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EXECUTIVE SUMMARY

PROJECT SUMMARY 

This research comprised of an experimental characterization of the material properties of 
recycled concrete aggregate (RCA) and residual cement mortar (RCM) in RCA. The material 
properties of the RCA and RCM studied include RCM content, as well as specific gravity and 
absorption of RCA and RCM. Using 100% virgin aggregate as control hot mix asphalt (HMA) 
mix, this study evaluated the effects of the RCA and/or RCM properties on the performance 
of HMA when RCA was used to partially replace the virgin aggregate (RCA-HMA). 

PROJECT BACKGROUND 

Aggregate is a major structural component of pavement and is typically obtained by mining 
and crushing natural stone. Each year, about 122 million tons of aggregates are used in 
asphaltic mixtures in pavement construction. At the same time, aging U.S. infrastructure 
produces around 200 million tons of demolition waste each year, half of which are concrete 
debris. Therefore, introducing RCA as HMA aggregate can not only relieve the disposal 
pressure but also result in considerable reductions of cost and environmental footprint in the 
paving industry. 

There are a limited number of studies regarding the use of RCA to substitute virgin aggregate 
in HMA. More importantly, the findings in the literature show very discrepant, sometimes 
even contradictory results regarding the effects of RCA on almost all the volumetrics and 
performance indicators of HMA. The discrepancy and contradiction in the findings have 
become a critical problem and obstacle that limit the use of RCA in HMA. 

Why do these studies have such  disparate and even contradictory findings? The research 
team believes that the answer relies on the fundamental difference between RCA and virgin 
aggregate. RCA is different from virgin aggregate mainly because RCA particles are fully or 
partially covered by an RCM layer, which has smaller specific gravity, larger porosity and 
absorption, lower modulus and strength, and different surface texture compared with natural 
aggregate. More importantly, the attached RCM in RCA obtained from different concrete 
sources could be significantly different in terms of age, composition, modulus, strength, 
porosity, surface texture, thickness, content, its distribution on RCA surface, and so on, due 
to the mix design, loading history, and environmental conditions of the concrete sources. 
Previous studies used the current HMA mix design procedure by only considering RCA 
substitution rates and gradation without considering the variation of RCA from different 
sources, not to mention the variation of the RCM within RCA. This might be the reason the 
findings in the literature on properties of RCA-HMA do not agree with one another.

The goal of this study has been to determine the characteristics of RCA and/or RCM and 
evaluate its effects on the volumetrics and performance indicators of RCA-HMA.

PROCESS 

RCAs from different sources were collected. Laboratory characterization of the properties 
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of the RCA and RCM was conducted, including RCM content, specific gravities of RCA and 
RCM, and absorptions of RCA and RCM. Using 100% virgin aggregate for the fabrication 
of the control HMA mix, RCA was used to replace each one of the three size groups of the 
virgin aggregate in the control HMA mix—4.75–9.5mm, 9.5–12.5mm, and 12.5–19.1mm—
to fabricate specimens of RCA-HMA mixes. With this method in mind, the gradation of the 
RCA-HMA could be controlled the same as for the control HMA mix. The optimum binder 
content (OBC) of the control HMA mix and the RCA-HMA mixes was then determined. 
Following this, the performance of the control HMA mix and the RCA-HMA mixes was 
evaluated in terms of resistance to permanent deformation through the Hamburg wheel 
tracking test (HWTT) and the moisture damage susceptibility through tensile strength 
ratio (TSR) test. Finally, relationships between the properties of the RCA and RCM and 
performance indicators of the HMA and RCA-HMA were analyzed. 

FINDINGS 

1. There are significant variations in terms of specific gravity, absorption, and RCM 
content among different sources of RCA. The specific gravity and absorption of RCM 
from different sources vary significantly as well. These variations also exist among 
different size groups of the RCA from the same source. The variation of the RCA 
properties is mainly due to the variations of the RCM contents and RCM’s absorption. 
This finding suggests that  only considering the replacement rate and gradation of 
RCA without considering properties of  RCM is not sufficient in the RCA-HMA mix 
design and the study of the RCA-HMA performance.

2. The variation of the RCA and RCM properties has effects on the performance of 
the RCA-HMA in terms of OBC, VMA, VFA, resistance to permanent deformation, 
and moisture damage susceptibility. Generally, the OBC increased, the resistance 
to permanent deformation was reduced, and the moisture damage susceptibility 
improved after RCA replacement.

