. 


 
Types of SCMs 
 


Fly ash: A pozzolanic by-product of the 
combustion of pulverized coal in thermal 
power plants. It is removed by the dust 
collection system as a fine particulate residue 
from the combustion gases before they are 
discharged into the atmosphere.  


There are two classes of fly ash defined 
by ASTM C 618: Class F and Class C, each 
available in various types with special 
properties. ASTM C 618 characterizes fly ash 
into the C and F classes based on the sum of 
(SiO2 + AlO2 + FeO2) content.  Class F 
materials are generally low-calcium (less 
than 15% CaO) with a residual carbon 
content typically less than 5%, but 
sometimes as high as 10%. Class C 
materials are often high-calcium (>20% to 
30% CaO), with a carbon content less than 


2%. 


Fly ash typically decreases the 
permeability of the concrete and allows lower 
water contents, thus improving overall 
performance for concrete subjected to harsh 
conditions such as freeze-thaw and sulfate 
attack. Class F fly ash greatly improves 
sulfate resistance, while Class C fly ash has 
no effect, or can even decrease sulfate 
resistance. Fly ash is also used to mitigate 
deleterious expansive cracking of concrete 
due to alkali silica reactions. 


Silica fume: A pozzolan by-product of the 
production of silicon and ferrosilicon metals 
created by the reduction of high quality 
quartz in electric arc furnaces. Silica fume 
has been found to improve compressive 
strength and bond strength, and abrasion 
resistance. It also can significantly reduce 
permeability, thus helping to protect 
reinforcing steel from corrosion. Silica fume 
is typically used in low dosages. Two 
examples cited in the Silica Fume 
Association website (www.silicafume.org) are 
a parking garage with 6% silica fume and a 
high-rise with 13%.  


Ground Granulated (Iron) Blast Furnace 
Slag (frequently abbreviated GGBFS in 
LEED references, herein referred to as “slag 
cement”): Formed by diverting the hot slag 
that forms on top of molten iron leaving a 
blast furnace, and suddenly cooling it with 
high-pressure water jets. This causes the 
material to form small, glassy granules, 
which are then ground to a fine powder 
similar to portland cement. It is a “latent” 
hydraulic material in that it hydrates more 
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slowly than portland cement. It also forms 
some CSH from the calcium hydroxide 
generated by the hydration of portland 
cement and, in this respect, behaves like a 
pozzolan, increasing strength in the long run. 
Slag cement also enhances durability of 
concrete related to reduced heat of 
hydration, reduced permeability and 
improved sulfate resistance and deterioration 
from alkali silica reactions. 


Rice hull ash: This material offers 
promise as an SCM, although its use in the 
United States has typically been limited to 
laboratories.  As with any SCM, quality 
control of the material is important. 


New Products: Experiments are 
underway at Columbia University to use 
dredged clay from New York harbor, treated 
to remove hazardous metals, as an SCM. 
Whether this would be considered “recycled” 
by the USGBC would need to be decided 
through the CIR process. Many other SCMs 
are being tested, and when proven market-
ready, will become available. Fly ash, now in 
common use, was a radical innovation only 
30 years ago. 


Concrete Properties and SCMs 


Strength: Strength is improved by the 
substitution of some SCMs for portland 
cement. Class C fly ash and slag cement 
improve strength more than Class F fly ash. 
In applications where high strength is critical 
(such as high-rise buildings) a combination 
of SCMs (slag cement, fly ash, and silica 
fume) with portland cement can result in 
compressive strengths of 15,000 psi and 
higher. 


Slow Setting and Strength Gain: Early 
setting and strength gain speeds up slab 
finishing and form removal. Although cement 
substitutes often create stronger and more 
durable concrete in the end, many harden 
more slowly than portland cement. Slow 
strength gain can set an economic limit on 
the percentage of slag cement or fly ash that 
can be used. In order from fast to slow 
strength gain, they generally rank: portland 
cement; slag cement; Class C fly ash; and 
Class F fly ash. Reducing the water to 
cementitious materials ratio partly 
compensates for slow strength gain. A 
drastic reduction in water to cementitious 
materials ratio, along with water-reducing 
admixtures, allows the use of high 
percentages of SCMs (60% or more) without 
excessively slow strength gain, but such 
mixes are uncommon, and require careful 
quality control.  Ten percent to 25% Class F 
fly ash, 15% to 25% Class C fly ash, or 30% 
to 60% slag cement by weight of 
cementitious materials (or combinations) 
tend to produce a practical balance between 
recycled content and strength gain. Where 
high early strength is unimportant (footings, 
for example), higher percentages can be 
used. The use of silica fume does not create 
a delay in strength gain, but strongly affects 
the amount of water needed in the mix. 


Color: SCMs may slightly alter the color 
of hardened concrete. Color effects are 
related to the color and amount of the 
material used in concrete. Many SCMs 
resemble the color of portland cement and 
therefore have little effect on color of the 
hardened concrete. Some silica fumes may 
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give concrete a slightly bluish or dark gray 
tint and tan fly ash may impart a tan color to 
concrete when used in large quantities. Slag 
cement and metakaolin (a clay SCM without 
recycled content) can make concrete lighter. 
Slag cement can initially impart a bluish or 
greenish undertone that disappears over time 
as concrete is allowed to dry. 


Durability: Several types of concrete 
durability are affected, either positively or 
negatively, by the use of SCMs: 


Freeze-Thaw Resistance: Chemical air-
entraining admixtures are added to the 
concrete mix to improve freeze-thaw 
resistance. Higher carbon content in the fly 
ash will increase the amount of air-entraining 
admixtures needed to obtain a specific air 
content. However, fineness, alkali content, 
organic material content, loss on ignition, and 
presence of impurities in the fly ash also 
influence the amount of air-entraining 
admixture required for a certain air content in 
the concrete. The use of silica fume will 
rapidly increase the amount of air-entraining 
admixture required.  


Cold-Weather Concreting: Concrete must 
reach 500 psi compressive strength before 
being exposed to temperatures below 32˚F. 
Admixtures are available to insure that high 
amounts of an SCM do not increase the 
likelihood of freezing damage at the time of 
concreting. 


De-Icer Scaling: Chemicals used for snow 
and ice removal on horizontal surfaces such 
as a parking lot or the top deck of a parking 
garage can cause or aggravate surface 
scaling in concrete with inadequate air-


entrainment. Properly designed and placed 
air-entrained concrete will withstand deicers 
for many years. Normal dosages of 
supplementary cementing materials should 
not affect scaling resistance of properly 
designed, placed, and cured concrete. The 
ACI 318 building code allows up to 10% silica 
fume, 25% fly ash, and 50% slag cement as 
part of the cementing materials for deicer 
exposures. 


Permeability: The constituents of some 
SCMs combine with calcium hydroxide in 
concrete to reduce its permeability and the 
ability for harmful chloride ions to migrate 
through concrete and cause corrosion of 
steel reinforcement.  Concrete made with 
SCMs are desirable for use in roadways, 
bridges, parking structures and marine 
structures. 


Alkali-Silica Reaction (ASR): Reactive forms 
of silica in some aggregates can react with 
alkali hydroxides in the concrete and in the 
presence of moisture can create ASR, 
causing internal expansion that could 
potentially lead to cracking of the concrete. 
SCMs, especially slag cement, tie up the 
alkalis in the concrete. Class C fly ash varies 
in this ability, while Class F fly ash is very 
effective. A number of ASTM tests evaluate 
ASR; ASTM C 441, C 1567 and C 1293 can 
be used to determine the effectiveness of 
SCMs in inhibiting ASR. 


Sulfate Attack: Concrete made with 60% or 
more slag cement is very effective in 
mitigating attack by sulfates, found in some 
arid soils, seawater and waste water. The 
pozzolanic action of fly ash also contributes 
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to sulfate resistance. The United States 
Bureau of Reclamation publishes a test for 
wet-dry sulfate resistance, and ASTM is 
developing a new test for this purpose. 
ASTM C 1012 evaluates sulfate resistance of 
cementitious materials.  Guidance for 
evaluating sulfate resistance in concrete 
mixtures is provided in ACI 201. 


Chloride Ion Penetration: Properly designed 
and cured concrete with high percentages of 
SCM will have an exceptionally high 
resistance to chloride ion penetration. 


Benefits and Costs of Using SCMs 


All SCMs have the dual benefit of 
replacing energy-intensive portland cement 
and of using material that may otherwise be 
landfilled. Small percentages of fly ash or 
slag cement will reduce concrete cost by 
replacing higher-cost portland cement. As the 
percentage of substitutes rise and water 
content falls to control strength gain, water-
reducing admixtures and more precise 
control begin to raise the cost. 


Limitations of SCMs 


In the case of slag cement, some waste 
product is imported, somewhat reducing its 
positive energy impact. Typical replacement 
percentage (which is the criterion for LEED 
certification) ranges from 15% to 25% for fly 
ash although there are special cases where 
this may go higher. However, up to 1.5 units 
of fly ash may be used to replace a unit of 
portland cement, so the percentage of fly ash 
may be higher than the replacement 
percentage. All SCMs used in higher than 
common dosages (above 25% fly ash or 60% 
slag) would require pre-qualification testing to 


verify quality concrete. These include 
properties to ensure durability, pump-ability, 
and set time. Rice hull ash and other 
potential substitutes are not yet being 
marketed. 


Some codes set an upper limit on the use of 
SCMs of various types for concrete exposed 
to de-icing salts. Detailed evidence may be 
required to show that the design mix meets 
the desired performance standards, even with 
higher levels of SCM. 


The primary ASTM Standards for SCMs and 
blended cement are: 


• ASTM C618 "Standard Specification for 
Coal Fly Ash and Raw or Calcined 
Natural Pozzolan for Use as a Mineral 
Admixture in Concrete." 


• ASTM C 989 “Standard Specification for 
Ground Granulated Blast-Furnace Slag 
for Use in Concrete and Mortars.”  


• ASTM C 1240 “Standard Specification fo 
Use of Silica Fume for Use as a Mineral 
Admixture in Hydraulic-Cement 
Concrete, Mortar, and Grout.” 


• ASTM C595 "Standard Specification for 
Blended Hydraulic Cements" is one of 
the three portland cement standards, 
covering five classes of blended portland 
cements for both general and special 
applications, using slag cement, 
pozzolan or both, with portland cement or 
portland cement clinker or slag cement 
with lime. 


• ASTM C1157 "Standard Performance 
Specification for Hydraulic Cement" is a 
performance specification covering 
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portland cements for both general and 
special applications. There are no 
restrictions on the composition of the 
cement or its constituents. The 
specification classifies cements by type 
based on specific requirements for 
general use, high early strength, 
resistance to attack by sulfates, heat of 
hydration, and low reactivity with alkali-
reactive aggregates. 


Availability of SCMs 


Most concrete suppliers stock either fly 
ash or slag cement or both. Also available 
are blended cements (ASTM C 595) with a 
specific percentage of portland cement and 
SCM. Blended cements are often designed 
to be used with locally available pozzolans or 
slag cements to keep flexibility in mix design. 
Rice hull ash is not commercially available as 
a cement substitute.  The United States 
Geological Survey reveals that blended 
cement usage is less than 2% of the total 
portland cement used. 


DESIGN ISSUES 


B. Recycled Aggregate 


Many materials are being examined as 
candidates to replace the sand and/or gravel 
or crushed aggregates in conventional 
concrete: air-cooled blast furnace slag (an 
entirely different material from slag cement), 
fiberglass waste materials, granulated 
plastics, paper and wood products and 
wastes, sintered sludge pellets, and others. 
However, crushed recycled concrete is by far 
the most commonly used aggregate 
substitute, along with glass cullet (in specialty 
applications).  Air cooled blast-furnace slag is 


used as an aggregate and has no 
cementitious value.  Water-cooled [rapidly 
quenched] ground granulated blast-furnace 
slag is the material used as a cement 
replacement (see above).  These resources 
are two different forms of slag that cannot be 
used interchangeably. 


Crushed Recycled Concrete Aggregate 


Recycling concrete for aggregate 
requires breaking, removing, and crushing 
existing concrete into a material with a 
specified size and quality. Rebar and other 
embedded items, if any, must be removed, 
and care must be taken to prevent 
contamination by other materials such as 
asphalt, soil and clay balls, chlorides, glass, 
gypsum board, sealants, paper, plaster, 
wood, and roofing materials. This applies to 
crushed concrete from existing structures 
and pavements. Another source of crushed 
concrete would be from returned concrete to 
concrete plants. This material will not have 
contamination like construction debris. 


Crushed recycled concrete aggregate 
generally has a lower specific gravity and 
higher water absorption than natural stone 
aggregate. New concrete made with such 
aggregate typically has good workability, 
durability, and resistance to saturated freeze-
thaw action. Fine recycled aggregate should 
only be used in very limited quantities. Use of 
recycled fine crushed concrete will increase 
drying shrinkage and creep and decrease the 
modulus of elasticity. Concrete strength 
using only coarse aggregate replacement is 
similar to that of concrete using natural 
aggregates. Recycled concrete must be 
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"clean," that is, without absorbed chemicals, 
clay coatings, or other fine materials in 
concentrations that could alter the hydration 
and bond of the cement paste. Also, paving 
concrete in colder climates is likely to contain 
de-icing salts, which can cause premature 
corrosion of rebar. Recyclers do not separate 
paving concrete from other concrete. It is 
much safer to crush concrete from a known 
source specifically for use in the project. Note 
that crushed concrete aggregate made from 
on-site concrete qualifies for credit points 
under Credit MR-C2 Construction Waste 
Management, and not MR-C4 Recycled 
Content. 


Crushed and Screened Waste Glass 


Glass is generally not recommended 
because of alkali-silica reactions. Glass may 
be used as a sand substitute in concrete for 
non-structural applications such as bike 
paths, footpaths, and gutters. Nearly any 
waste glass can be used in concrete 
applications, including glass that cannot be 
recycled in ordinary ways, such as clear 
window glass or fluorescent bulbs with (small 
amounts of) contaminants. Some types of 
glass aggregate can improve concrete 
durability by arresting cracks. The installation 
of concrete using recycled concrete or glass 
is basically the same as for conventional 
concrete. 


Benefits and Costs of Recycled Aggregate 


Recycled concrete aggregate is about 
one-half the cost of non-recycled aggregate 
used for construction purposes depending 
on the specifications (size limitations) for the 
aggregate and local availability. 


Limitations of Recycled Aggregate 


Testing is required to account for 
variations in the aggregate properties, such 
as its higher absorption and lower specific 
gravity compared to conventional aggregate.  
Recycled aggregates may be contaminated 
with asphalt, chlorides, soil and clay balls, 
glass, gypsum board, joint sealants, or 
lightweight brick and concrete. 


An alkali-silica reaction between cement 
paste and glass aggregate can decrease 
long-term strength and durability. Research 
is progressing on ways to stop or decrease 
the alkali-silica reaction by using additives 
and by restricting the types of glass used. 
However, further research is needed before 
glass cullet can be used as aggregate in 
structural applications. 


Codes and Standards for Recycled 
Aggregate 


There are no standards regulating the 
use of alternative concrete aggregate for 
engineered use and structural applications. 
For non-structural applications, codes 
generally do not restrict the use of 
aggregate that has no known deleterious 
effects on the finished concrete properties.  
ASTM C33, Specification for Concrete 
Aggregates, recognizes crushed concrete as 
a viable coarse aggregate. Some state and 
local codes specifically address the use of 
alternative aggregate, for example, the 
Washington State Department of 
Transportation. Verify applicable regulations 
on a project-by-project basis. ACI 
Committee 555 provides guidance on the 
use of crushed concrete as recycled 
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Rebar steel usage is an excellent 
opportunity for gaining a recycled content 


credit. 


aggregate.  The Recycled Materials 
Research Center at the University of New 
Hampshire is a good resource for 
information (www.rmrc.unh.edu/). 


Availability of Recycled Aggregate 


Crushed recycled concrete is widely 
available for other uses, but aggregate in a 
particular size range may command a price 
premium. Crushed glass is less widely 
available than recycled concrete, and is not 
usually sold as aggregate. 


