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Abstract 
Full Depth Reclamation (FDR) is a rapid means to rehabilitate existing pavement by 
blending the reclaimed asphalt and base materials with ordinary portland cement 
(OPC). Compacting the blend provides a stable base upon which a new layer of asphalt 
pavement can be constructed.  The South Carolina Department of Transportation has 
employed FDR as a standard rehabilitation operation in maintaining the state’s large 
network of roads. However, the huge demand for OPC in the FDR projects, coupled 
with the relatively tight supply of OPC, is forcing the construction industry to explore the 
use of industrial by-products as supplementary cementitious materials (SCMs).  

In this study, four different coal-combustion residues (coal ashes) from four 
Duke Energy power plants were evaluated for use in FDR projects. The fly ash (FA) 
portion of each coal ash was used as pozzolan to replace up to 40% of cement by 
mass. For this purpose, the chosen SCMs were analyzed for their chemical and 
mineralogical composition and physical properties.  The pozzolanic reactivity, relevant 
mechanical and durability aspects of the blended cementitious materials, at selected 
dosage levels, were investigated. The results show that all FAs can be used, with 
relative performance, as pozzolans to partially replace cement for base stabilization; 
however, the FA produced at power plant B, due to its low LOI, high fineness, and 
amorphous structure, performed better in stabilizing the base materials.  This project 
highlights the beneficial utilization of industrial by-products as valuable construction 
materials that otherwise would be landfilled as solid wastes.  
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Introduction 
Full Depth Reclamation (FDR) is a rapid means to rehabilitate existing pavements by 
mixing the pulverized asphalt and base materials with ordinary portland cement (OPC). 
Compacting the resulting blend at optimum moisture content provides a stable base 
upon which a new layer of asphalt pavement can be constructed. This technique has 
been implemented since the 1980s and it has been extensively performed by many 
transportation agencies [1]. The advantages that have aided the rapid rise of FDR are: 
[1, 2, 3, 4] 

• Cost-effective method;  
• Uses 100% recycled materials, reducing the impact on environment; 
• Ability to rehabilitate severely distressed roads; 
• Fully carried out in situ with minimal traffic interruption;  
• Provides a high resistance for cracks, decreasing the reflected cracks on the 

pavement layer; and  
• The new stable base boosts the structural performance of the new pavement.  

Cement is the most frequently used stabilizer in the FDR process. In addition, 
Class C fly ash, hydrated lime, asphalt emulsion, and foamed asphalt, have been used 
in FDR [1, 5]. Class C fly ash is not abundantly available in the state of SC. The use of 
lime and asphalt-based stabilizers results in a lower initial strength and more 
susceptibility to moisture than cement-based stabilization [4]. In addition, the use of 
cement is suitable for a wider range of soil types than any other stabilizers [4]. 

Over the last decade, South Carolina Department of Transportation (SCDOT) 
has successfully used OPC in pavement rehabilitation projects using FDR. As a result of 
this on-going success, SCDOT is progressively ramping up the use of FDR in its 
pavement rehabilitation operations. The pavement condition of over 50% of state-
maintained roadways is rated as poor and very poor [6], which mandates a definite 
increase in FDR applications. The average percent increase of the total OPC used in 
FDR projects in SC for the past 5 years from 2014 to 2018 was 30% compared to 2013 
construction season, as shown in (Figure 1) [Jesse Thompson, pavement engineer at 
SCDOT, personal communication, March 2019]. However, with increasing demand for 
OPC in other construction sectors, such as structural applications, its predictable 
availability for highway applications has become uncertain.   

One option that can alleviate the need for cement is to partially replace it with 
quality supplementary cementitious materials (SCMs) such as class F fly ash, which is a 
by-product of burning coal in power plants. Large volumes of fly ash (FA) and bottom 
ash (BA) are stored in temporary storage facilities, known as ash ponds. In the US, 
About 130 million tons of coal ash were produced in 2014, of which only 46 million tons 
had beneficial uses [7].  