3. The OBC increment of the RCA-HMA compared with the control HMA has good 
correlation with the RCM addition rate and the absorption due to RCM addition. There is 
a clear trend that the OBC increment increases with the increases of RCM addition rate 
and the absorption due to RCM addition. For the materials used in this study, the OBC 
increment increases linearly with the RCM addition rate until about 6% and then levels 
out. The OBC increment almost increases linearly with the increase of the absorption 
due to RCM addition. However, the RCA replacement rate and the absorption due to 
RCA replacement do not show a clear trend with respect to the OBC increment. The 
results of this study also demonstrate that there is a stronger correlation between the 
VMA increments and the RCM addition rates rather than between the VMA increments 
and the RCA replacement rates. Similarly, there is a stronger correlation between the 
VFA increments and the RCM addition rates than between the VFA increments and 
the RCA replacement rates. These results indicate that solely considering the RCA 
replacement rate is insufficient for characterizing the volumetrics of RCA-HMA. RCM 
plays a more critical role in the mix design of RCA-HMA.

4. The resistance to permanent deformation characterized by the rutting depth at 12,000 
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loading cycles in HWTT has good correlation with the RCM addition rate and absorption 
due to RCM addition. There is a clear trend that the rutting depth at 12,000 loading 
cycles in HWTT increases with the increase of RCM addition rate and the absorption 
due to RCM addition. However, the RCA replacement rate and the absorption due to 
RCA replacement do not show a clear trend with respect to the rutting depth at 12,000 
loading cycles in HWTT.

5. The moisture damage susceptibility characterized by the TSR has good correlation 
with the RCM addition rate and the absorption due to RCM addition. The change of 
the TSR after RCA addition tends to reduce with the increase of RCM addition rate 
and the absorption due to RCM addition. However, the RCA replacement rate and 
the absorption due to RCA replacement do not show a clear trend with respect to the 
TSR change.

6. The results of this study indicate that information of the RCM properties, such as the 
RCM content, specific gravity and absorption of the RCM, are critical for the prediction 
of the RCA-HMA properties such as OBC, VMA, VFA, resistance to permanent 
deformation, and moisture damage susceptibility. Information regarding the RCA 
properties such as RCA replacement rates and gradation, which have been used in 
previous studies, are not sufficient for these predictions. The nature of the RCM in 
the RCA must be characterized and controlled when studying the performance of the 
RCA-HMA mixture and when using RCA for the production of the HMA in practice.

RECOMMENDATIONS

1. RCA replacement rate is not a good indicator of the volumetrics and performance of 
RCA-HMA. Using RCA replacement rate as a RCA-HMA mix design control parameter 
or criterion is not recommended.

2. Since the RCM content can be closely related to the volumetrics, resistance to 
permanent deformation, and moisture damage susceptibility of the RCA-HMA, it is 
recommended that the RCM content should be monitored and controlled in the RCA-
HMA mix design. A criterion setting out the RCM content upper limit based on local 
materials ought to be determined through further extensive experimental study. As 
long as the RCM content is controlled below some criterion, the performance of RCA-
HMA can be well controlled. Based on the results of this study, further research on 
potential ways to control RCM content within RCA, both practically and effectively, 
may become a viable way for using RCA in HMA.

3. The results of this study show that the OBC will be increased after the addition of the 
RCA compared with the OBC of 100% virgin aggregate mix. However, the increase of 
the OBC could be detrimental to the resistance to permanent deformation of the RCA-
HMA based on the results of this study. It is recommended to control the absorption 
increment due to addition of the RCA through the control of RCM addition rate, in 
order to control the OBC increment.  
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I. INTRODUCTION

BACKGROUND

Aggregate is a major structural component of infrastructure and is typically obtained by 
mining and crushing natural stone. Based on the estimation of the U.S. Geological Survey 
(USGS), there were 931 million metric tons of sand and gravel, worth $7.2 billion, produced 
in 2015,1 of which around 13.1% or 122 million tons were used in asphaltic mixtures in 
pavement construction.2 The procurement of quality construction aggregate requires mining, 
quarrying, crushing, and transporting natural earth materials, which not only consumes 
a substantial amount of energy but also releases large amounts of greenhouse gases. 
Increased environmental awareness and sustainable development have limited the quarrying 
areas of virgin aggregate, which makes it more attractive to use recycled materials instead 
of virgin aggregate. Currently, recycled asphalt pavement (RAP) is the major source material 
for the substitution of virgin aggregate for the production of asphaltic mixtures, of which the 
majority is hot mix asphalt (HMA). However, due to field performance considerations such as 
fatigue cracking and thermal cracking, especially regarding the uncertainty of the long-term 
performance of HMA, the substitution ratio of virgin aggregate with RAP in HMA is limited to 
25% or less for most of the transportation agencies. Therefore, an alternative source for the 
substitution of virgin aggregate in HMA is of extreme importance to both the transportation 
agencies and to society.