Integration with Other LEED Credits 


Aggregate made by crushing concrete 
that is found on-site CANNOT be used to 
obtain LEED Credit MR-C4. To count as 
recycled by LEED, the material must be 
obtained from outside sources. On-site 
concrete that is re-used for a purpose other 
than that for which it was originally intended 
(for example, crushed and used either for 


backfill or for concrete aggregate) can 
contribute to LEED Credit MR-C2, because it 
has been diverted from a landfill. 


DESIGN ISSUES 


C. Reinforcement 


LEED allows a default of 25% post-
consumer recycled content for all steel. In 
most cases, the actual recycled content is 
substantially higher than this, approaching 
100% post-consumer in some cases. It is 
nearly always advantageous to include rebar 
as a recycled content material. 


DESIGN ISSUES 


D. Non-Rented Wood Formwork 


As explained under LEED Credit MR-C7, 
“non-rented” formwork includes any wood 
formwork that is constructed for the project, 
even if it is used again; and excludes any 
that was constructed as formwork for a 
previous job and reused on this job. Although 
uncommon, any dimension lumber or 
plywood previously used for another purpose 
on another project (for example, for fencing 
or temporary structures), and reused as 
formwork on this project, would qualify as 
post-consumer recycled materials. More 
likely would be the use of a composite wood 
material such as OSB that has recycled 
content. Wood formwork that is specified to 
be FSC Certified under Credit MR-C7 is not 
available as recycled material, as there is no 
established market for such wood at this 
time. If the project is seeking an Innovation in 
Design credit for site-wide VOC reduction, it 
may be desirable to specify that any 
composite wood formwork be free of added 
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urea-formaldehyde resins (as required for 
Credit EQ-4.4 within the building envelope). 
Composite wood without added UF resins is 
available with recycled content. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Trade professionals providing ready 
mixed concrete for LEED projects should be 
required in the project specifications to 
provide submittal information to demonstrate 
the amount of recycled content for a given 
design mix and for related steel 
reinforcement. Generally, design teams 
experienced with the LEED process will 
include submittal requirements for this 
information in each specification section 
where the materials is specified. However, 
design teams new to the LEED process often 
include the submittal requirements in a 
Division 1 specification covering LEED 
documentation, or neglect to include 
documentation requirements at all. 
Regardless of how well the specifications are 
developed on a given LEED job, the concrete 
trade contractor will need to provide 
information on the material cost and recycled 
content for materials provided. The concrete 
producer should document and provide a 
letter to the contractor indicating the amount 
of recycled content and costs of materials in 
each concrete mixture used on the project.  


Materials Cost 


Since the LEED Recycled Content Credit 
is based on cost, the concrete contractor 
should be prepared to provide either the 
construction manager or another member of 
the design team with a “materials only” cost 


for the concrete, rebar, and non-rented wood 
formwork (see Credit MR-C7). This value 
should represent the cost of the concrete 
materials installed without any costs 
associated with labor or equipment included. 
It will be necessary to separate the cost of 
the steel reinforcement (rebar) and non-
rented formwork from the cost of the rest of 
the concrete design mix, because they will 
have very different percentages of recycled 
content. Often the concrete producer will 
need to provide the cost breakdown for the 
design mix constituents (i.e. cement, SCMs, 
aggregate and water). 


Percentage of Recycled Content 


Typically, standard design mix submittals 
will include percentage breakdowns of design 
mix constituents. For design mixes that only 
use recycled content materials for the 
replacement of portland cement, the 
standard design mix submittal should suffice 
providing it indicates, for example, the 
percentage of fly ash. If recycled aggregate 
is used, that percentage will need to be 
included in addition if not stated on the 
design mix submittal. The concrete 
contractor will need to provide a letter from 
the steel reinforcement manufacturer that 
explicitly states the amount of post-consumer 
and post-industrial recycled content in that 
material. This requirement also applies to 
any recycled wood used for non-rented 
formwork. 


Sample Spreadsheets 


The following is a spreadsheet that 
covers most of the calculations and record-
keeping that might be involved in pursuing 
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LEED Credits for Recycled Content (MR-4), 
Regional Materials (MR-5), and FSC 
Certified Wood (MR-C7), for concrete 
materials. There are two spreadsheets. The 
first one is used to establish the costs of 
recycled, regional, and FSC concrete 
materials. From this, it is easy to derive the 
percentages necessary for the final 
calculations for those Credits. 


The second spreadsheet shows how to 
calculate the percentage of recycled and 
regional content for the concrete materials 


alone. It establishes the percentage of each 
material in each mix design by weight, and 
distributes them according to the yardage of 
each mix used in the project. These data are 
then transferred to the first spreadsheet. 


 


REFERENCES AND INFORMATION 
SOURCES 


American Coal Ash Association 
15200 Girard Avenue, Suite 3050 
Aurora, Colorado 80014-3988 
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720-870-7897 
Fax: 720-870-7889 
www.acaa-usa.org 


American Concrete Institute 
38800 Country Club Drive 
Farmington Hills, Michigan 48331 
248-848-3700 
Fax: 248-848-3701 
www.concrete.org 


Environmental Building News: Building Green, Inc. 


122 Birge Street, Suite 30 
Brattleboro, VT 05301 
802-257-7300 
Fax: 802-257-7304 
www.buildinggreen.com 


Fly Ash Library 
Dr. Thomas L. Robl, Associate Director 
University of Kentucky Center for Applied 
Energy Research 
2540 Research Park Drive  
Lexington, KY 40511-8410 
859-257-0272 
Fax: 859-257-0360 
www.fly-ash.info 


Headwaters, Inc. (Low carbon fly ash) 
Corporate Offices 
10653 S River Front Parkway 
Suite 300 
South Jordan, UT 84095 
801-984-9400 
Fax: 801-984-9410 
www.hdwtrs.com 
 
National Concrete Masonry Association, Inc. 
13750 Sunrise Valley Drive 


Herndon, VA 20171 
703-713-1900 
Fax: 703-713-1910 
www.ncma.org 


National Ready Mixed Concrete Association 
900 Spring Street 
Silver Spring, MD 20910 
301-587-1400 
888-846-7622 
Fax: 301-585-4219 
www.nrmca.org 
 
Portland Cement Association 
5420 Old Orchard Road 
Skokie, IL  60077 
847- 966 – 6200 
www.cement.org 


Recycled Materials Research Center 
University of New Hampshire 
Durham, NH 03824 
603- 862.4334 
www.rmrc.unh.edu/ 
 
Silica Fume Association 
38860 Sierra Lane 
Lovettsville, VA 20180 
(540) 822.9455 
www.silicafume.org 
 
Slag Cement Association 
P.O. Box  2615 
Sugar Land, Texas 77487-2615 
281-494-0782 
Fax: 281-494-0784 
www.slagcement.org 
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Fresh, unhardened ready mixed concrete is 
considered a regionally manufactured building 


material. 


LEED CREDIT MR-C5.1 AND MR-C5.2 
REGIONAL MATERIALS 


 
Intent: Increase demand for building products 
that are manufactured locally, thereby 
reducing the environmental impacts resulting 
from their transportation and supporting the 
local economy. 


Requirements 


Credit 5.1 (1 point): Specify a minimum 
of 20% of building materials that are 
manufactured regionally within a radius of 
500 miles. 
Credit 5.2 (1 point): Of these regionally 
manufactured materials, specify a minimum 
of 50% that are extracted, harvested, or 
recovered within 500 miles. 


Summary of Concrete Applications and 
Materials Relevant to the Credit 


Ready mixed concrete materials are 
regionally manufactured in almost every 
case. Exceptions such as form oils or curing 
agents manufactured at a remote location 
are usually too small a component to break 


out as a separate cost. Rebar that is 
fabricated (cut and bent) at a remote location 
might also be an exception. Most concrete 
materials are regionally harvested. 
Exceptions might be rebar, formwork wood, 
special cement, SCM, or admixtures. 
Because of this, projects with large amounts 
of concrete typically can achieve both 
Regional Materials Credit points, and may 
qualify for an Innovation and Design Credit 
for exemplary performance. 


It should be noted that if a project 
employs greater than 20% locally 
manufactured materials, it does not mean it 
has to employ increasing amounts of local 
raw resources to earn credit 5.2. LEED 
allows projects to select a portion of locally 
manufactured materials equal to 20% and 
demonstrate that 50% of that figure 
represents locally extracted raw resources to 
earn the point. 


DESIGN ISSUES 


Details 


For the first point (C5.1), LEED defines 
the term “Manufactured” as the place where 
the final assembly of components into the 
building product furnished and installed by 
the tradesmen. The 2.1 LEED Reference 
Guide states that, “if the hardware comes 
from Dallas, Texas, the lumber from 
Vancouver, British Columbia and the joist is 
assembled in Kent, Washington; then the 
location of the final assembly is Kent, 
Washington.” 


The raw material sources required for 
C5.2 are fairly obvious for some materials 
like aggregate and sand (quarry location). 
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However, other materials like steel may be 
more difficult to define in terms of the origins 
of the raw resources. The USGBC reviews 
issues like this on a case-by-case basis via 
the Credit Interpretation and Application 
Review process. However, it is generally 
understood that raw resource point of origin 
for steel is where it is smelted, wood where it 
is harvested, stone where it is quarried, etc. 


Benefits and Costs 


There is typically no additional cost 
associated with specifying locally 
manufactured materials for concrete. There 
may be additional cost for specifying locally 
harvested material for some concrete 
materials although the amount depends on 
the region of the country and the availability 
of quality aggregate. With regard to rebar, 
formwork, insulation, and other materials 
associated with ready mixed concrete, there 
may be incremental costs associated with 
specifying locally extracted materials, but the 
local manufactured threshold can usually be 
met with little or no incremental cost. Of 
course, this determination will depend on 
where a project is located. 


Integration with Other LEED Credits 


Credit MR-C5.1 Regional Materials – 
20% Manufactured Regionally and Credit 
MR-C5.2 Regional Materials – 50% Extracted 
Regionally are strongly related. All the 
materials counted toward credit MR-C5.2 
must be materials that qualify for credit MR-
C5.1. Tradeoffs must sometimes be made 
between counting a material toward recycled 
content and other LEED credits, versus 
counting it toward regional manufacture. 


An additional complication arises with 
regard to credit MR-C5.2. To obtain that 
credit, you must first achieve credit MR-C5.1 
such that at least 20% of the total materials 
(calculated according to the LEED formula) 
need to be regionally manufactured. Of these 
materials, half (or 10% of the total materials) 
need to be regionally extracted. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


LEED Requirements for Regional 
Manufacture and Extraction Credits may 
appear in several places. Project 
professionals with experience on LEED jobs 
will likely include the requirements under a 
LEED Building Performance Requirements 
article in Section 1 of each relevant 
specification in Divisions 2-10. Other projects 
may only include the requirements in a 
Division 1 Specification. In some cases, the 
requirements are not explicitly stated at all, 
but there is an article stating that the 
contractor is required to comply with LEED 
requirements. The extent to which LEED 
Documentation requirements are included in 
the project specifications follow along the 
same lines. When a contractor is bidding on 
a LEED job, and the LEED requirements are 
not clearly stated in the specifications, it is 
recommended that an RFI be issued to spell 
out the LEED requirements that the 
contractor will be responsible for and must 
document prior to submitting bids. 


Required LEED Documentation 


Whether or not the specifications indicate 
the documentation requirements for LEED 
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projects pursuing the two points available in 
the Regional Manufacture and Extraction 
Credits (MR-C5.1 & C5.2), the Construction 
Manager or the Architect will likely request 
the following information to determine overall 
compliance with this credit: 


• The material value for each material. 
Since it is based on cost, projects need 
the material value for all materials that 
contribute towards this credit. The 
material cost is the cost of the material 
without any labor, equipment or 
overhead included. Essentially, it is the 
invoice cost to the subcontractor for the 
material. 


• A letter from the product manufacturer 
indicating the location of manufacture 
and, if applicable, extraction of a given 
product. The letter needs to be signed, 
dated and on the manufacturer’s 
company letterhead. The letter also 
needs to reference the project. 
Alternately, if material product data 
sheets clearly indicate the location of 
manufacture and extraction, they may be 
used instead of a letter. 


It should be noted that a single letter 
from a manufacturer can certify 
compliance with more than one credit. 
For example, if a material has both 
recycled content and is manufactured 
within 500 miles of the project, then the 
manufacturer need only provide one 
letter to demonstrate compliance with 
both credits. The following text is a 
sample of what an acceptable letter 
would say: 


To whom it may concern, 


This letter is to certify that the steel 
reinforcement produced by ZuBor 
Steel for the Moneymaker Industries 
World Headquarters project is 
comprised of 95% recycled content 
of which 50% is Post-Consumer and 
45% is Post-Industrial recycled 
content. This material is 
manufactured in Soggy Bottom, PA 
which is approximately 250 miles 
from the project site. 


Concrete producers should document 
and provide a letter to the contractor and the 
A&E design team that includes the amounts 
of constituent materials in each mix, the 
recycled content, the location where the 
concrete was manufactured and proximity to 
the project site, and the location where the 
constituent materials were extracted and 
their proximity to the project site. A sample 
letter is provided in Appendix B. 


History of Credit Interpretations 


Credit MR-C5.2: The Credit Interpretation 
Request for credit MR-C5.2 dated 10/14/03, 
with Ruling dated 12/1/03, states that an 
Innovation and Design credit can be obtained 
by doubling either credit MR-C5.1 or credit 
MR-C5.2, as the two credits are considered 
independently. This means that Credit MR-
C5.2 can be achieved if 10% or more of the 
materials used on the project (that are also 
regionally manufactured) are regionally 
harvested. This ruling supersedes an earlier 
ruling under Credit MR-C5.1 dated 10/18/01. 
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Wood usage in LEED construction projects must meet 
guidelines set forth by the Forest Stewardship Council.


LEED CREDIT MR-C7 CERTIFIED WOOD 


Intent: Encourage environmentally 
responsible forest management. 


Requirements 


Use a minimum of 50% of wood-based 
materials and products, certified in 
accordance with the Forest Stewardship 
Council’s Principles and Criteria, for wood 
building components including, but not 
limited to, structural framing and general 
dimensional framing, flooring, finishes, 
furnishings, and non-rented temporary 
construction applications such as bracing, 
concrete formwork and pedestrian barriers. 


Background: the Forest Stewardship Council 
(FSC) 


The FSC is an independent, not-for-
profit, non-government, international 
organization based in Bonn, Germany. It was 


founded in 1993 (originally in Oaxaca, 
Mexico), and provides standard setting, 
trademark assurance and accreditation 
services for companies and organizations 


interested in responsible forestry. Its 
standards are based on its 10 Principles and 
Criteria of Responsible Forest Management: 


1) COMPLIANCE WITH LAWS AND 
FSC PRINCIPLES: Forest management 
shall respect all applicable laws of the 
country, in which they occur, and 
international treaties and agreements to 
which the country is a signatory, and 
comply with all FSC Principles and 
Criteria. 


2) TENURE AND USE RIGHTS AND 
RESPONSIBILITIES: Long-term tenure 
and use rights to the land and forest 
resources shall be clearly defined, 
documented and legally established. 


3) INDIGENOUS PEOPLES' RIGHTS: 
The legal and customary rights of 
indigenous peoples to own, use and 
manage their lands, territories, and 
resources shall be recognized and 
respected. 


4) COMMUNITY RELATIONS AND 
WORKER'S RIGHTS: Forest 
management operations shall maintain or 
enhance the long-term social and 
economic well-being of forest workers 
and local communities. 


5) BENEFITS FROM THE FOREST: 
Forest management operations shall 
encourage the efficient use of the forest's 
multiple products and services to ensure 
economic viability and a wide range of 
environmental and social benefits. 


6) ENVIRONMENTAL IMPACT: Forest 
management shall conserve biological 
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diversity and its associated values, water 
resources, soils, and unique and fragile 
ecosystems and landscapes, and, by so 
doing, maintain the ecological functions 
and the integrity of the forest. 


7) MANAGEMENT PLAN: A 
management plan -- appropriate to the 
scale and intensity of the operations -- 
shall be written, implemented, and kept 
up to date. The long term objectives of 
management, and the means of 
achieving them, shall be clearly stated. 