There are certain requirements that need to be met in order for fly ash to be 
suitable for use as an SCM with OPC in structural concrete applications. ASTM C618 [8] 
specifies the requirements needed for this purpose. However, large amount of the coal 
ash produced from burning coals at power plants does not meet at least one of these 
requirements, such as loss of ignition (LOI). As a result, most of the ashes have been 
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disposed of in storage ponds awaiting future environmentally-sound applications. 
These ash ponds have harmed the environment on several occasions. Dan 

River coal ash spill is one example [9]. Additionally, there has been some evidences that 
unlined pond ashes have polluted shallow ground water with traces of harmful elements 
[10]. Most recently, Hurricane Florence floodwater threatened to spill toxic waste from 
an ash storage pond into Cape Fear river in Wilmington, NC [11]. 

 

 
Figure 1/ OPC Consumption in FDR projects in SC. 

 
Therefore, this study investigated the feasibility of using fly ashes from selected 

ash ponds in the Carolinas as SCMs to partially replace OPC in FDR projects. Thus far, 
SCDOT has not employed any SCMs in the FDR operations, and has been interested in 
considering options that can supplement the limited OPC quantities available in the 
state. The use of the ponded ash or part of it as a cement replacement would alleviate 
the environmental impacts in two ways; firstly by reducing the OPC consumption, and 
secondly by reducing the amount of ash that has long been stored in the ash ponds. 

 
Experimental Work 
Materials: 
Ash: 
Four different ashes from four different Duke Energy Power Plants were used in this 
study. Throughout this paper, they are referred to by: A, B, C, and D FAs. 

These ashes were sampled in their original form, i.e. as they had been stored in 
storage ponds. Only the fly ash (FA) portion, i.e. passing No. 200 (75-μm) U.S.A. 
standard sieve, was considered in evaluating the use of these ashes as SCM for FDR in 
this project. 
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Reclaimed Asphalt Pavement (RAP) and base soil: 
A blend of base soil and RAP was brought from a SCDOT road rehabilitation project that 
was being performed by King Asphalt Inc. at (1409 to 1523 N Old Pendleton Rd, Easley, 
SC 29642). The samples were taken from different spots along the road right after the 
passing of the reclaimer machine. In order to separate RAP and base soil, a No. 4 (4.75 
mm) standard sieve was used. Following separation, particle size distribution for the two 
fractions was conducted and the results are described in the results section. 

 
Cement: 
Ordinary Portland cement (OPC) Type I/II from Argos USA, produced at Hartsville, SC 
was used in this study. The chemical composition of the cement is provided in  
Table 1 
 
Table 1/ Chemical Composition of the cement 

 
 

Sand: 
Siliceous natural river sand from a local source was used in this study to prepare mortar 
specimens for evaluating pozzolanic reactivity of fly ashes. The specific gravity of the 
sand was 2.63 and fineness modulus of 2.6. 

 
Test Methods 
In order to fulfill the objectives of this investigation, the work has been carried out in 
three main phases: 
Phase I – Characterization of Ash and Base Material Properties 
Physical and chemical characterization of FA from the four different sources were 
performed. X-ray fluorescence (XRF) and X-ray diffraction (XRD)—were carried out to 
determine the bulk oxide content and mineralogy of the FAs. Additionally, scanning 
electron microscopy (SEM) was performed to examine the microstructural properties of 
the FAs. Lastly, loss on ignition (LOI) was determined for the FAs to quantify the 
unburned carbon.  
Phase II – Determination of Pozzolanic Reactivity of FAs. 
In Phase II, the interaction of each FA with OPC was studied by testing each FA’s 
pozzolanic reactivity. The tested replacement levels of FA were 20% and 40% by mass 
of cement. Strength activity index (SAI%) according to ASTM C311 [12] was measured. 
In addition, setting time according to ASTM C191 [13] was conducted to determine the 
delay caused by the inclusion of FA in the cement paste. 
Phase III – Evaluation of Performance of Blends of Base Materials and 
Cementitious Materials. 
This phase investigated whether the blend of cement and FA can be used as a 
stabilizing agent for base soil and RAP mixture. To this end, cylinders of cement-
modified recycled base (CMRB) were made of different mix proportions and mixed at 

Compound SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O 
Content (%) 19.93 4.77 3.13 62.27 2.71 0.06 0.48 
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optimum moisture content. CMRB cylinders were cured for 28 days and then tested for 
unconfined compressive strength (UCS). In addition to UCS, durability, and drying 
shrinkage were examined. Finally, leachate tests were carried out to study any 
environmental impact. 
In this phase, the following test methods were performed: 

• Optimum moisture content for the cement-treated base material (AASHTO T99) 
[14]; 

• UCS for CMRB cylinders according to (SC-T-26 [15] and SC-T-142 [16]);   
• Durability of CMRB (AASHTO T 135 [17]); 
• Shrinkage of CMRB; 
• Environmental leachate test, toxicity characteristic leaching procedure (TCLP). 