At the same time, aging U.S. infrastructure produces around 200 million tons of demolition 
waste each year, half of which are concrete debris.3 Disposing this waste in landfills has been 
a longstanding solution. However, more restrictive environmental regulations, increasing 
costs, and limited landfill areas have constrained safe disposal of this waste. These problems 
have led to a search for alternative ways of reusing demolition waste through recycling.

Recycled concrete aggregate (RCA), which can be used to substitute for virgin aggregates, 
is produced by crushing the demolished concrete debris after removing the embedded 
reinforcement, and then sieving to an appropriate aggregate size.4 Recycled concrete has 
been found to be a good source of construction materials. Recycling of concrete waste 
not only could be a solution of waste disposal problem, but it could also reduce the need 
for quarrying virgin aggregate. However, based on USGS, although recycling of concrete 
waste increased from 2011 to 2015, this only constitute a small percentage of aggregate 
consumption.5 One of the reasons is that so far, the use of recycled concrete has been 
limited to the construction of concrete structures (rigid pavements, buildings, and runways) 
or as a granular layer of pavement base/subbase.6 Although recycled concrete may be used 
in the construction of base and/or subbase layers of pavements, the more cost effective 
and sustainable way of recycling concrete is to use it in the HMA surface layers, as these 
layers are the most expensive and carry the most environmental footprint among all layers 
of asphaltic pavement. Therefore, introducing RCA as HMA aggregate could not only relieve 
the disposal pressure of the demolition waste but also result in considerable reductions in 
cost, energy usage, and greenhouse gas emission in the asphalt paving industry.
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CURRENT STUDY AND PROBLEMS

There are limited studies regarding the use of RCA to substitute virgin aggregate in HMA 
(RCA-HMA). More importantly, the findings show very discrepant, even contradictory results 
regarding the effects of RCA on almost all the volumetrics and performance indicators of 
HMA. Some studies have indicated that the Voids in Mineral Aggregate (VMA) and Voids 
Filled with Asphalt (VFA) decrease with the increase of the RCA percentage,7 while others 
have found a contrary trend.8 It was reported that the moisture damage resistance of RCA-
HMA decreased with the increase of RCA substitution rate,9 while other studies10 observed 
contradictory results. As for stiffness, some studies11 obtained lower resilient moduli or dynamic 
moduli of RCA-HMA comparing with conventional HMA mixtures which are contradictory to 
those reported by other researchers.12 Similarly, some studies have indicated that RCA-
HMA mixtures had comparable or better resistance to permanent deformation,13 while others 
have found that an increase in the RCA percentage resulted in a decrease of the resistance 
to permanent deformation.14  

Although studies agree that using RCA in HMA tends to increase the optimum binder content 
(OBC)15 and result in similar or better resistance to fatigue cracking16 and thermal cracking,17 
the significance of the effect of RCA substitution rate on these factors obtained by various 
studies are very different. 

Since the volumetrics and performance indicators of HMA mixtures are extremely important 
for their field performance, the discrepancy and contradiction in the findings of the literature 
have become a critical problem and obstacle that limits the use of RCA in HMA.

Why do these studies have such greatly divergent and even contradictory findings? The 
research team believes that the answer is due to the fundamental difference between RCA 
and virgin aggregate. RCA is different from virgin aggregate mainly because RCA particles 
are fully or partially covered by an RCM layer (as shown in Figure 1), which has smaller 
specific gravity, larger porosity and absorption, lower modulus and strength, and different 
surface texture comparing with the natural aggregate.18 The properties and performance 
of HMA are affected by the interaction of its constituents. When using RCA in HMA, the 
attached RCM on the surface of RCA from different concrete sources could be significantly 
different in terms of age, composition, modulus, strength, porosity, surface texture, thickness, 
content, and distribution, etc., due to the mix design, loading history, and environmental 
conditions of source concrete, and RCA producing process. Almost all previous studies used 
the current HMA mix design procedure by only considering RCA substitution rate without 
considering the variation of RCA from different sources, not to mention the variation of the 
RCM within RCA. This might be the reason for the contradictory findings in the literature on 
the properties of RCA-HMA. 
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Figure 1. RCA and Schematic of HMA With and Without RCA