8) MONITORING AND ASSESSMENT: 
Monitoring shall be conducted -- 
appropriate to the scale and intensity of 
forest management -- to assess the 
condition of the forest, yields of forest 
products, chain of custody, management 
activities and their social and 
environmental impacts. 


9) MAINTENANCE OF HIGH 
CONSERVATION VALUE FORESTS: 
Management activities in high 
conservation value forests shall maintain 
or enhance the attributes which define 
such forests.  Decisions regarding high 
conservation value forests shall always 
be considered in the context of a 
precautionary approach. 


10) PLANTATIONS: Plantations shall be 
planned and managed in accordance 
with Principles and Criteria 1 - 9, and 
Principle 10 and its Criteria. While 
plantations can provide an array of social 
and economic benefits, and can 
contribute to satisfying the world's needs 
for forest products, they should 


complement the management of, reduce 
pressures on, and promote the 
restoration and conservation of natural 
forests. 


Over the past 10 years, 42 million 
hectares in more than 60 countries have 
been certified according to FSC standards 
while several thousand products carry the 
FSC trademark. FSC operates through its 
network of National Initiatives in more than 
30 countries. 


The FSC uses a chain of custody system 
that connects responsible forest 
management practices and products with 
consumers. When a forest owner, manager, 
company, town or community is certified as 
complying with FSC standards, their details 
are listed in a database. 


FSC provides accreditation services to 
certification bodies, national initiatives, and 
national standards. The accreditation 
program is based on international standards. 
Monthly updates on the certificates issued by 
FSC accredited certification bodies, 
accessible via a link on the FSC website. 


The FSC International Center sets the 
framework for the development and 
maintenance of international, national and 
sub-national FSC standards. The process is 
clear and accessible (“transparent”), 
balances the interests of all stakeholders 
(“independent”), and strives to involve all 
interested people and groups 
(“participatory”). 
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DESIGN ISSUES 


Details 


Compliance with this credit requires that 
50% of the material value of all wood 
materials used on the project be attributable 
to FSC Certified wood materials. The level of 
difficulty depends on the amount of wood 
used on the job. LEED applicants are 
required to include all wood materials 
purchased for use on a project including 
concrete formwork and temporary barriers 
when demonstrating compliance. 


Projects that do not have a lot of finish 
casework or wood paneling usually have to 
specify FSC Certified wood doors and 
plywood concrete formwork. Incremental 
costs are currently higher for these materials 
than they are for finished wood materials; 
however, the cost of FSC Certified formwork 
(plywood) has been dropping steadily as 
more manufacturers bring this material to 
market. 


Only wood formwork materials 
purchased for use on a project need to be 
applied to this credit. Rented or previously 
used forms are exempt. Reclaimed wood, 
post-consumer recycled wood and wheat-
board millwork substrates are also exempt 
from this credit. 


Benefits and Costs 
The environmental benefits of employing 


FSC Certified wood are many. Virgin 
timberlands are preserved, impacts from 
erosion are mitigated and the social 
conditions of laborers and indigenous people 
living in or near FSC forests are respected. 
Incremental costs range widely depending on 


the type of wood materials used on a job. 
The additional costs for all wood materials on 
a given job can range from anywhere from 
5% to 35%.  Costs and availability of 
Certified Wood continues to be an issue for 
LEED projects.  Constructing the building 
envelope out of concrete (ICF/Tilt Up) results 
in a reduction in the amount of total wood, 
thus making it easier and more economical to 
meet the 50% Certified Wood requirement to 
obtain the LEED point. 


Availability 


The number of companies that offer FSC 
Certified plywood is limited, but growing. The 
first step in seeking this credit when using 
FSC Certified wood formwork is to insure that 
a reliable source is available at an 
acceptable cost. 


Integration with Other LEED Credits  


Achieving the FSC Certified credit may 
involve a trade-off with credit EQ-C4.4 (Low-
Emitting Materials – Composite Wood). If a 
project uses a substantial amount of MDF 
specified without added urea formaldehyde 
to meet IEQ Credit 4.4, the total wood value 
for the job will increase. However, there are 
many wheat-based millwork substrates 
available without added urea formaldehyde 
that do not need to be included in the total 
wood value. Also, if the project has many 
solid core wood doors, specifying a product 
that is both FSC Certified and free of added 
urea formaldehyde may be cost prohibitive. 
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TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Specifications 


Requirements for FSC Certified wood 
formwork is likely to be found in one or more 
of three places: a Division 1 LEED Section, in 
the performance requirements or Products 
sections of Division 3 specifications or within 
the rough carpentry section. If there are no 
specifications that clearly state requirements 
for FSC Certified formwork on a given LEED 
job, the contractor should issue an RFI and 
determine if this credit is being pursued 
before issuing a bid. 


Required LEED Documentation 


Whether or not the specifications indicate 
the documentation requirements for LEED 
projects pursuing the Certified Wood Credit, 
the Construction Manager or the Architect 
will likely request the following information to 
determine a project’s overall compliance with 
this credit: 


• The material value for each wood 
material within the contractor’s scope. 
The material cost is the cost of the 
material without any labor, equipment or 
overhead included. Essentially, it is the 
invoice cost to the subcontractor for the 
material. 


Note: This credit is often audited by the 
USGBC. In the audit process, the 
USGBC has asked to see contractor 
invoices to substantiate material value 
and FSC Certification. The contractor 
should either submit their invoice for 
wood materials when available or keep 


on hand in the event of an audit. 


• The vendor’s or manufacturer’s Forest 
Stewardship Council Chain-of-Custody 
certificate number. The chain of custody 
certificate number is available from the 
manufacturer or vender and is printed on 
an actual certificate provided by the FSC. 
It is recommended that you provide a 
copy of the actual certificate with the 
standard material data sheet submittal. 


• Invoices indicating materials costs. 


What to Look for During Installation 


FSC Certified wood products usually 
have a green stamp or tag with the FSC logo. 
Otherwise, there is little to distinguish FSC 
and non-FSC Certified wood materials. 


REFERENCES AND INFORMATION 
SOURCES 
 
Trade Associations 
 
Forest Stewardship Council 
FSC International Center 
Charles-de-Gaulle 5 
53113 Bonn Germany 
Phone:  ++ 49 (228) 367 66 0 
www.fsc.org/en/ 
 
Forest Stewardship Council of Canada 
1 Eva Road, Suite 205 
Toronto, ON M9C 4Z5 
Canada 
416-778-5568 
1-877-571-1133 
www.fsccanada.org/boreal/index.shtml 
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American Forest & Paper Association 
1111 Nineteenth Street, NW, Suite 800 
Washington, DC 20036 
www.afandpa.org  
 
Metafore – Founded in 1997, Metafore is a 
non-profit organization that provides 
marketing assistance to responsible 
businesses wishing to conserve, protect and 
restore the world’s forests. It maintains a 
“Certification Resource Center” that includes  
a comprehensive list of FSC Certified 
products as well as those certified by other 
competing groups that are not recognized by 
LEED at this time. The Center is available at: 
www.certifiedwood.org/search-
modules/SearchProducts.aspx 
 
Standard, Code, and Regulatory Groups 
 
International Organization for Standard 
1, rue de Varembé, Case postale 56 
CH-1211 Geneva 20, Switzerland 
Telephone +41 22 749 01 11 
www.iso.org 
 


Canadian Standards Association 
178 Rexdale Boulevard 
Toronto, Ontario, CANADA, M9W 1R3 
Tel: (416) 747-4000 
1 866 797-4272 
www.certifiedwood.csa.ca 


Resource Websites 
 
Forest Certification Resource Center 
http://www.certifiedwood.org/ 


 


Resource Documents  
 
Forest Certification in North America, Oregon 
State University Extension Services 
eesc.orst.edu/agcomwebfile/edmat/EC1518.
pdf 
www.certifiedwood.org/search-
modules/SearchProducts.aspx 
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INNOVATION IN DESIGN CREDITS 
 
GENERAL DISCUSSION 


The LEED Version 2.1 Reference Guide 
uses the following language to describe the 
Innovation in Design (ID) Credits, Section 6 
of the LEED-NC Rating System: 


The LEED Green Building Rating 
System was devised to address current 
sustainable issues involved in commercial 
building design. However, the building 
industry is constantly evolving and 
introducing new sustainable strategies and 
measures. It is important to stay abreast of 
current developments in sustainable building 
and incorporate those strategies and 
products that optimize built spaces. 
Innovation Credits are the vehicle by which 
LEED recognizes and awards such 
accomplishments. 


Additionally, Innovation in Design may 
be awarded if a project achieves exemplary 
performance under an existing LEED credit. 
Points for exemplary performance are 
available only for those credits where the 
outcome provides substantial benefits (and, 
it should be added, where the applicant has 
already achieved the LEED credit). 


The USGBC goes on to note that, as with 
all sustainable design strategies and 
products, it is important to consider the 
related impacts to the environment and 
occupant well-being, and to assure that other 
building aspects are not adversely impacted 
by the proposed innovation. They also 
caution that some measure be provided as to 
the cost-effectiveness of the proposed 


innovation, recommending the use of life-
cycle costing where appropriate. 


Several potential ID Credits have been 
identified that relate to ready mixed concrete. 
This is by no means a complete list, as it only 
records those innovations that have a track 
record: either they have been successfully 
used on a previous project, or they were 
encouraged by the USGBC upon submittal 
as a “Credit Interpretation Request.” 


Exemplary Performance: Exceeding the 
requirements of existing credits by a 
significant margin. Several relevant credits 
are discussed. 


Use of High Percentage of Cement 
Substitute: Moving beyond the usual modest 
percentage of fly ash, slag cement, or silica 
fume. 


Innovative Structure: Either taking 
unusual advantage of concrete in the 
structure, or using “high-tech” concrete to 
achieve an exception effect that improves 
the building’s sustainability. 


Site-Wide Reduction in VOC Levels: 
Extending the LEED limits on sealant, 
adhesive, and paint VOC levels that apply 
only to inside spaces, to include all such 
products, and all other liquid-applied 
products, throughout the site. This involves 
several products used in association with 
concrete. 


Relevant CIR Rulings 


5/4/2004 - Credit Interpretation Request:  
May a project team include more than four 
Innovation Credits (IDc1) in its LEED 
application submittal? That way if some 
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proposals are denied, others can fill the void.  
  
5/4/04 – Ruling: While your team is obviously 
highly motivated and enthusiastic, it is 
USGBC policy to only review four ID Credits 
at one time for each certification submittal. 
This approach maintains fairness and 
consistency for all projects. 
 
       Should an ID Credit be denied in the 
Preliminary LEED Review, you may replace it 
with another proposal in the supplementary 
submittal at no additional cost. Note, 
however, that this will only afford that new 
proposal one opportunity to be evaluated. 
 
4/14/03 - Credit Interpretation Request: We 
have just submitted a LEED Certification 
Package for the 1st of three buildings 
comprising a corporate campus. Submitted 
with this Certification Package for the 1st 
building were three potential Innovation 
Credits. These credits dealt with the campus 
as a whole and are applicable to all three 
buildings. Should the Innovation Credits be 
awarded for the 1st building, will the two 
remaining buildings of the campus be eligible 
for these same Innovation Credits? 
  


5/5/03 – Ruling: The strategies and 
documentation for achieving site credits may 
be “duplicated” in your applications, but a 
clear description of how the whole site 
achieves the intended credits is necessary. It 
must be clear that none of the required areas 
or facilities is counted twice. Each credit 
should be carefully assessed and treated 
fairly, respective of overall site issues (e.g., 
pervious surfaces) versus individual building 
issues (e.g., roofing). For example, if the 
project is applying for SSc5.2, which requires 
that permanent open space be designated 
adjacent to the building, the area of this open 
space must reflect the combined footprints of 
all of the buildings. 


How to Submit for ID Credits 


Provide the proposal(s) within the LEED 
Letter Template (including intent, 
requirement, submittals and possible 
strategies) and relevant evidence of 
performance achieved. 
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LEED CREDIT ID-C1 EXEMPLARY 
PERFORMANCE IN MEETING CREDIT 


REQUIREMENTS 


Intent: To provide design teams and projects 
the opportunity to be awarded points for 
exceptional performance above the 
requirements set by the LEED Green 
Building Rating System and/or innovative 
performance in Green Building categories not 
specifically addressed by the LEED Green 
Building Rating System. 


Requirements 


Credit ID-C1.1 (1 point): Identify the 
intent of the proposed innovation credit, the 
proposed requirements for compliance, the 
proposed submittals to demonstrate 
compliance, and the design approach 
(strategies) that might be used to meet the 
requirements. Four points (Credits ID-C1.1 - 
1.4) are available for Innovation in Design. 


Summary of Concrete Applications and 
Materials Relevant to the Credit 


For some of the LEED Credits where 
ready mixed concrete can help achieve the 
credit point, it is possible to go beyond the 
target set by the USGBC and achieve what is 
generically called “exemplary performance” 
in that Credit. 


Typically, exemplary performance is defined 
as reaching the next logical step in a 
sequence, but there are exceptions, which 
are noted below. 


DESIGN ISSUES 


Details  


Each Credit will be examined in turn, 


citing the limit or limits in each case that will 
achieve an Innovation Credit. 


Credit SS-P1, Erosion & Sedimentation 
Control: No CIRs have been submitted for 
innovation points relative to this credit. One 
possible route to exemplary performance is 
to adopt a Low-Impact Development 
strategy. USEPA documents relating to Low-
Impact Development can be found at 
http://www.epa.gov/owow/nps/lid/ “Low 
Impact Development Strategies, An 
Integrated Approach” is highly informative, 
although directed primarily to residential 
subdivisions. 


Using these documents, the applicant 
should devise a program tailored to the 
project that covers exemplary performance 
not only for this credit, but for Credits SS-
C6.1 and SS-C6.2. It is conceivable that such 
a strategy might gain more than one 
Innovation Credit point. 


 Credit SS-C6.1, Stormwater Runoff 
Reduction: A CIR dated 2/12/02 requests an 
Innovation Credit for exceeding stormwater 
runoff control requirements. The method 
proposed is to contain all stormwater runoff 
in a detention basin, then pump the water for 
irrigation and flushing water closets. The 
associated ruling offers an Innovation Credit 
for decreasing the rate and quantity of flow 
by an additional 25% over the requirement of 
the Credit. The existing site was more than 
50% impervious, so the project had to reduce 
the runoff by 50%. 


 No CIRs have been submitted for the 
other case, where a project’s existing 
imperviousness is less than 50%. It is likely 
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Increasing the amount of high-albedo materials and 
implementing non-roof heat-island reduction 


techniques such as using light-colored concrete for 
walkways and landscaping may help contribute 


toward gaining an Innovation Credit. 


that the USGBC would require a 25% 
reduction, relative to the existing site, in the 
flow rate and quantity resulting from a 1.5 
year 24-hour storm. A CIR should be 
submitted to confirm this supposition. 


 If water is collected and sent to a 
storage tank for reuse, it is not enough 
simply to calculate the amount of water 
collected. A water balance calculation is 
needed, based on daily expected demand 
and rainfall over a one-year period, because 
supply and demand vary independently, and 
some stored water will not be usable. 


 Achieving Credit SS-C6.1 when the 
existing site is less than 50% impervious 
requires that the design imperviousness not 
exceed that amount. It is not obvious what 
the next step would be to achieve an 
Innovation Credit for exemplary performance. 
One possibility is to achieve a reduction in 
flow rate and quantity of 25% over the 
existing one, but this must be checked with 
the USGBC through the CIR process. 


Credit SS-C6.2, Stormwater Treatment: 
An Innovation point for this credit would 
involve exceeding the rates of TSS and TP 
removal, plus removing other compounds 
that commonly pollute ground water. A CIR 
would be necessary to confirm higher limits 
with the USGBC. Quoting from Prerequisite 
SS-P1, above: 


One possible route to exemplary 
performance is to adopt a Low-Impact 
Development (LID) strategy. USEPA 
documents relating to LID can be found at 
http://www.epa.gov/owow/nps/lid/ “Low 
Impact Development Strategies, An 


Integrated Approach” is highly informative, 
although directed primarily to residential 
subdivisions. 