Mix proportion: 
According to SCDOT Specification (SCT-26) [15], three different sets of specimens were 
prepared for testing, consisting of 3%, 6%, and 9% cement by mass of the total base 
soil and RAP mixture weight. Additional specimens with blends of cement and FA with 
base materials were prepared, wherein the cement was replaced by fly ash at 20% and 
40% by mass of cement at each tested cement content.  
Materials preparation: 
Blend of RAP and base soil: 
Before any testing using these materials, they were oven-dried at 110◦C for 24 hours. 
Then, they were sieved to pass ¾” standard sieve. The retained portion was crushed to 
pass the ¾” sieve and added to the rest of the materials. No RAP or aggregate larger 
than ¾” was used in the mixture, as per the SCT 26 specification [15]. 

In order to maintain uniformity, a large sample splitter was used to reduce the 
size of this blend to the needed quantities for each test. Each batch of this blend was 
used on the same day it was oven-dried after allowing it to cool to room temperature.  
The binder (cement and FA): 
Before using any amount of FA, it was oven-dried and sieved to pass a No. 200 
standard sieve. After preparing the needed quantities of both OPC and FA, they were 
dry mixed together in a metal bowl using a spatula until they uniformly blended and then 
added to RAP and base soil. 
Mixing procedures 
Once all required quantities were ready, the binder (cement with or without FA) was 
introduced to the blend of RAP and base soil in a large flat metal tray. Afterwards, the 
whole blend was mixed very well by hand until consistent mixture color was obtained. 
Finally, the required amount of water was added by pouring it in the middle of the 
mixture. 

The matrix was left for a few minutes so the mixing water could be absorbed by 
the materials. Following, all constituents were mixed first by a trowel until the full 
distribution of mixing water was acquired, then finished by hands. According to SCT-26 
[15], the matrix was allowed to stand for 5 to 10 minutes in order to help in moisture 
dispersion. 
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Optimum Moisture Content (OMC%): 
Conferring to SCT-26 [15], this test should be performed on the blend that has the 
medium cement content, which is 6% from the total mass of RAP and base soil. The 
OMC obtained using this proportion should be used for all other binder ratios (i.e. 3% 
and 9%). 

The test was carried out for two mix proportions; the first included 6% OPC 
content as binder, and the second had 40% OPC replacement by FA. C FA was 
selected to check the effect of using FA on the OMC percentage because, as will be 
shown later, it had the highest LOI and therefore the highest water demand that could 
affect the OMC percentage. 
Preparation and curing of the UCS test samples: 
SCT-26 [15] requires two specimens for each tested mixture. The specimens were 
prepared using a 4-inch (100 mm) diameter proctor mold and 5.5 lbs. (2.495 Kg). 
rammer. Each specimen was made by compacting three equal layers using 25 blows of 
proctor rammer. Following the compaction of each specimen, it was extruded using a 
manual sample extruder.  

All specimens were covered and cured in a 100% humidity room at 23◦C for a 
period of 28 days before testing. On the night the test was due, specimens were soaked 
overnight according to SCT-26 [15]. Although SCT-26 [15] requires testing CMRB 
specimens at 7 days of age, it was decided to test them at 28 days allowing more time 
for FA-cement interaction and hydration. 

Values as low as 200 psi (1.38 MPa) for UCS are acceptable as long as the 
durability test requirements are successfully achieved [18]. Based on this, the minimum 
acceptable UCS value considered in this study is 200 psi (1.38 MPa) when the durability 
test yields good performance (as discussed later). 
UCS Test Procedure 
The loading rate, as per SCT-26 [15], consists of 500 lb./minute for the first 100 lbs., 
then raised to 1000 lb./minute up to 6000 lbs., then the loading rate should be lowered 
down to 500 lb./minute until failure. Two specimens were tested for each mixture using 
these procedures. 
Durability of CMRB: 
The durability test has long been used as the main criterion for designing CMRB. 
However, many agencies have correlated this test with other properties such as UCS or 
gradation of the base soil. Subsequently, most agencies now specify a minimum 7-day 
UCS level to be achieved by CMRB specimens [18]. As long as this minimum UCS is 
achieved, durability requirements are met. However, the durability test was performed to 
evaluate the effect of using FA with cement as a stabilizing agent on durability. 