The assumption that the variation of the RCM within RCA plays a critical role in the 
properties of RCA-HMA could be indirectly validated by other researchers. In the literature, 
some researchers19 indicated that using RCA as a filler, fine fraction, or coarse fraction 
can have different effects on the resilient modulus of RCA-HMA. Other studies20 have 
also reported different effects on the resistance to permanent deformation when using 
RCA to substitute coarse or fine fractions of the virgin aggregate in HMA. This could be 
because the contents and distributions of the RCM in coarse and fine RCAs are different. 
It was reported that for different sources of RCA and different particle size fractions of 
RCA of the same source, both the RCM content and their distribution are quite different.21 
Therefore, it could be misleading to only consider how the RCA substitution rate affects 
the HMA properties without looking at the details of RCM attached on the surface of RCA. 
The nature of the RCM in the RCA could play a critical role and must be considered when 
study the performance of the RCA-HMA mixture. Up until now, however, there have been 
no reported studies correlating RCM properties, such as RCM content, absorption, and 
addition rates, etc. with the properties of RCA-HMA.

OBJECTIVES

The objective of this study is to determine the characteristics of RCA and RCM, such as RCM 
content, specific gravity, and absorption, and to evaluate their effects on the volumetrics 
and performance indicators of RCA-HMA. Based on laboratory evaluation results of raw 
materials (RCA and virgin aggregate) and mixtures (HMA and RCA-HMA), this study intends 
to identify the trend of RCA-HMA performance and understand the mechanism behind this 
trend, in order to provide a quality control guideline for RCA-HMA. The major difference 
between this study and previous research is that RCM’s properties has been experimentally 
characterized and correlated with the performance of RCA-HMA. 
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II. MATERIALS AND EXPERIMENTS

This section discusses the materials used and the experiments conducted in this study.

MATERIALS

This study used materials which are locally available and commonly used for highway 
construction at Fresno and Chico, California, including recycled concrete aggregate (RCA), 
asphalt, and virgin aggregate.

Recycled Concrete Aggregate (RCA)

One of the objectives of this study is to investigate the variation of properties of RCAs from 
different concrete sources. However, RCA plants typically crush mixture of demolished 
concrete from all available sources without separation. Therefore, typically in practice, the 
source concrete of RCA cannot be controlled. It depends on what is under demolition and 
available in the local area. It is more meaningful in engineering practice to investigate the 
variation of RCA properties sampled at different dates and from different sources. To this 
end, this study used some RCA samples with well controlled sources but limited quantities 
and some samples without detailed source concrete information but with adequate supply. 
To study the variation of the RCA properties from different sources, four RCA sources were 
obtained. These are 1) RCA from the Knife River Construction, Chico Plant, Chico, CA 
sampled in December 2018, which will be referred as “Chico RCA 2018” hereafter; 2) RCA 
from the same plant (Knife River Construction, Chico Plant) at Chico, CA sampled in March 
2019, which will be referred as “Chico RCA 2019”; 3) RCA from a demolished 50-year old 
bridge at Fresno, CA, as shown in Figure 2, which will be referred as “50-Year Bridge RCA”; 
and 4) RCA from the crushed concrete cylinders with several months’ age for a recent bridge 
pour as shown in Figure 3, which will be referred as “Recent-Bridge-Pour RCA”. The reason 
that the Recent-Bridge-Pour RCA was incorporated into the study is that in practice this 
source concrete was recycled to produce RCA together with other demolished concrete.

Figure 2. RCA from Demolition of a 50-Year-Old Bridge
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Figure 3. Concrete Cylinder for a Recent Bridge Pour Project

Asphalt

The asphalt binder was collected from the Knife River Construction and supplied by Pacific 
Northwest Oil. The performance grade of the asphalt binder is PG 64-16. Based on the 
temperature-viscosity chart, the recommended mixing temperature range is 155–161°C 
(311–322°F) and the compaction temperature range is 143–148°C (289–298°F). In the 
laboratory, the mixing and compaction temperatures used are 160°C and 148°C, respectively.

Virgin Aggregate

The virgin aggregates were collected from Knife River Construction, Orland Plant. Five sizes 
of virgin aggregates were collected as 19.1mm (3/4’’) Crushed, 12.5mm (1/2’’) Crushed, 
9.5mm (3/8”) Crushed, Crushed Dust, and Washed Crushed Dust. Since the objective of this 
study is to investigate the effects of RCA on the performance of the RCA-HMA, the effects of 
gradation on the performance of mixtures need to be excluded. Therefore, it was determined 
that different sizes of RCA was used to replace the corresponding sizes of virgin aggregates 
in order to maintain the same gradation after RCA replacement. To this end, the coarse 
virgin aggregates and the RCA were dried and sieved into each size group of 12.5–19.1mm, 
9.5–12.5mm, 4.75–9.5mm, and <4.75mm and stored in different buckets for future use. 