Using these documents, the applicant 
should devise a program tailored to the 
project that covers exemplary performance 
not only for this credit, but for Credits SS-6.1 
and SS-6.2. It is conceivable that such a 
strategy might gain more than one Innovation 
Credit point. 


Credit SS-C7.1, Non-roof Heat Island 
Reduction: As noted in the discussion under 
this Credit, there are several combinations of 


measures that will achieve one or more 
Innovation Credits. Multiple credit points can 
be obtained by satisfying the Credit’s 
requirements in two or more independent 
ways. 


With regard to albedo, CIRs have 
indicated that the target is an average albedo 
over all non-roof impervious surfaces of 
12.5%. This number is derived by assuming 
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that the low-albedo areas are asphalt with an 
albedo of 0.05. Thus, the average albedo 
derives from the formula 70% at 0.05 plus 
30% at 0.30. 


Based on this number, it is possible to 
achieve an Innovation Credit by at least 
doubling this number, so that the average 
albedo of all non-roof impervious surfaces is 
25% or greater. We are unsure whether the 
USGBC would award a second Innovation 
Credit point for increasing this number to 
37.5%, or perhaps for doubling it again to 
50%. However, the question is worth asking 
through a CIR, if the opportunity should arise 
(for example, by paving with a combination of 
highly reflective pavers or white ready mixed 
concrete for pedestrian ways, plus grey 
ready mixed concrete for roadways). 


As noted in the Ruling on the CIR dated 
12/16/03 for ID Credits, it is important not to 
double count. The example used is a partially 
underground parking garage, which gains the 
credit point because it is more than 50% 
shaded. The USGBC would not let the 
applicant also to count the top level of the 
garage as a low-albedo pavement. This logic 
would apply, for example, to paving that was 
shaded to achieve the credit. The shaded 
portion of the paving would have to be 
excluded from the paving counted as having 
an average albedo of 12.5%. 


Credits EA-P2, Minimum Energy 
Performance, and EA-C1, Optimize Energy 
Performance: Exemplary performance for 
Credit EA-C1, would be difficult to achieve. 
However, passive solar energy strategies 
involving thermal mass could involve the 


increased use of ready mixed concrete for 
walls and floors. 


Credits MR-C2, Construction Waste 
Management: The next logical step after the 
50% and 75% limits for the two Credits is 
100%. As this level is not realistic, a CIR 
ruling under MR credit 2 dated 1/11/05 sets 
the limit at 95%. The requirements for 
exemplary performance are the same as for 
the Credits. 


 Credits MR-C4, Recycled Content: 
Paraphrasing the CIR Ruling for this Credit, 
dated 1/17/02 (because it refers to the 
calculation method used under LEED-NC 
version 2.0, it has been edited to reflect the 
system used under LEED-NC version 2.1): 


 ...it is necessary to document an 
additional 5% of recycled content building 
materials in the same manner as described 
for the initial 5% and 10% required for 
Credits MR-C4.1 and MR-C4.2, respectively. 


Refer to “Potential Innovation and Design 
Credit: 40% Reduction in the Use of Portland 
Cement” for an extended discussion of the 
use of substantial amounts of fly ash, slag 
cement, or other substitutes for portland 
cement. All of these products are recycled, 
and should help contribute to achieving at 
least Credit MR-C4.2, if not an Innovation 
Credit for exemplary performance under MR-
C4. 


Credits MR-C5, Regional Materials: A 
CIR ruling defines the requirements for 
exemplary performance under Credit MR-C5: 


 8/31/04 – Ruling: ...separate Innovation 
Credits can be earned for both MR-C5.1 and 







 


 58  


MR-C5.2. To achieve an Innovation Credit for 
MR-C5.1, the total percentage of locally 
manufactured materials must be at least 40% 
of the total materials cost; for MR-C5.2 the 
percentage must be at least 20% of the total 
materials cost. 


Credit MR-C7, Certified Wood: 
Exemplary performance under this Credit 
would require that 100% of the wood used on 
the project (discounting miscellaneous 
blocking) would have to be FSC Certified. 
While achieving this prerequisite is possible, 
the impact on concrete would be that all 
“non-rented” wood formwork would have to 
be FSC Certified. This requirement differs 
from achieving Credit MR-C7 only with 
regard to the extent of FSC wood. In both 
cases, note that wood formwork purchased 
for this job but also reused on other projects 
are subject to the requirement. Wood 
formwork reused from a previous job is 
exempt. 


TRADE CONTRACTOR AND 
MANUFACTURER ISSUES 


Required LEED Documentation 


The Credit Requirements ask the 
applicant to specify four items: 


• The intent of the proposed innovation 
credit; 


• The proposed requirements for 
compliance; 


• The proposed submittals to demonstrate 
compliance; and 


• The design approach (strategies) that 
might be used to meet the requirements. 


Both the submittals and the design 
approach will reflect that used to achieve the 
Credit.  
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Supplementary cementitious materials. From left to right, 
fly ash (Class C), metakaolin (calcined clay), silica fume, 


fly ash (Class F), slag, and calcined shale. 


LEED CREDIT ID-C1 FORTY PERCENT 
REDUCTION IN THE USE OF PORTLAND 


CEMENT 


Intent: To provide design teams and projects 
the opportunity to be awarded points for 
exceptional performance above the 
requirements set by the LEED Green 
Building Rating System and/or innovative 
performance in Green Building categories not 
specifically addressed by the LEED Green 
Building Rating System. 


Requirements 


Credit 1.1 (1 point): Identify the intent of 
the proposed Innovation Credit, the proposed 
requirements for compliance, the proposed 
submittals to demonstrate compliance, and 
the design approach (strategies) that might 
be used to meet the requirements. Four 
points (Credits ID-C1.1-1.4) are available for 
Innovation in Design. 


Summary of Concrete Applications and 
Materials Relevant to the Credit 


This proposed Innovation Credit rewards 
a 40% reduction in the CO2 emissions 
required to produce the concrete needed for 


a particular application. This reduction can be 
accomplished by redesigning the mix to 
reduce the quantity of portland cement, by 
replacing portland cement with SCMs such 
as fly ash, slag cement and silica fume, or by 
any combination of these strategies that 
results in a net 40% reduction in CO2. 
Because these SCM’s are also recycled 
products, they can contribute to achieving 
Credit MR-C4.  


DESIGN ISSUES 


Details 


The primary factor limiting the use of high 
percentages of SCMs is that many of these 
materials delay strength gain compared with 
portland cement. This issue is fully discussed 
in the section of LEED Credit MR-C4. The 
conclusion that can be drawn from that article 
is that a 40% reduction in the use of portland 
cement is feasible at the high end of the 
normal percentage range of fly ash, and well 
below the maximum for slag cement. Some 
changes may be necessary or desirable in 
the construction, as suggested by the 
EcoSmart Foundation, to adjust to the 
lengthened hardening time: 


• The schedule of stripping may need to be 
adjusted. 


• The proportions of the mixture have to be 
optimized for higher early-age strength 
by adjusting different parameters such as 
the cementitious materials content, the 
proportion of SCMs, the water-to-
cementitious materials ratio, the use of 
superplasticizer and accelerator. 
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The reduction of portland cement usage may also 
contribute to the earning of LEED credits. 


• The design stripping strength may need 
to be re-evaluated by the contractor on 
the project. 


• The in situ concrete strength may need 
to be measured more precisely by using 
in situ tests. 


Be aware that acceptance times for 
concrete strength with higher SCM mixtures 
may be extended to 56 or 90 days instead of 
the standard 28 days to accommodate this 
credit. 


Set time can be reduced by adding more 
cement to the mix or with accelerating 
admixtures. When more cement is used, be 
careful not to confuse the required 40% 
reduction in portland cement, and a 40% 
fraction of SCMs in the mix. If more 
cementitious materials are being used 
overall, the 60% portland cement fraction will 
constitute less than a 40% reduction relative 
to a standard mix, and the percentage of 
SCM in the mix must rise to insure a 40% 
reduction in portland cement. 


Requirements and Documentation 


The requirements for this Credit are 
spelled out in the following CIR Ruling. The 
example found in the Ruling is misleading, 
and has not been reproduced: 


1/23/03 – Ruling: An Innovation Point will 
be awarded for reducing total portland 
cement content of cast-in-place concrete. To 
obtain this Innovation Credit point, the 
following requirements must be met: 


A minimum of 40% reduction of CO2 by 
weight for all cast-in-place concrete must be 
demonstrated against standard baseline 


mixes. 


 Applicant must demonstrate that cast-in-
place concrete makes up a significant portion 
of the work on the project - a point will not be 
awarded for negligible quantities in relation to 
the total work. 


 For purposes of this credit, the following 
must be applied: 


• One pound of portland cement is 
equivalent to one pound of CO2. 


• Baseline mixes shall be standard, 28-
day strength regional mix designs. 


• Temperature range shall be accounted 
for and documented. Documentation for 
cold weather mix designs shall include 
temperature on day of pour. 


• Pozzolans allowed for displacement of 
portland cement are fly ash, slag 
cement, silica fume, and rice hull ash. 
[Note: The USGBC incorrectly lists 
GBBFS as a pozzolan – see discussion 
under Credit MR-C4.]. 
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Required Documentation: 


• Total cubic yards of cast-in-place 
concrete for project. 


• Standard 28-day strength concrete mix 
designs from the concrete producer, in 
accordance with ACI 301, for each 
concrete mix required for project (2,500 
psi, 3,000 psi, 5,000 psi, etc.) and 
quantity of portland cement for each mix 
in pounds per cubic yard. 


• Quantity of portland cement reduced 
and/or replaced for each mix in pounds 
per cubic yard. 


• Temperature on day of pour if cold 
weather mix is used. 


• Calculation demonstrating that a 
minimum 40% average reduction [in the 
amount of portland cement] has been 
achieved over standard concrete mix 
designs for the total of all cast-in-place 
concrete. 


The four SCMs listed in the above CIR 
Ruling are all recycled products. A non-
recycled SCM such as metakaolin can also 
be used, but more portland cement must be 
removed from the mix to compensate for the 
added CO2 used in the production of the non-
recycled SCM. 


REFERENCES AND INFORMATION 
SOURCES 


EcoSmart TM Foundation Inc. 
501-402 West Pender Street 
Vancouver, British Columbia, Canada 
V6B 1T6 


In addition to those listed under Credit MR-
C4: 


Phone: 604-689-4021 
Fax: 604-689-4043 
information@ecosmart.ca 


www.ecosmart.ca/facts_faq.cfm 
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Chemical use must be monitored closely 
for a project to qualify for the Site-wide 


VOC Reduction Credit. 


LEED CREDIT ID-C1 SITE-WIDE VOC 
REDUCTION 


Intent: To provide design teams and projects 
the opportunity to be awarded points for 
exceptional performance above the 
requirements set by the LEED Green 
Building Rating System and/or innovative 
performance in Green Building categories not 
specifically addressed by the LEED Green 
Building Rating System. 


Requirements 


Credit 1.1 (1 point): Identify the intent of 
the proposed Innovation Credit, the proposed 
requirements for compliance, the proposed 
submittals to demonstrate compliance, and 
the design approach (strategies) that might 
be used to meet the requirements. 


Summary of RMC Applications and Materials 
Relevant to the Credit 


Ready mixed concrete use involves 
several chemicals that need to be controlled 
if this Innovation Credit is to be pursued. 


DESIGN ISSUES 


Details 


Pursuing an Innovation Credit for a site-
wide reduction in Volatile Organic Compound 
(VOC) and toxic chemical use requires 
diligent attention to potential sources of these 
materials throughout the project. A CIR 
Ruling suggests that VOCs from solid 
materials might be considered. The wording 
is as follows:  


11/4/02 – Ruling: “Generally, the low-
emitting materials credits are considered as a 
body of credits that together represent a goal 


to reduce VOCs. To achieve an innovation in 
this category, it would be necessary to 
demonstrate that the project had addressed 
VOC control as a whole. Since there are 
already four points available in this category, 
additional innovations would require 
substantial effort, and clear documentation of 
achievement above and beyond existing 
credit requirements.” 


It is possible to infer that the USGBC is 
encouraging the inclusion of urea-
formaldehyde emissions from composite 
wood (the pollution source addressed under 
Credit EQ-4.4) within the scope of a site-wide 
VOC control Innovation Credit. 
Formaldehyde in small concentrations is a 
normal part of our environment. Outdoor air 
levels of formaldehyde are usually between 
0.01 and 0.05 parts per million (ppm). The 
most common guideline for acceptable 
formaldehyde levels is 0.10 ppm; very few 
people will have any health problems if they 
are exposed to levels below 0.10 ppm. 


This comment should alert the applicant 
to look for VOC emissions and toxic 
chemicals wherever they may be found. For 
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Concrete sealers are regulated as part of the LEED 
process so their use must follow specific standards. 


example, if an alternative roofing system 
were available that reduced or eliminated 
VOC emissions relative to vat-heated 
bitumen, the use of that produce might 
support achieving this credit. If concrete 
paving were used in lieu of bituminous, that 
could be noted as an action in support of an 
overall site-wide strategy. 


Note, however, that a rigorous 
examination of all the impacts from use of a 
product would include relative durability, 
maintenance, hazards to workers; extraction 
or acquisition impacts, recycled content, and 
toxicity of the raw materials; the energy use, 
waste, and hazards to workers during 
manufacture;  transportation energy use; and 
final disposition (reusability, recyclability, 
disposal). This sort of analysis has been 
done on a number of materials, and where 
such data are available, they should be cited 
in support of the actions taken to achieve the 
credit. If there is not a great deal of difference 
between the options with regard to these 
issues, this can also be cited to support the 
exclusion of the product from consideration in 
reducing emissions. 


For example, concrete paving has lower 
embodied energy than asphalt paving, 
reinforcing the appropriateness of switching 
to concrete in support of a site-wide low-
emissions credit. Using bituminous paving or 
roofing while seeking the credit is likely to be 
acceptable, but weakens the applicant’s 
position instead of strengthening it.  


The extensive use of exposed ready 
mixed concrete, including stained and 
pigmented concrete, in lieu of paint and 


carpeting can be part of an overall strategy to 
reduce site-wide VOC levels. 


The USGBC has chosen to adopt 
published standards for liquid-applied 


products, carpeting, and added urea-
formaldehyde resins. Exemplary 
performance can be demonstrated by 
extending the use of these standards 
throughout the site, and by adhering to 
additional published standards for other 
products (such as asphalt). Typically, the 
bulk of the effort to lower VOC levels site-
wide involve identifying and eliminating VOC 
emissions from liquid-applied materials 
(including stains, sealers, curing agents, form 
release agents, etc. used to produce and 
finish the concrete) and secondarily, from 
sheet goods such as waterproofing 
membranes. For this reason, we will focus 
this discussion on efforts to reduce VOC 
emissions from liquid-applied materials. 


Codes and Standards 


The LEED VOC limits in Credits EQ-4.1 
and EQ-4.2 do not cover materials that are 
not indoors. The USGBC defines “indoors” as 
“within the weather-protected envelope,” 
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which would include concrete inside the air-
barrier but excludes concrete outside the air-
barrier. Regulated materials related to 
concrete include:  


• Curing compounds. 


• Sealers. 


• Stains. 


• Other coatings. 


• Joint sealants and primers. 


• Cleaning agents. 


When these are to be included, the 
USGBC directs the submitter to use one of 
these two standards: 


• Southern California Air Quality 
Management Board (SCAQMD) Rule 
1113. 


• California Air Resources Board (CARB), 
“Suggested Control Measures for 
Architectural Coatings” (SCM), June 22, 
2000. 


These are very similar, but differ in subtle 
ways. Both organizations have technical staff 


to answer telephone questions concerning 
which category a particular material falls into. 


Typical categories of materials that might 
apply to ready mixed concrete include: 


Benefits and Costs 


On some projects, extending the VOC 
limits of Credits EQ-4.1 and EQ-4.2 to 
include all liquid-applied materials is 
relatively straightforward, given adequate 
record-keeping and submittal processes. 
Aside from administrative cost, little if any 
additional cost is involved, as standard 
products are available for most applications 
that meet these criteria. 