AASHTO T135 – method B was followed here since the maximum size of the 
used materials was ¾ in. (19 mm). The procedure involves subjecting the tested 
samples to 12 cycles of wetting and drying after they are cured for 7 days in a moist 
room. Each cycle consists of 5 hour soaking in water followed by 42 hours of drying in 
an oven at 71◦C. Conferring to AASHTO T135 [17], two specimens should be prepared; 
the first one to monitor volume change due to the wetting and drying cycles and the 
second one to test the weight loss that results from a 3-lb pressure brushing exerted by 
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a wire brush after each cycle. The final weight loss is used as an indicator for durability.  
Shrinkage of CMRB 
Shrinkage is a change in volume caused by several factors, such as temperature 
gradients, drying, and cement hydration. Shrinkage results in cracks in the bases that 
can reflect through the pavement surface, triggering serious durability problems. Drying 
shrinkage represents the highest fraction of the total shrinkage and it is the leading 
cause of cracks [19]. High moisture content (above OMC), high clay content, poor 
compaction, and high amounts of stabilizing cement are factors that boost shrinkage in 
CMRB [19]. Water ingress through the reflected cracks in the pavement surface has 
major deteriorating effects that could cause complete failure of the road.  

Lowering cement content, increasing pavement thickness, and decreasing the 
minimum 7-day UCS are the main mitigation measures taken by most of the design 
agencies [19]. Nevertheless, lowering cement content would pose a durability problem. 
Hence, optimizing cement content is important and checking for shrinkage is as 
important as checking for strength. Therefore, the purpose of executing this test was to 
investigate the effect of the FA dosages in the blend of OPC+FA on drying shrinkage of 
CMRB. 

 There is no standard method for testing shrinkage of CMRB. It was decided to 
follow the same standards and testing methods for testing length change of concrete. 
ASTM C157 [20] and ASTM C490 [21] were both followed in this test. Some test 
requirements had to be adjusted to suit the use of CMRB materials instead of concrete 
for which the standards were designed. 

 Prismatic specimens with the dimension of 3 in. by 3 in. by 11 1
4�  in. (75 mm by 

75 mm by 285 mm) compacted to the same level of density as the CMRB cylinders 
were prepared. The 5.5 lbs. (2.495 Kg) proctor rammer was used to compact all the 
prisms except at the ends (The areas around the stud gauges), where compaction was 
done carefully with a 2 lbs. (907.2 g) hammer and a hard plastic mortar tamper. Two 
test specimens were prepared for each mixture. The tested mixtures had 40% FA 
dosages, and a pure cement mixture was made as a reference. 

Environmental leachate test 
The leaching characteristics of the blended material were evaluated using standard test 
method of Toxicity characteristic leaching procedure (TCLP). This test was performed by 
the Civil and Environmental Engineering Department at University of North Carolina at 
Charlotte (UNCC). Only a summary of the test results is presented here. 

The samples that were chosen to conduct this test were taken from the CMRB 
specimens after the UCS test was accomplished. The crushed CMRB specimens were 
kept in sealed bags until they were transported to UNCC. Five samples were selected to 
do the leachate test, the control sample (with 6% cement), and samples with 40% 
replacement by FA (A, B, C, and D FAs). Specimens with the highest tested 
replacement ratio were chosen because they represent the worst case in terms of 
leaching characteristics. 
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Results and Discussion 
Results of Phase I: 
Physical Properties of FAs: 
The specific gravity ranged from 2.19 to 2.26 for the four FAs. The moisture content for 
A FA was very low (0.3%) because it was collected directly from the power plant, 
whereas the moisture contents of the other ashes were high and ranged from 20% to 
28% because they were collected from the ponds where they had been stored.  

Based on laser diffraction test results (Figure 2), the FA portion of the bulk ash 
produced at the four investigated Duke Energy power plants was large (ranged from 
70% to 86%), based on particles size of 75 micron, indicating the possible utilization of 
large amount of the ponded ashes in future pavement rehabilitation projects. Among the 
tested FAs, D FA had the finest particles, according to the average particle diameter by 
mass (D50) shown in (Table 2), followed by B and A FAs. Whereas the size of C FA 
particles was much larger. This suggested better pozzolanic reactivity for D FA and 
similar performance for B and A FAs. These findings were supported by SEM images as 
will be shown. 