EXPERIMENTS

Experiments for RCA and RCM

This section discusses the experiments used for the characterization of RCA and RCM 
properties/parameters, as listed in Table 1. The properties/parameters include RCM content, 
specific gravity of RCA and RCM, and absorption of RCA and RCM. Since the RCM’s 
content and its distribution among different RCA particle sizes could be different,22 the RCAs 
from different sources were separated into four size groups: <4.75mm, 4.75–9.5mm, 9.5–
12.7mm, and 12.7–19.1mm. Preliminary literature23 indicates that the <4.75mm group of 
RCA is mainly composed of RCM and aggregate with high absorption. It is uneconomical 
to use this fine RCA fraction to replace corresponding virgin fine aggregate in HMA.24 RCA 
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properties/parameters were measured for each fraction of each source of RCA, as shown 
in Table 1. 

Table 1. Experiment Matrix for RCA and RCM
RCA Source Fraction Parameter

Source I; 
Source II; 
Source III;
Source IV

4.75–9.5 mm; 
9.5–12.7 mm; 
12.7–19.1 mm.

RCA: Specific Gravity;
Absorption;
RCM: Content, 
Specific Gravity,
Absorption.

Due to the relatively small portion of RCM within RCA and the difficulty of separating RCM 
from RCA, it is not practical to quantify the RCM properties/parameters directly. Since 
RCA is a mixture of original natural aggregate and RCM, in this study, the RCA properties/
parameters were measured directly and the RCM properties/parameters were calculated 
from RCA parameters and the measured RCM content. 

(1) RCM Content

The RCM content in RCA was determined using method developed by Abbas et al.25 
for its convenience and accuracy. It can separate the residual cement mortar from the 
original natural aggregate in RCA  by the following procedure: 1) oven dry representative 
sample for 24 hours at 105°C, and take the mass; 2) submerge oven-dried sample in 
a 26% by weight sodium sulphate solution for 24-hour; 3) RCA submerged in sodium 
sulphate solution experiencing five cycles of freezing and thawing, where each cycle 
includes 16-hour freezing at -17°C and 8-hour thawing at 80°C; 4) drain solution, 
wash sample with tap water through No. 4 (4.75mm) sieve; and 5) oven dry aggregate 
retained on No. 4 sieve for 24-hour at 105°C, and take the mass. The RCM content 
is then determined by Equation (1). Detailed procedure can be found in references.26

         (1)

where: Mi = initial oven-dry mass of RCA sample before test (g);
 Mf = final oven-dry mass of RCA sample after experiencing freezing-thawing 

cycles while submerged under sodium sulfate solution;
 (2) Specific Gravity and Absorption of RCA and RCM 

The specific gravity and absorption of RCA were measured directly following AASHTO 
T-84 (Standard Method of Test for Specific Gravity and Absorption of Fine Aggregate) 
for fine aggregate and AASHTO T-85 (Standard Method of Test for Specific Gravity 
and Absorption of Coarse Aggregate) for coarse aggregate. After the RCM is removed 
from RCA using the method developed by Abbas et al. (introduced previously), the 
specific gravity of the original natural aggregate in RCA without RCM can be mea-
sured directly following AASHTO T-84 and AASHTO T-85. Then, the specific gravity 
and absorption of RCM can be calculated. 
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The absorption of the blended materials is simply the weighted average of the absorp-
tion of the components.27 Therefore, the absorption of the RCM can be calculated 
from absorption of the RCA and the absorption of the aggregate after removing RCM 
by Equation (2): 

        (2)

where: ARCM = absorption of RCM;
p = RCM content;
ARCA = absorption of RCA;
Aagg = absorption of original natural aggregate.

The blended specific gravity of a mixture is not the weighted average of ingredients, 
but it can be calculated with Equation (3):28

         (3)

Then the specific gravity of the RCM can be calculated with specific gravity of RCA, 
specific gravity of aggregate after the RCM was removed, and the RCM content by 
Equation (4):

       (4) 

where:   Gsb,RCM = specific gravity of RCM;

  p = RCM content;
  Gsb,RCA = specific gravity of RCA;
  Gsb,agg = specific gravity of original natural aggregate

Experiments for HMA and RCA-HMA

This section discusses the experiments carried out for the characterization of HMA and 
RCA-HMA properties. The experimental design and HMA performance indicators are 
listed in Table 2, considering the following two factors. One factor is RCA substitution 
rate: the substitution will be limited to one of the three coarse particle size groups, i.e., 
4.75–9.5mm, 9.5–12.7mm, or 12.7–19.1mm, with 100% RCA replacement, but maintain 
other size of particles with 100% virgin aggregate and keep the gradation the same as the 
control mix.  The other factor is HMA Performance indicators: three generally accepted 
HMA performance indicators, i.e., volumetrics, resistance to permanent deformation, and 
moisture damage susceptibility; the fine particle size RCA (<4.75mm) was not considered 
for usage because of its greater RCM content and larger surface area, which would result 
in an uneconomical high OBC.29
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Table 2. Experiment Matrix for Performance of HMA and RCA-HMA
HMA Mixture RCA Substitution Rate (%) HMA and RCA-HMA Performance Indicator

Caltrans 3/4” HMA 
Type A 

100% substitution: one of the 
particle size groups

4.75–9.5mm;  
9.5–12.7mm;  
12.7–19.1mm.