Supporting the credit by changing 
bituminous paving to concrete or by 


Adhesives  


Adhesive primer for traffic 
marking tape 


150 g/L 


Sealants  


Architectural sealants 250 g/L 


Marine deck sealants 760 g/L 


Roadway sealants 250 g/L 


Interior Coatings  


Non-flat interior paint 150 g/L 


Exterior Coatings  


Bond breakers 350 g/L 


Floor coatings 250 g/L 


Industrial maintenance coatings 250 g/L 


Pre-treatment wash primers 450 g/L 


Primers, sealers and 
undercoaters 


200 g/L 


Specialty primers, sealers, and 
undercoaters


350 g/L 


Stains 250 g/L 


Swimming pool coatings 340 g/L 


Traffic marking coatings 150 g/L 


Waterproofing sealers 250 g/L 
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switching from bituminous to some other 
roofing system may involve added cost. 


Limitations 


It is difficult to spot and keep track of 
every bit of liquid-applied material. While self-
policing is involved, the USGBC reviewers 
have a good idea of products that would 
ordinarily be present in a project, and may 
audit the credit if important ones were 
omitted. Also, it is often difficult to decide 
which category a product belongs to. While 
each of the agencies mentioned above have 
technical staff available to help categorize 
the material, a better source is a 
manufacturer who sells product in California, 
where these limits originate. 


Integration with Other LEED Credits 


To gain what amounts to exemplary 
performance for Credits EQ-4.1 and EQ-4.2, 
the applicant must have already achieved 
both these credits. In addition, it is advisable 
to achieve Credit EQ-4.3 and EQ-4.4. 
Whether to extend the requirements of Credit 
EQ-4.4 (no added UF resins in composite 
wood and agrifiber) to include all such 
materials site-wide is a matter of discretion. 
Clearly, it would improve the chances of 
achieving the ID Credit. 
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INCIDENTAL READY MIXED CONCRETE 
USE IN OTHER CREDITS 


 


DESIGN ISSUES 


 Concrete plays a role in the achievement 
of many LEED Credits. In some cases, the 
type of concrete or method of application has 
a direct impact on a project’s ability to earn a 
particular LEED Credit (see summaries of 
concrete applications and materials relevant 
to the credits). In other cases, as this section 
will summarize, concrete is commonly used 
in some capacity to achieve the credit. In 
other cases, some aspect of concrete may 
influence the choice of materials to fulfill the 
Credit requirements; or, achieving the Credit 
may be made easier because of some 
characteristic of concrete. 


SS-3 Brownfield Redevelopment [1] 


 Develop on a site documented as 
contaminated (by means of an ASTM E1903-
97 Phase II Environmental Site Assessment) 


OR, 


 On a site classified as a brownfield by a 
local, state or federal government agency, 
effectively remediate site contamination. 


 Incidental concrete application: Cement 
can be used to solidify and stabilize 
contaminated soils and reduce leaching 
concentrations. Cement for small remediation 
projects may be purchased through a ready 
mixed concrete producer. 


SS-5.1 Reduced Site Disturbance – Protect 
Open Space [1] 


 On greenfield sites, limit site disturbance 


including earthwork and clearing of 
vegetation to 40’ beyond the building 
perimeter, 5’ beyond primary roadway curbs, 
walkways and main utility branch trenches, 
and 25’ beyond constructed areas with 
permeable surfaces (such as pervious paving 
areas, stormwater detention facilities and 
playing fields) that require additional staging 
areas in order to limit compaction in the 
constructed area;  


OR, 


 On previously developed sites, restore a 
minimum of 50% of the site area (excluding 
the building footprint) by replacing impervious 
surfaces with native or adapted vegetation. 


Incidental concrete application: Special 
concrete applications are possible to limit the 
disturbance around construction areas. For 
example, placing concrete with a boom pump 
or using self-compacting concrete (SCC) 
which is fluid enough that large slab areas 
can be placed from one point, eliminating the 
need for a transit-mix truck to drive around 
the pour area. 


      The use of ICF construction may aid the 
designer in achieving the Sustainability 
Credit 5.1.  ICF construction may reduce the 
impact on a construction site.  Bracing for the 
ICF wall is often erected on the interior of the 
wall/structure, therefore, limiting construction 
activity on the perimeter of the site. 


SS-7.2 Landscape and Exterior Design to 
Reduce Heat Islands – Roof [1] 


 Use ENERGY STAR® compliant (highly 
reflective) AND high emissivity roofing 
(emissivity of at least 0.9 when tested in 
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accordance with ASTM 408) for a minimum 
of 75% of the roof surface;  


OR, 


 Install a green (vegetated) roof for at 
least 50% of the roof area. A combination of 
high albedo and vegetated roof can be used 
providing they collectively cover 75% of the 
roof area. 


 Incidental concrete application: 
Lightweight concrete topping can be used to 
create the sloping deck of a green roof 
system. Concrete structured systems are 
often used to support the heavy loads 
caused by soil needed for green roofs. 


WE-1 Water – Efficient Landscaping [2] 


 Use high efficiency irrigation technology; 
OR, 


 Use captured rain or recycled site water 
to reduce potable water consumption for 
irrigation by 50% over conventional means, 
for one point; 


 Reduce potable water consumption for 
irrigation a further 50% (100% total 
reduction), for an additional point; 


 Using collected stormwater and/or 
treated black water for 100% of the building's 
irrigation needs will satisfy the criteria for two 
points;  


OR,  


 Do not install permanent landscape 
irrigation systems, for two points. 


 Incidental concrete application: Concrete 
is a suitable material for the construction of 
cisterns used for the collection of rainwater or 
greywater. Concrete is likely to have lower 


embodied energy than a plastic tank, for 
smaller volumes. Integrate with other WE 
Credits and with Low Impact Development 
(see discussion under Innovation Credits – 
Exemplary Performance – Prerequisite SS-
P1 and Credit SS-6). 


 


WE-2 Innovative Waste Water Technologies 
[1] 


 Reduce the use of municipally provided 
potable water for building sewage 
conveyance by a minimum of 50%; OR 


 Treat 100% of waste water on-site to 
tertiary standards. 


 Incidental concrete application: Concrete 
is a likely material to form the large storage 
tanks needed for the storage of stormwater 
or greywater for reuse, and for the storage of 
treated or untreated sewage. Concrete is 
likely to have lower embodied energy than a 
plastic tank, for smaller volumes. Integrate 
with other WE Credits and with Low Impact 
Development (see discussion under 
Innovation Credits – Exemplary Performance 
(Credit SS-6)). 


MR-1 Building Reuse [2] 


 Reuse large portions of existing 
structures during renovation or 
redevelopment projects. 


 Maintain at least 75% of existing building 
structure and shell (exterior skin and framing 
excluding window assemblies) for one point; 
OR, 


 Maintain an additional 25% (100% total) 
of existing building structure and shell 
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(exterior skin and framing excluding window 
assemblies) for two points. 


 Incidental concrete application: An 
existing building with a concrete structure or 
skin is more likely than many others to be re-
usable. 


 Investigate attaching new concrete to 
existing walls, columns, floor plates, to allow 
leaving existing structure in place. 


 Use lightweight fill in existing buildings to 
level floors without adding much weight. 


MR-6 Rapidly Renewable Materials [1] 


 Use rapidly renewable building materials 
and products (made from plants that are 
typically harvested within a ten-year cycle or 
shorter) for 5% of the total value of all 
building materials and products used in the 
project. 


 The minimum threshold is typically 
difficult for a large project to meet. Wood of 
any type does not qualify for this credit. 


 Incidental concrete application: There are 
many bio-based form release agents on the 
market that are not only low-VOC, but also 
derived from vegetable, rapeseed, soy or 
other rapidly renewable materials that can 
make a small contribution toward earning this 
Credit. 


EQ-4.1 Select Low-Emitting Materials – 
Adhesives and Sealants [1] 


 Adhesives must meet or exceed the VOC 
limits of South Coast Air Quality 
Management District Rule # 1168 AND all 
sealants used as filler must meet or exceed 
Bay Area Air Resources Board Reg. 8, Rule 


51. 


 Incidental concrete application: Low-VOC 
adhesives and sealants (used as fillers as 
opposed to coatings) must be used in 
conjunction with any concrete work that is 
exposed to the inside of the building. 


“Inside” is defined as all areas within the 
outer air/moisture barrier. 


See “Potential Innovation and Design Credit: 
Site-Wide VOC Reduction” 


EQ-4.2 Select Low-Emitting Materials – 
Paints and Coatings [1] 


 VOC emissions from interior paints and 
coatings must not exceed the VOC and 
chemical component limits of Green Seal’s 
Standard GS-11 requirements. 


 Incidental concrete application: Low-VOC 
paints and coatings must be used in 
conjunction with any concrete work that is 
exposed to the inside of the building. 


 “Inside” is defined as all areas within the 
outer air/moisture barrier. 


 See “Potential Innovation and Design 
Credit: Site-Wide VOC Reduction” 


EQ-4.3 Select Low-Emitting Materials – 
Carpet Systems [1] 


Carpet systems must meet or exceed the 
Carpet and Rug Institute Green Label Indoor 
Air Quality Test Program. A point is 
potentially possible if the finished concrete 
floor has a lesser IAQ impact than the 
carpets that are required for this point. 
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EQ-5 Indoor Chemical and Pollutant Source 
Control [1] 


 Design to minimize pollutant cross-
contamination of regularly occupied areas: 


1) Employ permanent entryway systems 
(grills, grates, etc.) to capture dirt, 
particulates, etc. from entering the building at 
all high volume entryways. 


2) Where chemical use occurs (including 
housekeeping areas and copying/printing 
rooms), provide segregated areas with deck 
to deck partitions with separate outside 
exhaust at a rate of at least 0.50 cubic feet 
per minute per square foot, no air re-
circulation and maintaining a negative 
pressure of at least 7 PA (0.03” of water 
gauge). 


3) Provide drains plumbed for appropriate 
disposal of liquid waste in spaces where 
water and chemical concentrate mixing 
occurs. 


 Incidental concrete application: The likely 
involvement of concrete in achieving this 
Credit is the need to cast in the necessary 
recesses for installing walk-off grilles at 
important entrances. 


EQ-7.1 Thermal Comfort: Compliance with 
ASHRAE 55-1992 [1] 


 Comply with ASHRAE Standard 55-
1992, Addenda 1995, for thermal comfort 
standards within established ranges per 
climate zone. Humidity control is no longer 
required. 


 For naturally ventilated buildings, utilize 
the adaptive comfort temperature 
boundaries, using the 90% acceptability 
limits as defined in the California High 
Performance Schools (CHPS) Best Practices 
Manual, Appendix C "A Field Based Thermal 
Comfort Standard for Naturally Ventilated 
Buildings," Figure 2. 


Incidental concrete application: In a 
naturally ventilated building, internal concrete 
and other high-mass materials may provide 
important forms of thermal storage. However, 
the design must be careful to avoid 
conditions which create condensation 
problems. 
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Water settling basins separate solids from water and 
allow for the recycling of waste and wash water at 


concrete plants. 


OTHER ENVIRONMENTAL ISSUES 


 


LEED addresses most of the 
environmental impacts of ready mixed 
concrete, and, once placed, the material is 
among the most environmentally benign 
products available. Even so, there are life-
cycle considerations for concrete where 
environmental controls can and should be 
specified in any “green” project. Categories 
include waste water, solid waste, and site 
protection. 


Plant Waste Water Disposal 


The costs of water procurement and 
disposal have precipitated great progress in 
curbing waste water discharge.  


After considerable effort from NRMCA to 
formulate more stringent and updated 
requirements, two new standards were 
developed. These were ASTM C 1602/C 
1602M-04 “Standard Specification for Mixing 
Water Used in the Production of Hydraulic 
Cement Concrete;” and ASTM C 1603/C 
1603M-04 “Standard Test Method for 


Measurement of Solids in Water.” As 
explained by NRMCA’s Colin Lobo, Vice 
President of Engineering, in the Winter 2005 
edition of Concrete inFocus magazine, “The 
major source of contention in gaining 
approval of the standard was establishing 
testing frequencies for the qualification of 
water for use in concrete. The result 
constitutes the best consensus attainable 
within ASTM. Testing frequencies for wash 
water are governed by the density of 
combined water proposed for use.” 


By following these badly needed 
standards, an up-to-date plant can operate 
with virtually zero discharge of polluted 
water. These life-cycle considerations may 
be of particular interest for projects pursuing 
LEED certification. Using these standards, 
project stakeholders who wish to expand 
environmental consciousness beyond LEED 
criteria can specify that the ready mixed 
concrete supplier be up-to-date on waste 
water control and include waste water 
recycling in MR-CR2 calculations. 


On-site Wash Water Disposal 


The ASTM standards make it possible to 
reuse not only water generated within the 
plant, but scavenged wash water collected at 
the job site during the washdown of 
equipment. Despite local controls (which tend 
to be more stringent in larger cities), existing 
United States standards for on-site control of 
equipment washdown waste are lax. The 
USEPA allows the discharge of process 
water with a pH up to 9.0, which may be toxic 
to fish and wildlife if it enters streams and 
lakes. NRMCA is working closely with the 
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USEPA to improve wash water treatment 
through cooperation and improved job site 
practices. 


On some job sites where water is 
collected rather than dumped, it is typically 
stored in a 12-foot-square “washout pit” 
consisting of a plastic liner supported by a 
ring of hay bales. An improvement over direct 
dumping, this technique is still problematic. 
First, some equipment cannot be washed out 
into the pit. Second, when the pit is “emptied” 
the residual solids and the plastic are 
disposed of, but residual highly alkaline water 
is usually left to soak into the ground. Five-
cubic-yard steel sludge boxes (waste 
containers) lined with plastic are also used, 
with results similar to the washout pits. When 
full, they are typically emptied of alkaline 
water; and they tend to leak. 


One solution for environmentally 
conscious builders is to engage one of the 
growing number of contractors who collect, 
treat, and recycle on-site waste water from 
concrete operations. Transit mix trucks 
increasingly are equipped with easy to use, 
attachable devices that collect the wash 
water and return it to the drum for disposal at 
the ready mixed concrete plant for recycling. 
At a minimum, site crews should designate a 
wash area where any runoff that occurs will 
not pollute aquifers, damage surrounding 
vegetation, or flow into waterways untreated. 


Situations where designers have 
specified exposed aggregate present another 
area of concern. Collecting the water used to 
wash away cement and fine aggregate from 
the concrete’s surface is difficult or 


impossible. A document published by the 
British Columbia Ready Mixed Concrete 
Association, Exposed Aggregate Concrete 
Wash-Off Water, provides very helpful 
guidelines with details on constructing 
disposal areas, typically under the exposed 
aggregate slabs themselves. This document 
is available online at 
www.bcrmca.bc.ca/ExpAgg/expagg.html. 


Solid Waste 


LEED directly rewards reduction of C&D 
Waste. According to estimates in the AIA 
Environmental Resource Guide, analysis of 
job sites found that C&D Waste is as much 
as two-thirds concrete by weight and over 
half by volume. However, the great bulk of 
this material is demolition waste – newly 
placed concrete generates very little 
construction waste. Even so, the industry has 
developed several creative ways to handle 
material from returned loads and partial 
loads. Unset returned concrete can be used 
to make utilitarian products like jersey 
barriers or retaining wall blocks; or it can be 
washed to recycle the coarse aggregate. 
Special set retarding admixtures can be 
added to returned concrete which temporarily 
halts the hydration process to allow for 
storage and future use with a reactivation 
admixture. 


Producers can make use of concrete 
reclaimers that recover water, sand and 
coarse aggregate for reuse in new concrete 
mixes.  Ready mixed concrete producers can 
consider if the reclaimer is appropriate for 
their operations.  Several producers have 
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found that a use of a reclaimer reduces 
disposal costs and can be a profit center. 


Perhaps the best way to minimize 
construction waste from ready mixed 
concrete is to estimate concrete quantities 
carefully. 