 
Table 2/ Average Particles Diameter by mass for the tested fly ashes 

FA Source A B C D 

D50 (micron) 27.39 24.85 44.32 22.60 
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Chemical Composition of FAs: 
XRF results are listed in (Table 3). As shown, the sum of the oxides (SiO2 + Al2O3 + 
Fe2O3) indicates that the minimum requirement of ASTM C618 [8] for both classes of 
FAs (C, F) was met. However, when examining the LOI values presented in the same 
table, only A, B, and D FAs met the requirement of the footnote of class F FA that 
permits the use of FAs with LOI values up to 12% when acceptable performance or 
laboratory test results are available [8]. Calcium Oxide percentage, on the other hand, 
was small for all FAs, which indicated low self-cementing properties. This suggested the 
incapability of using a high percentage of cement replacement with any of the tested 
FAs. 

The alkali content (Na2Oeq) was small (less than 2%) in all FAs. Additionally, as 
per ASTM C618 [8], the maximum percentage of Sulfur trioxide (SO3) for both class C 
and class F FAs is 5%, which was met by all the tested FAs. 

In order to assess the crystalline phases of FAs, XRD was performed and 
results are shown in (Figure 3). Once all crystalline phases were identified, the amount 
of amorphous was estimated. The amorphous structure accelerates the pozzolanic 
reactivity. The amorphous percentage was good for A and B FAs (averaged 64% and 
53%, respectively); whereas D FA was 45%. C FA, however, had the highest 
amorphous at 69%, but its LOI was also the highest at 20.54%. 
 
Table 3/ Chemical composition for the selected FAs. 

Oxide Unit A FA B FA C FA D FA 
Al2O3 (A) % 27.98 25.33 24.93 27.45 
CaO % 1.51 4.94 3.51 0.91 
Cr2O3 % 0.03 0.03 0.03 0.02 
Fe2O3 (F) % 8.17 8.12 13.86 6.71 
K2O % 2.34 2.33 1.87 2.11 
MgO % 1.12 1.21 1.36 0.98 
MnO % 0.02 0.02 0.02 0.04 
Na2O % 0.10 0.15 0.15 < 0.06031 
P2O5 % 0.25 0.19 0.27 0.30 
SiO2 (S) % 56.87 53.82 48.33 59.33 
SO3 % 0.35 2.66 4.52 0.88 
TiO2 % 1.26 1.20 1.15 1.26 
LOI % 7.46 6.03 20.54 8.82 
S+A+F % 93.02 87.28 87.12 93.50 
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Figure 3/ XRD results of a) A b) B c) C d) D fly ashes 

 
Examining the SEM images shown in (Figure 4), the majority of the particles are 

uniformly spherical. Some of the spheres show pores on the surface; these pores 
increase the surface area leading to a better chemical reactivity. Unburned carbon 
fragments (shown as dark irregularly-shaped particles) are present in all ashes 
(specifically C ash), which supports the high LOI% value shown in (Table 3). 

 
Characterization of base soil and RAP 
A well-graded soil with minimal amounts of clay and silt requires less cement content to 
produce a strong and durable recycled base layer. Whereas clayey soil or gap-graded 
soil requires more cement content to achieve the required strength and durability. 

The sieve analysis indicated that the test sample consisted of approximately 
35% coarser than No. 4 sieve (gravel size RAP particles), around 60% between No. 4 
and No. 200 sieves (sand size particles), and about 5% finer than No. 200 sieve (silt 
and clay particles).  

The classification of base soil according to AASHTO M145 [22] is A-1-b. The 
usual constituents of this type of soil are stone fragments, gravel and sand with non-
plastic or marginally plastic fines. This type of soil is excellent for subgrade materials. 
According to PCA guidelines [23], the minimum requirement for gradation of the bulk 

A FA B FA 

C FA D FA 
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pulverized materials for the portion passing No. 4 sieve was 55%, which was in 
compliance with the tested bulk materials. Also, RAP ratio was 35% of the tested blend 
of RAP and base soil. 

 
 

 

 
A FA 

 
B FA 

 
C FA 

 
D FA 

Figure 4/ SEM images for A, B, C, and D FAs. 

 
Results of Phase II: 
Phase II results are shown in (Table 4). 