• Volumetrics (VMA, VFA, OBC);
• Resistance to Permanent Deformation (HWTT);
• Moisture Damage Susceptibility (TSR);

Note: VMA: mineral aggregate content; VFA: voids filled with asphalt content; OBC: optimum binder content; HWTT: 
Hamburg wheel tracking test; TSR: tensile strength ratio.

(1) Mixture design and volumetrics (VMA, VFA, and OBC)

The control HMA and RCA-HMA mix design followed AASHTO R-28 and M-323 to 
determine OBC. The VMA and VFA was calculated based on mix design results.

(2) Resistance to permanent deformation (HWTT)

The Hamburg wheel tracking test (HWTT) was used to characterize the resistance to 
permanent deformation following AASHTO T-324 standard. The HWTT has been used 
for laboratory evaluation of the rutting and moisture damage properties of asphaltic 
mixture. A HWTT device uses a rolling steel wheel across the surface of asphaltic 
mixture specimen which can simulate field traffic loading, as shown in Figure 4. With 
the increase of the loading cycles, the rutting depth will be recorded. It has been 
reported that the HWTT results could be correlated well with field rutting and moisture 
damage performance.30 In this study, the temperature was controlled at 50°C during 
HWTT. A target air void level of 7% (±1)% was used for specimen fabrication.

Figure 4. HWTT Equipment and Test Setup
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(3) Moisture damage susceptibility (TSR)

Tensile strength ratio (TSR) was used as an indicator of moisture damage susceptibility. 
The TSR tests were performed following AASHTO T-283. Test specimens were fabricated 
to an air void level of 7% (±1%) to simulate field condition at early pavement service age 
after construction. 

The TSR test involved conditioned and unconditioned specimens. Conditioned 
specimens, referred as “wet specimens” hereafter, underwent a simulated freeze-thaw 
cycle before being tested. Its indirect tensile (IDT) strength is referred as “wet strength.” 
The conditioned specimens were first vacuum saturated with water to achieve a degree 
of saturation between 70% and 80%. Then, the specimens were frozen for 18 hours at 
-18°C. Following the freeze-cycle, the specimens were placed in a 60°C water bath to 
thaw for 24 hours. The unconditioned specimens, referred as “dry specimens” hereafter, 
did not undergo freeze-thaw cycle before being tested. Their IDT strength is referred 
as “dry strength” in this study. All specimens were placed in a room-temperature water 
bath for two hours prior to testing to ensure thermal equilibrium. The average TSR value 
was then calculated for the specimens by comparing the IDT strength of the conditioned 
specimens to that of the unconditioned specimens. The equipment used for the TSR test 
is shown in Figure 5.

Figure 5. TSR Test Equipment
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III. RESULTS AND ANALYSIS

The results and analysis will be separated into 1) results of RCA and RCM characterization, 
2) results of HMA and RCA-HMA characterization, and 3) relationship between RCA/RCM 
properties and HMA/RCA-HMA properties.

CHARACTERIZATION OF RCA AND RCM

The material properties used for the characterization of RCA and RCM include RCM content, 
specific gravity, and absorption. As discussed previously, to identify the variations of RCM 
content, specific gravity, and absorption among different RCA sources and RCA particle 
sizes, the measurements were conducted for different sources and size groups, namely: 
4.75–9.5mm, 9.5–12.7mm, and 12.7–19.1mm. 

RCM Content

Table 3 and Figure 6 show the RCM contents of RCAs from different sources for the three 
size groups. 

Firstly, the average RCM contents of RCAs from different sources show large variation, 
even for the RCAs from the same plant but sampled at different times (Chico RCA plant 
sampled in December 2018 and March 2019). The average RCM content of all size groups 
for Chico RCA plant sampled in December 2018 and March 2019, and the Recent-Bridge-
Pour RCA are 27.3%, 35.1%, and 49.9%, respectively, which is comparable with the RCM 
content ranging from 23% to 41% in the literature.31 The reason that the Recent-Bridge-Pour 
RCA has a very high RCM content (49.9%) is possibly because that the age of the source 
concrete is less than one year and the cement paste has not gained sufficient strength yet. 
This indicates the significant variation of RCM contents of RCAs from different sources, at 
different concrete ages, and even from the same plant but sampled at different times. In 
practice, the source concrete of the RCA could be a mixture from any demolishing projects 
available. Although particle size distribution of the RCA can be well controlled, the plant does 
not control the RCM content.