Site Protection 


Protecting a building site’s natural 
features should be the responsibility of every 
building trade, including concrete contractors. 
As noted in the article on Incidental LEED 
Credit in section SS-C5.1 Reduced Site 
Disturbance--Protect Open Space, it is 
advantageous to avoid compacting and 
disturbing soil around the building at the job  


site, especially soil over tree roots. In 
addition, the area under tree drip lines should 
be fenced and made off-limits to all foot and 
vehicular traffic, and tree trunks and exposed 
branches should be well protected with 
strong wood barriers. Arranging truck access 
to minimize the need for trucks to reposition 
or turn around will also help protect the site. 


REFERENCES AND INFORMATION 
SOURCES 


www.bcrmca.bc.ca/ExpAgg/expagg.html 


“Cement and Concrete: Environmental 
Considerations,” Environmental Building 
News, Volume 2, Number 2, March/April 
1993. 
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APPENDIX A – Sample Letter from Ready Mixed Concrete Producer 
 
The following is a sample letter a concrete producer could use to submit to a contractor and the 
architect/engineer. The letter provides details needed to complete LEED documentation. 
 
To whom it may concern: 
 
This letter is to certify that the concrete supplied by Super Rock Concrete for the Moneymaker 
Industries World Headquarters project has the properties, quantities, and costs related to the 
following LEED credits. 
 
Credit SS-C7.1 
Landscape and Exterior Design to Reduce Heat Island Effect 
 
Mix 1 – PRV030 (Pervious Concrete Parking Areas) has been previously tested in accordance 
with ASTM E 903 and has a reflectance value of 0.35. 
 
Mix 2 – PCP040 (Conventional Concrete Parking Area) has been previously tested in accordance 
with ASTM E 903 and has a reflectance value of 0.40. 
 
Credit MR-C2 
Construction Waste Management 
 
Three percent by volume of all concrete for this project was returned to the ready mixed concrete 
production facilities used for this project. Of that amount, 100% was diverted from landfills by 
collecting wash water and aggregate for reuse in concrete for this and other projects. 
 
Credit MR-C4 
Recycled Content 
 
Mix 1 PRV030 (Pervious Concrete Parking Areas) 
 


Recycled Content (%) Material Quantity (lbs/yd3) Cost 
($/lb) Post-Consumer Post-Industrial 


Portland Cement 500 0.045 0 0 


Fly Ash 150 0.025 0 100 


Water 200 0.0005 0 10 


Large Aggregate 2500 0.0075 0 0 
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Mix 2 PCP040 (Conventional Concrete Parking Areas) 
 


Recycled Content (%) Material Quantity (lbs/yd3) Cost 
($/lb) 
 


Post-Consumer Post-Industrial 


Portland Cement 400 0.045 0 0 


Slag 200 0.035 0 100 


Water 300 0.0005 0 10 


Fine Aggregate 1000 0.0075 0 0 


Large Aggregate 2000 0.005 0 0 


 
Mix 3 STR040 (Concrete Structure) 
 


Recycled Content (%) Material Quantity (lbs/yd3) Cost 
($/lb) 
 


Post-Consumer Post-Industrial 


Portland Cement 350 0.045 0 0 


Slag 150 0.035 0 100 


Fly Ash 100 0.025 0 100 


Water 300 0.0005 0 10 


Fine Aggregate 1000 0.0075 0 0 


Large Aggregate 2000 0.005 0 0 


 
Credit MR-C5 
Regional Materials 
 
Mix 1 PRV030 (Pervious Concrete Parking Areas) 
 


Material Quantity 
(lbs/yd3) 


Cost 
($/lb) 


Manufacturing 
Location/ Distance 


Harvesting Location/ 
Distance 


Portland 
Cement 


500 0.045 Rocktown/10 mi. Rockville/200 mi. 


Fly Ash 150 0.025 Rocktown/10 mi. Electro/450 mi. 


Water 200 0.0005 Rocktown/10 mi. Rocktown/10 mi. 


Large 
Aggregate 


2500 0.0075 Rocktown/10 mi. Quarrytown/40 mi. 
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Mix 2 PCP040 (Conventional Concrete Parking Areas) 
 


Material Quantity 
(lbs/yd3) 


Cost 
($/lb) 


Manufacturing 
Location/ Distance 


Harvesting Location/ 
Distance 


Portland 
Cement 


400 0.045 Rocktown/10 mi. Rockville/200 mi. 


Slag 200 0.035 Rocktown/10 mi. Steeltown/800 mi. 


Water 300 0.0005 Rocktown/10 mi. Rocktown/10 mi. 


Fine 
Aggregate 


1000 0.0075 Rocktown/10 mi. Quarrytown/40 mi. 


Large 
Aggregate 


2000 0.005 Rocktown/10 mi. Quarrytown/40 mi. 


 
Mix 3 STR040 (Concrete Structure) 
 


Material Quantity 
(lbs/yd3) 


Cost 
($/lb) 


Manufacturing 
Location/ Distance 


Harvesting Location/ 
Distance 


Portland 
Cement 


350 0.045 Rocktown/10 mi. Rockville/200 mi. 


Slag 150 0.035 Rocktown/10 mi. Steeltown/800 mi. 


Fly Ash 100 0.025 Rocktown/10 mi. Electro/450 mi. 


Water 300 0.0005 Rocktown/10 mi. Rocktown/10 mi. 


Fine 
Aggregate 


1000 0.0075 Rocktown/10 mi. Quarrytown/40 mi. 


Large 
Aggregate 


2000 0.005 Rocktown/10 mi. Quarrytown/40 mi. 


 
Best Regards, 
 
Robert Rock III 
President 
Super Rock Concrete 







Appendix B - LEED 2.2 Changes 


 


The LEED Reference Guide was published with LEED version 2.1 in effect. The newest version 2.2 of LEED for New Construction and 
Major Renovation came into effect January 1, 2006. Many credits have been altered to some degree. This chart covers changes made in 
Version 2.2. 


 


The major changes affecting the concrete industry are: 
1. MR Credit 4 – Recycled Content – The recycled content of concrete can now be based on the recycled content of just the 


cementitious materials rather than the recycled content of concrete. 
2. SS Credit 7.1 – Heat Island Effect: Non-Roof – Solar Reflectance Index is now used rather than solar reflectance. 
3. EA Credit 1 – Optimize Energy Performance – The percent energy savings that must be demonstrated are lower, but are 


calculated differently so the end result may be similar. 
4. MR Credit 5.1 and 5.2 – Requirements for regional materials are less stringent and have changed. 


 
The remainder of this document highlights the changes from version 2.1 to 2.2 that are significant to the cement, concrete, and allied 
industries. The table below shows the credit name and number, a brief description of what has changed, the relevant sections from LEED 
NC showing the old and new text, and the significance to the cement, concrete, and allied industries. 
 


Credit name and 
number  


and what has changed 
Version 2.2 Version 2.1 


Significant to the cement, concrete, and allied 
industries 


SS Credit 5.1 – Site 
Development: Protect 
or Restore Habitat 


Site Development: Protect 
or Restore Habitat 


Reduce Site Disturbance: 
Protect or Restore Open 
Space 


Concrete parking garages within buildings can be 
used to limit site disturbance, including earthwork 
and clearing vegetation. For example, one LEED 
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Name change 


criterion is to limit site disturbance to 12 m (40 ft) 
beyond the building perimeter. Parking garages 
within buildings help maintain existing natural areas 
that would be consumed by paved parking. This 
credit is worth 1 point. 


SS Credit 5.2 – Site 
Development: 
Maximize Open Space 
 
Name change 
 
Open space definition 
has been refined to 
address both urban 
and suburban settings 


Site Development: 
Maximize Open Space 
 
For projects located in 
urban areas that earn SS 
Credit 2 (Development 
Density & Community 
Connectivity), pedestrian 
oriented hardscape areas 
can contribute to credit 
compliance as open space. 
For such projects, a 
minimum of 25% of the 
open space counted must 
be vegetated. 


Reduce Site Disturbance: 
Development Footprint 


Concrete parking garages on the lower floors of a 
building can be used to help reduce the footprint of 
the development. In this context the building footprint 
includes the building, access roads, and parking. 
Parking garages within buildings reduce the building 
footprint by reducing paved parking areas. This 
requirement can be met by exceeding the local 
zoning’s open space requirement for the site by 25%. 
This credit is worth 1 point.  


SS Credit 6.1 – 
Stormwater Design: 
Quantity Control 
 


Stormwater Design: 
Quantity Control 


Stormwater Management: 
Rate and Quantity 


The intent of this credit is to limit disruption and 
pollution of natural water flows by managing 
stormwater runoff. Using pervious concrete 
pavements will reduce the rate and quantity of storm 
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Name change water runoff because they increase infiltration of 
stormwater. Pervious concrete contains coarse 
aggregate, little or no fine aggregate, and insufficient 
cement paste to fill the voids between the coarse 
aggregate. It results in concrete with a high volume 
of voids (20% to 35%) and a high permeability that 
allows water to flow through easily. On building sites 
where the existing imperviousness is greater then 
50%, this credit requires reducing the rate and 
quantity of stormwater runoff by 25%. On building 
sites where the existing imperviousness is less than 
50%, the requirement specifies that the post-
development discharge rate and quantity from the 
site shall not exceed the pre-development rate and 
quantity. This credit is worth 1 point. 


SS Credit 6.2 – 
Stormwater Design: 
Quality Control 
 
Name change 
 
New performance 
target 


Stormwater Design: Quality 
Control 
 
…capture and treat the 
stormwater runoff from 90% 
of the average annual 
rainfall using acceptable 
best management practices 
(BMPs). BMPs used to treat 


Stormwater Management: 
Rate and Quantity 
 
…remove 80% of the 
average annual post-
development total 
suspended solids (TSS) and 
40% of the average annual 
post-development total 


The intent of this credit is similar to that of the one 
above. Using pervious pavement can contribute to 
earning this credit, worth 1 point. 
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runoff must be capable of 
removing 80% of the 
average annual post 
development total 
suspended solids (TSS) 
load based on existing 
monitoring reports. 


phosphorous (TP) based on 
the average annual loadings 
from all storms less than or 
equal to the 2-year/24-hour 
storm. 


SS Credit 7.1 – Heath 
Island Effect: Non-
Roof 
 
New performance 
metric (Solar 
Reflectance Index) 


Provide any combination of 
the following strategies for 
50% of the site hardscape 
(including roads, sidewalks, 
courtyards and parking lots):
• Shade (within 5 years of 
occupancy) 
• Paving materials with a 
Solar Reflectance Index 
(SRI) of at least 29 
• Open grid pavement 
system 
OR 
Place a minimum of 50% of 
parking spaces under cover 
(defined as under ground, 
under deck, under roof, or 


…for paving, landscaping 
(list species) and building 
footprint demonstrate that: 
• A minimum of 30% of non-
roof impervious surfaces 
areas are constructed 
with high-albedo materials 
and/or open grid pavement 
and/ or will be shaded within 
five years 
• OR a minimum of 50% of 
parking spaces have been 
placed underground 
or are covered by structured 
parking 
• OR an open-grid pavement 
system (less than 50% 


The requirement can be met by using concrete rather 
than asphalt for at least 50% of the impervious 
surfaces. Another option is to place a minimum of 
50% of parking spaces under cover such as 
underground, under deck, under roof, or under a 
building. Any roof used to shade or cover parking 
must have an SRI of at least 29. The SRI is 
calculated from solar reflectance and emissivity. 
Solar reflectance is the ratio of the amount of solar 
radiation reflected from a material to the amount that 
shines on the material. Solar radiation includes the 
infrared and ultraviolet as well as the visible 
spectrum. Generally, light-colored surfaces have a 
high reflectance, but this is not always the case. 
Surfaces with lower reflectance absorb more solar 
radiation. The absorbed radiation is converted into 
heat and the surface gets hotter. Where paved 
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under a building). Any roof 
used to shade or cover 
parking must have an SRI of 
at least 29. 


impervious) has 
been used for a minimum of 
50% of the parking lot area. 


surfaces are required, using materials with higher 
reflectance will reduce the heat island effect—
consequently saving energy by reducing the demand 
for air conditioning—and improve air quality. As the 
temperature of urban areas increases, so does the 
probability of smog and pollution. Smog episodes 
rarely occur when the temperature is below 21°C 
(70°F). 


SS Credit 7.2 – Heat 
Island Effect: Roof 
 
New performance 
metric (Solar 
Reflectance Index) 


Use roofing materials 
having a Solar Reflectance 
Index (SRI) equal to or 
greater 78 for low-sloped 
roof for a minimum of 75% 
of the roof surface. 
OR 
Install a vegetated roof for 
at least 50% of the roof 
area. 
OR 
Install high albedo and 
vegetated roof surfaces 
that, in combination, meet 
the following criteria: 
(Area of SRI Roof / 0.75) + 


Use ENERGY STAR® 
compliant (highly reflective) 
AND high emissivity roofing 
(emissivity of at least 0.9 
when tested in accordance 
with ASTM 408) for a 
minimum of 75% of the roof 
surface. 
OR 
Install a “green” (vegetated) 
roof for at least 50% of the 
roof area. Combinations of 
high albedo and vegetated 
roof can be used providing 
they collectively cover 75% 
of the roof area. 


One method of obtaining credit is to install a 
vegetated roof for at least 50% of the roof area. 
Concrete roof decks are often needed to provide 
structural support for the heavy, moist soil in a 
vegetated roof. Lightweight concrete topping can be 
used to create a sloping deck to provide drainage for 
the system. More information on vegetated or green 
roofs is available at www.greenroofs.org. This credit 
is worth 1 point.  
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(Area of vegetated roof / 
0.5) >= Total Roof Area 


EA Prerequisite 2 – 
Minimum Energy 
Performance 
 
Updated Referenced 
Standard (ASHRAE 
90.1-2004) 


Design the building project 
to comply with both— 
• the mandatory provisions 
of ASHRAE Standard 90.1-
2004 (without 
amendments); and 
• the prescriptive 
requirements or 
performance requirements 
(Section 11) of ASHRAE 
Standard 90.1-2004 (without 
amendments). 


Design the building to 
comply with ASHRAE 
Standard 90.1-1999 (without 
amendments) or the local 
energy code, whichever is 
more stringent. 


The requirements of the ASHRAE standard are cost-
effective and not particularly stringent for concrete. 
Insulating to meet or exceed the requirements of the 
standard is generally a wise business choice. 
Determining compliance for the envelope 
components is relatively straightforward using the 
tables in Chapter 5 of the ASHRAE standard. 
Minimum requirements are provided for mass and 
non-mass components such as walls and floors. 
Components constructed of concrete generally are 
considered ”mass.“ This means the components 
have enough heat-storage capacity to moderate 
daily temperature swings. Buildings constructed of 
cast-in-place, tilt-up or insulating concrete forms 
(ICF), possess thermal mass to help moderate 
indoor temperature extremes and reduces peak 
heating and cooling loads. In many climates, these 
buildings use less energy than non-massive 
buildings with walls of similar thermal resistance. 
When buildings are properly designed and optimized, 
incorporating thermal mass can lead to a reduction in 
heating, ventilating, and air-conditioning equipment 
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capacity. Reduced equipment capacity can represent 
energy and construction cost savings. This item is 
required and is not worth any points. 


EA Credit 1 – Optimize 
Energy Performance 
 
Updated Referenced 
Standard (ASHRAE 
90.1-2004) 
 
New energy modeling 
protocol includes plug 
loads 
 
New (lower) 
performance 
requirement 
 
Note: the two changes 
above may offset each 
other 
 
New prescriptive 
compliance paths 


Demonstrate a percentage 
improvement in the 
proposed building 
performance rating 
compared to the baseline 
building performance rating 
per ASHRAE Standard 
90.1-2004 (without 
amendments) by a whole 
building project simulation 
using the Building 
Performance Rating Method 
in Appendix G of the 
Standard. 
 
The minimum energy cost 
savings percentage for each 
point threshold is as follows:
• new buildings 1 to 10 
points for 10.5 to 42% 
energy cost savings 


Reduce design energy cost 
compared to the energy cost 
budget for energy systems 
regulated by ASHRAE 
Standard 90.1-1999 (without 
amendments), as 
demonstrated by a whole 
building simulation using the 
Energy Cost Budget Method 
described in Section 11 of 
the Standard. 
 