Based on the SAI values, all FAs meet the minimum SAI specified by ASTM 
C618 [8], which is 75%. Therefore, it can be concluded that all FAs had pozzolanic 
reactivity with A and B FAs being more reactive than D and C FAs. 

The percentage increase of initial setting time, compared with control mixture, 
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was highest for 40% A FA mixture, while it was lowest for 20% D FA mixture. As for the 
final setting time, the percentage increase compared to the control was highest for 40% 
A and 40% B and lowest for 20% A and 20% C.  
 
Table 4/ SAI%, and setting time tests results. 

Mixture 
SAI, % Setting time, minutes 

At 7 days At 28 days Initial Final 

Control (pure Cement) 100 100 135 230 

20% A 106 110 168 240 

40% A -- -- 256 330 

20% B 105 102 220 290 

40% B -- -- 200 330 

20% C 97 96 203 240 

40% C -- -- 200 315 

20% D 92 98 135 270 

40% D -- -- 195 315 

 
 
 

Results of Phase III: 
The OMC% for the mixture with 6% cement content was 9.8%, while it was 10% for the 
cement/C FA blend (C FA was selected due to its higher LOI). The maximum dry density 
was 120 pcf (1922.2 Kg/m3) for both tested mixtures. So even with the maximum tested 
percent replacement, no significant FA effect on the OMC% of stabilized recycled base 
materials. Therefore, a moisture content of 10% was used for all mixtures. 

Examining the UCS results shown in (Table 5), mixtures with 3% binder ratio did 
not yield good strength. At higher binder ratio, however, and with 20% replacement, the 
strength of control mixture was nearly reached in the mixtures that contain B FA and D 
FAs. In terms of strength loss compared to control mixtures, B FA-containing mixtures 
had shown the least strength loss. 
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Table 5/ UCS results for all mixtures, psi (MPa) (1 psi = 0.0069 MPa) 

Binder 
(OPC+FA) 
content in the 
mix, % 

Cement 
replacement 
level in the 
binder, % 

Fly ash source 

A B C D 

3% 
0 190 (1.3) 
20 140 (1.00) 140 (1.00) 125 (0.86) 120 (0.83) 
40 100 (0.69) 120 (0.83) 95 (0.66) 90 (0.62) 

6% 
0 245 (1.69) 
20 225 (1.55) 230 (1.59) 230 (1.59) 235 (1.62) 
40 150 (1.03) 200 (1.38) 160 (1.10) 175 (1.21) 

9% 
0 450 (3.10) 
20 375 (2.59) 440 (3.03) 400 (2.76) 430 (2.96) 
40 305 (2.10) 305 (2.10) 295 (2.03) 300 (2.07) 

 
The better performance of B and D FAs can be credited to the low LOI value, 

the fineness of the particles, and the amorphous structure, all of which facilitated the 
pozzolanic activity. The SAI results also support the higher UCS of B FA containing 
mixtures since its value was the highest among other mixtures. 

Practically, UCS results are plotted in terms of cement content of 3, 6, and 9% 
as illustrated in the control curve in (Figure 5), then; the desired strength can be used to 
estimate the required cement content [15]. When inspecting the UCS values for the FA 
containing mixtures, as shown in (Figure 5 and Figure 6), it can be noticed that UCS of 
control mixtures (pure cement stabilization) were achieved using less cement in the FA 
blended mixtures. This would reduce the volume of cement consumed every year in 
road rehabilitation projects along with consuming a considerable amount of FA; which 
would greatly alleviate environmental complications. 

In order to further investigate this advantage, a mixture having 12% binder was 
prepared using 40% cement replacement ratio with A FA. This means that the cement 
content of this mixture is only 60% of the binder which equals to 7.2% cement content. 
The specimen was also cured for 28 days then tested for UCS. The result of UCS 
obtained was 570 psi (3.93 MPa), which was even higher than the 9% control sample’s 
strength of 450 psi (3.10 MPa). 
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Figure 5/ Comparison between UCS of control mixtures and 20% FA mixtures 

 
Figure 6/ Comparison between UCS of control mixtures and 40% FA mixtures 
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Looking at (Figure 5 and Figure 6), they clearly indicate a better performance of 

B FA among the other FAs. Additionally, it can be inferred that when using FA to replace 
cement (at either 20% or 40% replacement), about 4.5% cement content was the 
minimum to yield higher UCS than if cement alone had been used for stabilization (the 
average point where all curves in both figures intersect).  