Secondly, the results clearly indicate that the RCM contents are reducing with the increase 
of the particle size for all the RCAs from different sources used in this study. For the same 
RCA source, the difference in RCM contents between relatively fine particles (4.75–9.5mm) 
and relatively coarse particles (12.7–19.1mm) can be as large as 21.5% (17.4%–21.5% for 
the RCAs tested in this study). The variation of the RCM contents for the same size groups 
but sampled at different times (in December 2018 and March 2019) from the same plant are, 
respectively, 6.7%, 5.7%, and 10.8% for 12.5–19.1mm, 9.5–12.5mm, and 4.75–9.5mm size 
group. This indicates that the variation of the RCM contents is larger for smaller particle sizes 
than for larger particle sizes from the three different sources. These results establish the 
significant variation of the RCA properties in terms of RCM contents among different particle 
size groups, even when they are processed by the same plant.
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Table 3. RCM Content for Different Size Groups of RCAs from Different Sources
RCA Source Group Size (mm) RCM Content Average

Chico RCA 2018
4.75–9.5 36.1%

27.3%9.5–12.5 27.1%
12.5–19.1 18.7%

Chico RCA 2019
4.75–9.5 47.0%

35.1%9.5–12.5 32.8%
12.5–19.1 25.5%

Recent-Bridge-Pour RCA
4.75–9.5 60.1%

49.9%9.5–12.5 50.7%
12.5–19.1 39.0%

Figure 6. RCM Content for Different Size Groups of RCAs from Different Sources 

Specific Gravity and Absorption of RCA and RCM

As previously discussed in section “Experiments for RCA and RCM”, the specific gravity 
and absorption of RCA and the original aggregates (after the RCM was removed from the 
RCA) were measured directly following AASHTO T84 and AASHTO T85. Then, the specific 
gravity and absorption of the RCM were calculated. The results for the specific gravities 
and absorptions of RCA, original aggregate in RCA (after removing RCM), and RCM from 
different sources are summarized in Table 4. 
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Table 4. Specific Gravity and Absorption Test Results of RCA

RCA 
Source

Group 
Size 
(mm)

RCM 
Content Average

Specific Gravity Absorption

RCA

Agg. 
(after 

remove 
RCM)

RCM RCA

Agg. 
(after 

remove 
RCM)

RCM

Chico RCA 
2018

4.75–9.5 36.1%
27.3%

2.323 2.499 2.013 6.5% 3.4% 12.0%

9.5–12.5 27.1% 2.386 2.553 1.938 5.0% 3.0% 10.4%

12.5–19 18.7% 2.415 2.525 1.938 4.5% 3.0% 11.0%

Chico RCA 
2019

4.75–9.5 47.0%
35.1%

2.234 2.533 1.896 7.3% 3.1% 11.9%

9.5–12.5 32.8% 2.294 2.500 1.870 5.9% 3.4% 11.0%

12.5–19 25.5% 2.321 2.497 1.806 5.5% 3.5% 11.4%

Recent- 
Bridge- 
Pour RCA

4.75–9.5 60.1%
49.9%

2.202

n/a

9.5–12.5 50.7% 2.291
12.5–19 39.0% 2.362

50-year 
Bridge 
RCA

4.75–9.5
n/a

2.261
9.5–12.5 2.361
12.5–19 2.443

Figure 7 shows the specific gravities of RCAs from four different sources. It can be seen 
that the specific gravities show large variation from 2.202 to 2.443 (which is comparable 
with a typical range of the RCA specific gravities from 2.31 to 2.42).32 This indicates the 
significant variation of the specific gravities of RCAs from different sources. The results 
also show that the specific gravities increase with the increase of the particle size for the 
four RCAs from different sources. 

Figure 7. Specific Gravity for Different Size Groups of RCAs from Different Sources

The specific gravity results for the RCA samples of Chico RCA 2018 and Chico RCA 2019 
are shown in Figure 8. 

Firstly, the specific gravities of Chico RCA 2018 and Chico RCA 2019 increase with the 
increase of the particle size. However, for the same particle size group, the specific gravities 
of RCAs sampled at different times (Chico RCA 2018 and Chico RCA 2019) are very different, 
even though they are sampled from the same plant. Again, this establishes the significant 
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variation of the RCA properties even when they are processed by the same plant, since the 
source concrete of the RCA could be a mixture from any demolishing projects available. 