The minimum energy cost 
savings percentage for each 
point threshold is as follows: 
• new buildings 1 to 10 
points for 15 to 60% energy 
cost savings 
• existing building 
renovations 1 to 10 points 
for 5 to 50% energy cost 


Many engineering consulting firms have the 
capability to perform whole building energy 
simulations to determine energy savings as required 
using a computer based program such as DOE2 or 
EnergyPlus. When concrete is considered, it is 
important to use a program like these that calculate 
yearly energy use on an hourly basis. Such 
programs are needed to capture the beneficial 
thermal mass effects of concrete. Insulated concrete 
systems, used in conjunction with other energy 
savings measures, will most likely be eligible for 
points. The number of points awarded will depend on 
the building, climate, fuel costs, and minimum 
requirements of the standard. 
 
Studies show that using concrete walls that are 
insulated to exceed minimum code requirements by 
a modest amount (about the same as minimum 
requirements for frame walls) can contribute to 
earning 1 to 3 points, depending on the building type, 
orientation, and climate. 
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(two) • existing building 
renovations 1 to 10 points 
for 3.5 to 35% energy cost 
savings 
 
Appendix G of Standard 
90.1-2004 requires that the 
energy analysis done for the 
Building  
Performance Rating Method 
include ALL of the energy 
costs within and associated 
with the building project. 
 
Two prescriptive compliance 
paths are also allowed: 
ASHRAE Advanced Energy 
Design Guide for Small 
Office Buildings 2004 for 4 
points and Advanced 
Buildings Benchmark™ 
Version 1.1 for 1 point. 


savings 
 
Regulated energy systems 
include HVAC (heating, 
cooling, fans and pumps), 
service hot water and 
interior lighting. Non-
regulated systems include 
plug loads, exterior lighting, 
garage ventilation and 
elevators (vertical 
transportation). 


MR Credit 1.2 – 
Building Reuse 


Maintain an additional 20% 
(95% total, based on 


Maintain an additional 25% 
(100% total) of existing 


This credit should be obtainable when renovating 
buildings with concrete walls, since concrete in 


83







 
New (lower) 
performance 
requirement for Credit 
1.2 


surface area) of existing 
building structure (including 
structural floor and roof 
decking) and envelope 
(exterior skin and framing, 
excluding window 
assemblies and non-
structural roofing material). 


building structure and shell 
(exterior skin and framing, 
excluding window 
assemblies and 
nonstructural roofing 
material). 


buildings generally has a long life. This is worth 1 
point if 75% of the existing building structure/shell is 
left in place (MR 1.1) and 2 points if 95% is left in 
place (MR 1.2). 


MR Credit 4 – 
Recycled Content 
 
User of recycled 
content of 
cementitious materials 
as the recycled 
content of concrete 
 
New (higher) 
performance 
requirement 
 
Updated Referenced 
Standard (ISO 14201) 


Use materials with recycled 
content such that the sum of 
post-consumer recycled 
content plus one-half of the 
pre-consumer content 
constitutes at least 10% 
(based on cost) of the total 
value of the materials in the 
project. 
 
An additional credit is 
awarded is the total above 
is increase to 20%. 
 
The recycled content value 
of a material assembly shall 


Use materials with recycled 
content such that the sum of 
post-consumer recycled 
content plus one-half of the 
post-industrial content 
constitutes at least 5% of 
the total value of the 
materials in the project. 
 
An additional credit is 
awarded is the total above is 
increase to 10%. 
 
The value of the recycled 
content portion of a material 
or furnishing shall be 


The requirements of this credit are for using 
materials with recycled content. One point is 
awarded if the sum of the post-consumer recycled 
content plus one-half of the pre-consumer recycled 
content constitutes at least 10% (based on cost) of 
the total value of the materials in the project. The 
value of the recycled content of a material is the 
weight of the recycled content in the item divided by 
the weight of all materials in that item, and then 
multiplied by the total cost of the item. 
Supplementary cementitious materials, such as fly 
ash, silica fume, and slag cement are considered 
pre-consumer. LEED-NC v2.2 allows the recycled 
content of concrete to be based on the recycled 
content of the cementitious materials. An example 
calculation is provided in the LEED-NC v2.2 
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be determined by weight. 
The recycled fraction of the 
assembly is then multiplied 
by the cost of assembly to 
determine the recycled 
content value. Recycled 
content shall be defined in 
accordance with ISO 
14021—Environmental 
labels and declarations—
Self-declared environmental 
claims 


determined by dividing the 
weight of recycled content in 
the item by the total weight 
of all material in the item, 
then multiplying the resulting 
percentage by the total 
value of the item. 


Reference Guide. Furthermore, using recycled 
concrete or slag as aggregate instead of extracted 
aggregate would qualify as post-consumer. Although 
most reinforcing bars are manufactured from 
recycled steel, in LEED, reinforcing is not considered 
part of concrete. Reinforcing material should be 
considered as a separate item. This credit is worth 1 
point for the quantities quoted above and 2 points if 
the quantities are doubled to 20%. 


MR Credit 5.1 – 
Regional Materials 
 
Name change 
 
New requirements on 
what constitutes 
“regional” 
 
New (lower) 
performance 
requirement 


Regional Materials: 10% 
Extracted, Processed & 
Manufactured Regionally 
 
Use building materials or 
products that have been 
extracted, harvested or 
recovered, as well as 
manufactured, within 500 
miles of the project site for a 
minimum of 10% (based on 
cost) of the total materials 


Regional Materials: 20% 
manufactured regionally 
 
Use a minimum of 20% of 
building materials and 
products that are 
manufactured regionally 
within a radius of 500 miles. 
 
Manufacturing refers to the 
final assembly of 
components into the 


This credit supports the use of indigenous (local) 
materials and reduced transportation distances. 
Concrete will qualify if ready-mix and precast plants 
are within 800 km (500 miles) of a job site, and if the 
materials to make the concrete were extracted within 
800 km (500 miles). Aggregates (sand and gravel) 
are usually extracted within this distance, and 
cement and supplementary cementitious materials 
are usually manufactured within this distance. 
Calculations can also include concrete either 
manufactured or extracted locally. This credit is 
worth 1 point for the quantities quoted above, and 2 
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value. 
 
Mechanical, electrical and 
plumbing components and 
specialty items such as 
elevators and equipment 
shall not be included in this 
calculation. Only include 
materials permanently 
installed in the project. 
Furniture may be included, 
providing it is included 
consistently in MR Credits 
3–7. 


building product that is 
furnished and installed by 
the tradesmen. 


MR Credit 5.2 – 
Regional Materials 
 
Name change 
 
New requirements on 
what constitutes 
“regional” 
 
New (lower) 


Regional Materials: 20% 
Extracted, Processed & 
Manufactured Regionally 
Use building materials or 
products that have been 
extracted, harvested or 
recovered, as well as 
manufactured, within 500 
miles of the project site for an 
additional 10% beyond MR 


Regional Materials: 50% 
extracted regionally 
 
Of the regionally 
manufactured materials 
documented for MR Credit 
5.1, use a minimum of 50% 
of building materials and 
products that are extracted, 
harvested or recovered (as 


points for double the amount, or 20%. 
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performance 
requirement 


Credit 5.1 (total of 20%, 
based on cost) of the total 
materials value. 


well as manufactured) within 
500 miles of the project site. 
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Concrete’s Contribution to LEED® 2009 
 
By Erin Ashley, Ph.D., LEED AP, Senior Director, Sustainable Construction, NRMCA & 
Lionel Lemay, P.E., LEED AP, Senior Vice President, Sustainable Development, 
NRMCA 
 
Using concrete in new buildings and major renovation projects can facilitate the process 
of obtaining LEED® 2009 for New Construction (NC) and Major Renovations 
certification. Leadership in Energy and Environmental Design (LEED) is a point rating 
system devised by the United States Green Building Council (USGBC) to evaluate the 
environmental performance of a building. The system is credit-based, allowing projects 
to earn points for environmentally friendly strategies employed during the design and 
construction process. 
 
LEED was launched in an effort by the USGBC to develop a “consensus-based, 
market-driven rating system to accelerate the development and implementation of green 
building practices.” The program is not rigidly structured, i.e., not every project must 
meet identical requirements to qualify. LEED for New Construction (NC) rating system 
is currently in its third major iteration with LEED 2009 NC being introduced in March 
2009. Both new buildings and major renovation projects can be certified using LEED 
2009 NC. This paper details credits associated with the LEED 2009 NC where the use of 
ready mixed concrete can contribute to achieving LEED points. 
 
LEED 2009 NC rating system has five main credit categories: Sustainable Sites, Water 
Efficiency, Energy & Atmosphere, Materials & Resources, and Indoor Environmental 
Quality. Each credit category is divided into credits and outlines the intent, requirements, 
technologies, and strategies for meeting each credit. Credits are broken down into 
individual points. Additional points can be earned for Innovation & Design Process 
credits and meeting specific Regional Priority Credits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


Credit Category Points Available 
Sustainable Sites (SS) 26 


Water Efficiency (WE) 10 


Energy & Atmosphere (EA) 35 


Materials & Resources (MR) 14 


Indoor Environmental Quality (EQ) 15 


Innovation & Design Process (ID) 6 


Regional Priority Credits (RP) 4 


 Total Points Available 110 
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Points for Certification 
A building requires at least 40 points for basic certification level. Silver level requires 50 
points, gold level requires 60 points, and platinum level requires 80 points.  There are a 
total of 110 points available. 


 


 
 
 
 
 


Concrete and LEED 
The following are suggestions for earning LEED points through the use of ready mixed 
concrete products. The paragraph headings below correspond to the credit categories and 
the credit numbers in the LEED 2009 NC rating system. 
 
Development Density & Community Connectivity (Sustainable Sites Credit 2) 
The intent of this credit is to channel development to urban areas with existing 
infrastructure, protect greenfields and preserve habitat and natural resources. One strategy 
to achieve this credit is to construct or renovate a building on a previously developed site 
AND in a community with a minimum density of 60,000 square feet per acre. This 
necessitates construction of multistory buildings. Concrete has long been the material of 
choice for multi-story construction.  Its strength, economy, and versatility make it ideal 
for residential and commercial construction in urban settings. Features such as long 
spans, low floor-to-floor heights, and energy efficiency also contribute to environmental 
performance that can be used to gain LEED points in other credit categories. This credit 
is worth 5 points. 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


LEED Certification Levels Points Required 
Certified 40-49 


Silver 50-59 


Gold 60-79 


Platinum 80+ 
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Brownfield Redevelopment (Sustainable Sites Credit 3) 
Cementitious materials can be used to solidify and stabilize contaminated soils and 
reduce leaching concentrations to below regulatory levels. Although not typical, ready 
mixed concrete trucks and plants have been used to mix and deliver cementitious slurries 
for solidification and stabilization projects. To achieve this credit, documentation is 
required indicating the site was contaminated or a site defined as a brownfield and the 
remediation performed. This credit is worth 1 point. 
 
Site Development: Protect or Restore Habitat (Sustainable Sites Credit 5.1) 
The intent of this credit is to conserve existing natural areas and restore damaged areas to 
provide habitat and promote biodiversity. Strategies include stacking the building 
program and using tuck-under parking. Concrete parking garages within buildings can be 
used to limit site disturbance. Parking garages located within a building helps maintain 


Concrete has long been the material of choice for multi-story 
construction, a requirement for meeting Sustainable Sites Credit 2 
in LEED 2009 NC. 
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existing natural areas that would otherwise be consumed by surface parking. Using a 
pervious concrete parking area to store and treat rainwater thereby eliminating or 
minimizing land required for detention ponds help protect and restore habitat. This credit 
is worth 1 point 
 
Site Development: Maximize Open Space (Sustainable Sites Credit 5.2) 
The intent of this credit is to provide a high ratio of open space to development footprint 
to promote biodiversity by meeting specific ratios of open space to developed space. 
Parking garages on the lower floors of a building can be used to help reduce the footprint 
of a site development. Pervious concrete parking areas can eliminate or reduce land 
required for detention ponds can help maximize open space. This is worth 1 point.  
 
Stormwater Design: Quantity Control (Sustainable Sites Credit 6.1) 
The intent of this credit is to limit disruption of natural water hydrology by reducing 
impervious cover, increasing on-site infiltration, reducing or eliminating pollution from 
stormwater runoff, and eliminating contaminants. Using pervious concrete pavements 
will reduce the rate and quantity of stormwater runoff because they increase infiltration 
of stormwater. Pervious concrete contains coarse aggregate, little or no fine aggregate, 
and sufficient cementitious paste to bind the aggregate but provide a network of 
interconnected voids between the coarse aggregates. The result is concrete with a high 
volume of voids (15% to 25%) and high permeability that allows water to flow through 
easily. Vegetated roofs (green roofs) are also identified as a strategy to achieve this 
credit. Reinforced concrete is often used as the structural system to support the heavy 
loads of vegetated roofs. This credit is worth 1 point. 
 
Stormwater Design: Quality Control (Sustainable Sites Credit 6.2) 
The intent of this credit is to limit the disruption of natural water flows by managing 
stormwater runoff. To achieve this credit, a best management practice that removes 80% 
or more of the total suspended solids in stormwater must be used. Pervious concrete 
systems generally remove over 80% of total suspended solids and are considered a best 
management practice for treating stormwater. Vegitated roofs (green roofs) can also be 
used to meet the intent of this credit which are often supported by concrete structural 
systems. This credit is worth 1 point. 
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Pervious concrete pavements help control quantity and quality of 
stormwater (Sustainable sites Credit 6.1 and 6.2) and help conserve 
water resources (Water Efficiency Credit 1.1, 1.2, 2, and 3) 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Heat Island Effect: Non-Roof (Sustainable Sites Credit 7.1). 
The intent of this credit is to reduce heat islands (thermal gradient differences between 
developed and undeveloped areas) to minimize impact on microclimate and human and 
wildlife habitat. Strategies include providing shade for at least 50% of hardscaped 
surfaces or provide hardscaped surfaces with solar reflectance index (SRI2) of at least 29. 
The requirement for SRI can be met by using concrete rather than asphalt for 50% of all 
sidewalks, parking lots, drives and other impervious surfaces. 
 
Solar reflectance is the ratio of the amount of solar radiation reflected from a material to 
the amount that shines on the material. Generally, light-colored surfaces have a high SRI. 
Where paved surfaces are required, using materials with higher SRI will reduce the heat 
island effect—consequently saving energy by reducing the demand for air conditioning—
and improve air quality. 
 
Concrete generally has an SRI of greater than 29. Concretes made with white cements or 
slag can have SRI greater than 78. As a comparison, new asphalt generally has an SRI of 
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Concrete pavement can be used to reduce urban heat islands (Sustainable Sites 
Credit 7.1) 


approximately 0, and asphalt five or more years old has an SRI of approximately 6. This 
credit is typically achieved when parking areas, walks and plazas are paved with 
concrete.  
 
Another strategy to achieve this credit is to place a minimum of 50% of parking spaces 
under cover including underground, under deck, under roof, or under building. Concrete 
is typically the material of choice for parking structures. This credit is worth 1 point. 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Heat Island Effect: Roof (Sustainable Sites Credit 7.2) 
The intent of this credit is to reduce heat islands (thermal gradient between developed and 
undeveloped areas) to minimize impact on microclimate and human and wildlife habitat. 
The requirement is to use highly reflective/high emissivity roofing for a minimum of 
75% of the roof surface; or install a vegetated roof for at least 50% of the roof surface; or 
a combination of both for 75% of the roof area. Concrete with high SRI can be used for 
roofing and concrete structural systems are ideal for supporting the heavy loads of 
vegetated roofs. This credit is worth 1 point. 
 