The tested mixtures for durability were selected to have 6% binder ratio with 
40% cement replacement by each FA, In addition to the control mixture with 6% OPC. 
Results for weight loss from the wire brushing were about the same for all of mixtures 
(around 8%). There was no significant volume change in the specimens after 12 cycles 
of wetting and drying. For acceptable performance of CMRB in terms of durability, 
maximum weight loss limits were established based on soil classification [18]. For A-1 
soil, the limit is 14%, which is higher than all weight losses for the tested mixtures. Since 
the only replacement ratio tested here is 40% from a total of 6% binder, higher binder 
ratios are anticipated to yield good performance too in this test because of the small 
values of weight loss observed here. 

For the shrinkage test, comparator readings for length change were taken until 
no significant length changes were observed. All the results were plotted in terms of age 
of specimens and are shown in Figure 7. The results clearly show that the shrinkage 
was greatly reduced when cement was used for stabilization (control mixture), as it was 
reduced from 1535 µƐ for soil-only sample at 21 days to 785 µƐ. The FA containing 
mixtures samples had slightly higher shrinkage than cement stabilized samples. 
Samples with B and A FAs had shrinkage that was closer to the shrinkage of control 
samples (875 µƐ, and 895 µƐ respectively).  

 
 
 

 
Figure 7/ Drying Shrinkage Results 
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Results from TCLP tests showed that the measured concentrations of the tested 

elements, (Ag, As, B, Ba, Cd, Cr, Pb, Se), from both Methods ((US EPA Methods 1311 
and 1313 pH natural)), are less than the Resource Conservation and Recovery Act 
(RCRA) regulatory concentration limits and the hazardous waste screening criteria. 
Therefore, these fly ashes are considered safe from environmental pollution 
perspective. 

 
 

Conclusions 
Based on the results of the different phases of this study, the following conclusions are 
drawn: 

All fly ashes evaluated in this study, had shown pozzolanic reactivity. The SAI 
values at 7 and 28 days were higher than the minimum of ASTM C618 [8] for all FAs 
tested. The presence of FAs in the cementitious paste did prolong the setting time. 

As for the CMRB results, the inclusion of FA into the cement stabilized base soil 
caused a reduction in UCS. The higher the replacement ratio, the higher the strength 
drop. A strength drop of up to 51.3% was observed (in 40% D FA mixture). B FA 
mixtures demonstrated the lowest strength reduction among the other FA mixtures. The 
observed trend was the strength loss decreased as binder ratio increased for both 
replacement ratios (20% and 40%). 

Consequently, it can be inferred that by increasing the binder ratio and the 
cement replacement ratio, higher values of UCS can be reached at less cement content 
than if cement was used alone. This would help consume larger quantities of FAs 
reducing the environmental impacts the storage ponds have along with reducing the 
cement consumption rate.  

In terms of long-term performance, all the tested samples passed the wetting 
and drying durability test based on the recommendation of the PCA [18]. Moreover, The 
FA containing mixtures samples had slightly higher shrinkage than cement stabilized 
samples. Samples with B and A FAs had shrinkage that was closer to the shrinkage of 
control samples (875 µƐ, and 895 µƐ respectively compared to 785 µƐ for control at 21 
days).  

 
Recommendations 
Further testing is required for full characterization of all ashes used in this study. Only 
the FA portion used as SCM to replace cement in this study. It might be beneficial to test 
the potential of using the whole ash with cement to stabilize the blend of RAP and base 
soil. Furthermore, the only improvement that was applied to ash before using it was 
sieving it on No. 200 standard sieve and using the passing portion. It is recommended 
to apply other means of improvement such as grinding or burning to get rid of the high 
value of LOI%.  

The binder (cement with/without FA) was applied dry to the mixture of RAP and 
base soil. Some studies have shown properties improvement if the blend is introduced 
as slurry [18]. This is also beneficial in the field in order to reduce the airborne dust 
produced when mixing the dry cement with base soil.  

Different soil type should be investigated in order to study the effect of soil type 
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on the properties of CMRB specimens. Also, the effect of amount of RAP should be 
studied.  

Finally, this lab investigation should be followed by in-situ study in order to 
obtain more realistic performance of different types of base soils and RAP. 
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