Water Efficient Landscaping: Reduce by 50% (Water Efficiency Credit 1.1) 
Water Efficient Landscaping: No Potable Water Use or No Irrigation (Water 
Efficiency Credit 1.2) 
The intent of these credits are to reduce or eliminate the use of potable water, or other 
natural surface or subsurface water resources available on or near the project site, for 
landscape irrigation. Strategies include using only captured rainwater, recycled 
wastewater, recycled greywater for irrigation. Cisterns for capturing rainwater are often 
built using concrete. Pervious concrete systems and other stormwater management 
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systems can be used to capture stormwater for collection into cisterns for later use for 
irrigation. Credit 1.1 is worth 2 points for 50% reduction from the mid-summer baseline 
case and Credit 1.2 is worth an additional 2 Points for 100% reduction. 
 
Innovative Wastewater Technologies (Water Efficiency Credit 2) 
The intent of this credit is to reduce the generation of wastewater and potable water 
demand, while increasing the local aquifer recharge. Strategies include the use of non-
potable water, recycled greywater, and on-site treated wastewater for sewage 
conveyance. Concrete cisterns and treatment tanks can be used to fulfill the requirements 
of this credit. This credit is worth 2 points. 
 
Water Use Reuse Reduction (Water Efficiency Credit 3) 
The intent of this credit is to further increase water efficiency within buildings to reduced 
the burden on municipal water supply and wastewater systems. Employ strategies that in 
aggregate use less water than a typical building. Strategies include using alternate on-site 
sources of water, such as rainwater and stormwater. Pervious concrete systems in 
combination with concrete cisterns can be used to fulfill the requirements for this credit. 
This credit is worth 2, 3, or 4 points for 30%, 35%, and 40% reduction of water use from 
the baseline.   
 
Minimum Energy Performance (Energy & Atmosphere Prerequisite 2) 
To achieve any level of LEED certification, buildings must demonstrate a 10% 
improvement for new buildings or a 5% improvement for existing building renovations in 
the proposed building performance rating compared to the baseline building performance 
rating per ASHRAE/IESNA Standard 90.1-2007. The requirements of the ASHRAE 
standard are cost-effective and support the use of thermal mass for building components. 
Insulating to exceed the requirements of the standard is generally a wise business choice. 
 
Building components constructed of concrete generally exhibit a property known as 
thermal mass. This means the components have enough heat-storage capacity to moderate 
daily temperature swings. Buildings constructed of cast-in-place frame, tilt-up, or 
insulating concrete forms (ICF) along with precast concrete and concrete masonry 
possess thermal mass which helps moderate indoor temperature extremes and reduces 
peak heating and cooling loads. In many climates, these buildings have lower energy 
consumption than non-massive buildings with walls of similar insulation; and heating, 
ventilating, and air-conditioning needs can be met with smaller-capacity equipment. This 
credit is prerequisite for certification and is not worth any points. 
 
Optimize Energy Performance (Energy & Atmosphere Credit 1) 
This credit is awarded if energy cost savings beyond a baseline can be demonstrated 
compared to a baseline building that meets the requirements of ANSI/ASHRAE/IESNA 
90.1-2007. Performance must be measured by a whole building project simulation using 
the Building Performance Rating Method in Appendix G of the Standard. Many 
engineering consulting firms have the capability to model a building to determine energy 
savings as required using a computer-based program such as DOE2. When concrete is 
considered, it is important to use a program like DOE2 that calculates yearly energy use 
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High performance concrete building systems such as insulating 
concrete forms, tilt-up concrete and concrete frame construction 
help a building meet the requirements of LEED 2009 NC energy 
performance requirements. 


on an hourly basis. Such programs are needed to capture the beneficial thermal mass 
effects of concrete. 
 
Insulated concrete systems, used in conjunction with other energy savings measures, will 
most likely be eligible for points under this credit. The number of points awarded will 
depend on the building, climate, fuel costs, and minimum requirements of the standard. 
From 1 to 19 points are awarded for energy cost savings of 12% to 48% for new 
buildings and 8% to 44% for existing buildings. 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Building Reuse (Materials & Resources Credit 1.1) 
The purpose of this credit is to leave the existing building structure and shell in place 
when renovating. The building shell includes the exterior skin and structural system but 
excludes window assemblies, interior walls, floor coverings, and ceiling systems. This 
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credit should be obtainable when renovating buildings with a concrete frame and/or skin 
since concrete in buildings generally has a long life. This credit is worth 1 point if 55% of 
the existing building structure and shell is left in place and 2 points if 75% is left in place 
and 3 points for 95% is left in place. 
 
Construction Waste Management: Divert 50% From Disposal (Materials & 
Resources Credit 2.1) 
Construction Waste Management: Divert 75% From Disposal (Materials & 
Resources Credit 2.2) 
These credits are provided for diverting construction, demolition, and land clearing 
waste from landfill and incinerator disposal. It is awarded based on diverting at least 50% 
by weight of the above listed materials. Since concrete is a relatively heavy construction 
material and is frequently crushed and recycled into aggregate for road bases or 
construction fill, this credit should be obtainable when concrete buildings are demolished. 
In addition, returned concrete that is diverted from landfills by making landscaping 
blocks or recycling into new concrete can be considered for this credit. MR Credit 2.1 is 
worth 1 point if 50% of the construction, demolition, and land clearing waste are recycled 
or salvaged and MR Credit 2.2 is worth 1 additional point if 75% is diverted.  
 
Recycled Content: 10% (post-consumer + ½ pre-consumer) (Materials & Resources 
Credit 4.1) 
Recycled Content: 20% (post-consumer + ½ pre-consumer) Materials & Resources 
Credit 4.2) 
The intent of these credits are to increase demand for building products that incorporate 
recycled content materials, thereby reducing impacts resulting from extraction and 
processing of virgin materials. The requirements are to use materials with recycled 
content such that the sum of post-consumer recycled content plus one-half of the pre-
consumer content constitutes at least 10% of the total value of the materials in the project 
to receive 1 point (MR Credit 4.1) and 20% to receive 1 additional point (MR Credit 4.2). 
Supplementary cementitious materials, such as fly ash, silica fume, and slag cement are 
considered pre-consumer recycled content. Furthermore, using recycled concrete as 
aggregate instead of virgin aggregates would qualify as post-consumer recycled content. 
Although not considered part of concrete, most reinforcing bars are manufactured from 
recycled steel and considered post-consumer recycled content. 
 
This credit is worth 1 point for 10% recycled content (MR Credit 4.1) and 1 additional 
point for 20% recycled content (MR Credit 4.2.).  
 
Regional Materials, 10% Extracted, Processed & Manufactured Regionally 
(Materials & Resources Credit 5.1) 
Regional Materials, 20% Extracted, Processed & Manufactured Regionally 
(Materials & Resources Credit 5.2) 
The intent of these credits is to increase demand for building materials and products that 
are extracted and manufactured within the region, thereby supporting the use of 
indigenous resources and reducing the environmental impacts resulting from 
transportation. The requirements of these credits are to use building materials or products 
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Concrete floor systems can span large distances with shallow floor systems 
helping improve daylights and views (Indoor Environmental Quality Credit 8.1 
and 8.2) 


that have been extracted, harvested or recovered, as well as manufactured, within 500 
miles of the project site for a minimum of 10% (based on cost) of the total materials 
value for 1 point and 20% for 2 points. If only a fraction of a product or material is 
extracted, harvested or recovered and manufactured locally, then only that percentage (by 
weight) shall contribute to the regional value. Ready mixed concrete will almost always 
qualify since ready mixed concrete plants are generally within 500 miles of a job site and 
most of the ingredient materials are harvested within 500 miles. The percentage of 
materials is calculated on a cost basis. 
 
This credit is worth 1 point if 10% of the building materials are regional (MR Credit 5.1) 
and 1 additional point if 20% of the building materials are regional (MR Credit 5.2). 
 
Daylight & Views: Daylight 75% of Spaces (Indoor Environmental Quality Credit 
8.1) 
Daylight & Views: Views for 90% of Spaces (Indoor Environmental Quality Credit 
8.2) 
The intent of these credits are to provide for the building occupants a connection between 
indoor spaces and the outdoors through the introduction of daylight and views into the 
regularly occupied areas of the building. The strategy is to design the building to 
maximize interior daylighting and views to the outdoors through building orientation, 
shallow floor plates, and increased building perimeter. Concrete floor systems can span 
large distances with shallow floor plates and column free spaces to help achieve these 
credits. You can also use exposed concrete ceilings to reflect light deep into interior 
spaces. This credit is worth 1 point if 75% of the space has daylight (Credit 8.1) and 1 
additional point if 90% of the space has views to the outdoors. 
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Innovation in Design (Innovation & Design Process Credit 1) 
These points can be applied for if an innovative green design strategy is used that does 
not fit into the point structure of the five LEED categories or if it goes significantly 
beyond a credit requirement in one of the existing credit categories. For example, if the 
project team used materials on the project such that 30% of the materials were extracted, 
processed & manufactured regionally then the project could receive an extra point in 
going significantly beyond the requirements of Materials and Resources Credit 5.2. 
Concrete contributes significantly to this credit category and therefore could be used to 
achieve an Innovation in Design credit.  
 
Another example would be if the design team used materials on the project such that they 
have over 30% recycled content thereby exceeding Materials and Resources Credit 4.2 by 
10 percentage points. Concrete made with some percentage of recycled aggregate in 
combination with supplementary materials can contribute significantly to this credit. 
 
One strategy that has been used to obtain a LEED point in the Innovation in Design credit 
category is to reduce CO2 in concrete by 40%. One way to accomplish this is by using 
high volumes of fly ash, slag, or silica fume in concrete such that the result is a decrease 
in embodied CO2 by 40% over typical mixes in the area.  
 
Another potential innovation is to use exposed concrete for walls, floors, and ceilings. 
This strategy would eliminate a significant quantity of wall and floor coverings along 
with ceiling materials, all of which are common sources of volatile organic compounds 
(VOCs) that can degrade indoor air. This strategy could significantly improve indoor air 
quality. 
 
1-5 points are available under the Innovation & Design Credit. 
 
LEED Accredited Professional (Innovation & Design Process Credit 2) 
The intention of this credit is to encourage the design integration required by a LEED 
2009 for New Construction green building project and to streamline the application and 
certification process. To achieve this credit, at least one principal participant of the 
project team shall be a LEED Accredited Professional (AP). Most LEED projects will 
have a LEED AP as a member of the design team. In addition, the concrete industry has 
many LEED Accredited Professionals available to help maximize points for concrete. 
This credit is worth 1 point. 
 
Regional Priority Credit (Regional Priority Credit 1) 
These regional bonus credits are identified by USGBC Chapters and Regional Councils 
for each “environmental zone” and a maximum of 4 points are available for project teams 
to pursue in this credit category. Each USGBC Region will have the authority to create 6 
potential bonus credits, of which one may pursue a maximum of four. This is a new 
category of credits available under LEED 2009. This allows for the "regional authority" 
to designate targeted credits that are of particular importance for a region, and potentially 
give additional credits for projects that meet criteria in existing credit categories.  
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For example, in a region where urban heat island reduction is identified as an important 
goal, the USGBC Chapter could increase the points available for Sustainable Sites Credit 
7.1 and 7.2 to 2 points each instead of 1 point thus creating greater incentive for design 
teams to employ heat island reduction strategies of these credits. Since concrete 
contributes to most credit categories it will play a significant role in achieving Regional 
Priority Credits. 1-4 points are available for this credit. 
 
Benefits of LEED Certification 
LEED certification is a voluntary program. However, obtaining a LEED certification 
demonstrates a positive environmental image to the community. Additionally, 
implementing green building practices can result in energy and cost savings over the life 
of the structure. Other advantages include better indoor air quality and plenty of daylight. 
Studies have shown that workers in these environments have increased labor 
productivity, job retention, and days worked. These benefits contribute directly to a 
company’s profits because salaries—which are about ten times higher than rent, utilities, 
and maintenance combined—are the largest expense for most companies occupying 
building space. Students in these environments have higher test scores and lower 
absenteeism.  
 
Detailed information on the LEED program and project certification process is available 
on the USGBC website, www.usgbc.org. More information about the environmental 
benefits of concrete can be found at www.nrmca.org/greenconcrete.  
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Sidebar: 
 
Concrete’s Potential Contribution to LEED 2009 Certification 
 
Credit Category Points for Concrete 
 
Sustainable Sites (26 Points Available)   
SS Credit 2: Development Density & Community Connectivity 5 
SS Credit 3: Brownfield Redevelopment 1 
SS Credit 5.1: Site Development: Protect or Restore Habitat 1 
SS Credit 5.2: Site Development: Maximize Open Space 1 
SS Credit 6.1: Stormwater Management: Quantity Control 1 
SS Credit 6.2: Stormwater Management: Quality Control 1 
SS Credit 7.1: Heat Island Effect: Non-Roof 1 
SS Credit 7.2: Heat Island Effect: Roof 1 
 
Water Efficiency (10 Points Available) 
WE Credit 1.1: Water Efficient Landscaping: Reduce by 50% 2 
WE Credit 1.2: Water Efficient Landscaping: No Potable Water Use or No Irrigation  2 additional 
WE Credit 2: Innovative Wastewater Technologies 2 
WE Credit 3: Water Use Reduction  
 30% Reduction 2 
 35% Reduction 1 additional 
 40% Reduction 1 additional 
 
Energy & Atmosphere (35 Points Available) 
EA Prerequisite 2: Minimum Energy Performance required 
EA Credit 1: Optimize Energy Performance: 
 12-48% New Buildings or 8 -44% Existing Buildings 1-19 
 
Materials & Resources (14 Points Available) 
MR Credit 1.1 Building Reuse: Maintain Existing Walls, Floors & Roof 
 55% Building Reuse  1 
 75% Building Reuse 1 additional 
 95% Building Reuse 1 additional 
MR Credit 2.1 Construction Waste Management, Divert 50% From Disposal 1 
MR Credit 2.2 Construction Waste Management, Divert 75% From Disposal 1 additional 
MR Credit 4.1 Recycled Content, 10% (post-consumer + ½ pre-consumer) 1 
MR Credit 4.2 Recycled Content, 20% (post-consumer + ½ pre-consumer) 1 additional 
MR Credit 5.1 Regional Materials, 10% Extracted, Processed & Manufactured Regionally 1 
MR Credit 5.2 Regional Materials, 20% Extracted, Processed & Manufactured Regionally 1 additional 
 
Indoor Environmental Quality (15 Points Available) 
EQ Credit 8.1: Daylight & Views: Daylight 75% of Spaces 1 
EQ Credit 8.2: Daylight & Views: Views for 90% of Spaces 1 
 
Innovation and Design Process (6 Points Available) 
ID Credit 1: Innovation in Design 1-5 
ID Credit 2: LEED Accredited Professional 1 
 
Regional Priority (4 Points Available)  
RP Credit 1: Regional Priority Credit 1-4 
 
Total 37-62 
 
LEED 2009 Scoring System 
Certified 40-49 points 
Silver  50-59 points 
Gold  60-79 points 
Platinum  80+ points 












 
 
 
 


 


RMC Research & Education Foundation Pledge Form 
 
I am proud to announce a pledge to the RMC Research & Education Foundation. This pledge is: 
 


Personal – Name:   
 
Corporate – Name of Company:  
 
This pledge of $      will be paid over      years. 


Signature:          Date:     


Billing Information: 


I would like to be billed Annually/One-Time Payment (please circle one) beginning in the month 


of    , 20  .   I understand that the payments will be divided as 


appropriate.  


I would like you to automatically charge my VISA/MasterCard/American Express (please circle 


one) credit card in the amount of $    every     (please indicate month). 


Card #:       Exp. Date:     Security Code:     


Authorized Signature:  


Contact Information: 


Name of Contact:  


Title (if pledge is corporate):  


Address:  


Phone:        Fax:  


E-mail: 


  Please designate my pledge as “Anonymous” so my name/company name is NOT  
listed as a contributor on any RMC Research & Education Foundation literature.  
(If this box is NOT checked, we will include your name/company name in our literature)  


Please return to the RMC Research & Education Foundation 
c/o Heather Houck 


900 Spring Street, Silver Spring, MD 20910 
Fax: 301-565-8200 


“Defining the Future” 
900 Spring Street, Silver Spring, Maryland 20910 
888-846-7622 ● 301-587-1400 ● 301-565-8200 