Secondly, the specific gravities of the aggregate after the RCM was removed are consistent 
with small variation, regardless of the size groups or sampling time (December 2018 or 
March 2019). The average specific gravity is 2.518 with a standard deviation of 0.023, which 
is shown as the red line in Figure 8. The specific gravity of the aggregate after removing 
RCM is much larger than that of the RCA and RCM.

Thirdly, the specific gravities of RCA are increasing with the increase of the particle size 
groups, due to the reducing RCM contents as shown in previous section. 

Lastly, the specific gravities of the RCM from RCA sampled in December 2018 are relatively 
consistent with an average of 2.043 and a standard deviation of 0.021. The specific gravities 
of the RCM from RCA sampled in March 2019 are relatively consistent, as well, with an 
average of 1.952 and a standard deviation of 0.025. However, the average specific gravities 
of the RCMs from RCAs sampled in December 2018 and March 2019 show a difference of 
0.090, which indicates the variation of the RCM properties even they are sampled from the 
same plant. This variation is shown as the blue line and green line in Figure 8. 

The results of the specific gravities of RCAs, original aggregates, and RCMs for Chico (2018) 
and Chico (2019) are possible given that different sources of concrete used to produce 
RCAs were made with typical source aggregates available in the local area. Their properties 
were quite consistent. However, the properties of the RCM could vary significantly due to 
source concrete mix design. 

Figure 8. Specific Gravity of RCA, Agg. (after removing RCM), and RCM for Chico 
RCA Sampled at Different Time

As shown in Figure 9, the absorptions for different particle sizes from different RCA sources 
ranges from 4.5% to 7.3%, which is comparable with a range found in the literature (3.3% 
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to 5.4%),32 considering the large variation in RCA properties. The absorptions of the RCA 
decrease with the increase of the particle size. For the same size group, the absorptions of 
the RCA sampled in December 2018 and March 2019 also show discrepancies. However, 
the absorption of the original aggregate after removing RCM and the absorption of the 
RCM are consistent with small variation, regardless of the size groups or the sampling time 
(December 2018 or March 2019). The average absorption of the original aggregate after 
removing RCM is 3.2% with a standard deviation of 0.2%, and the average absorption of the 
RCM is 11.3%, with a standard deviation of 0.6%, which are shown as the green line and the 
red line, respectively, in Figure 9. The possibility of relative consistent absorption in the original 
aggregates and RCMs can be due to similar source aggregate used to produce concrete. 
However, the absorptions of the RCAs for the same size group sampled in December 2018 
and March 2019 show discrepancy, due to variation of the RCM contents and its properties. 
This results also shows the importance of the RCM content on RCA properties. 

It can be seen from Figures 8 and 9 that both the specific gravities and absorptions of the 
aggregate after the RCM was removed are consistent for RCAs sampled at different times, 
possibly due to the consistency of the locally available aggregates. However, for the RCAs 
sampled at different time from the same plant, although both the RCM contents (Figure 6) 
and specific gravities of the RCMs (Figure 8) show large discrepancies, the absorptions of 
the RCMs do not show significant variation, as shown in Figure 9 by the red line.     

Figure 9. Absorption of RCA, Agg. (after removing RCM), and RCM for Chico RCA 
Sampled at Different Time

Since the specific gravities and absorptions of the original aggregate in RCA are consistent 
with each other, while the RCM contents and its properties being drastically different, we 
can conclude that the variation of the RCA properties is mainly due to the variations of the 
RCM contents and its properties. This conclusion indicates that RCA replacement rates and 
gradations are unsuitable for studying RCA-HMA performance. These results partially verify 
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the hypothesis that the nature of the RCM in the RCA can play a critical role in RCA-HMA 
performance and invites investigation on how RCM properties affect RCA-HMA performance.

CHARACTERIZATION OF PERFORMANCE OF HMA AND RCA-HMA

Mixture Design

The mixture design was carried out following the Superpave HMA mixture design procedure, 
using 100% virgin aggregate as the control mix. 

 (1) Virgin Aggregate Properties

The sieve analysis results of the five size virgin aggregates from plant stockpiles are 
shown in Table 5. 

Table 5. Gradation Results for Virgin Aggregates 
Sieve Analysis (% Passing)

Materials Size (mm) 19.1 12.5 9.5 Crushed Dust Washed Crushed Dust
25.4 100.0 100.0 100.0 100.0 100.0
19.1 88.0 100.0 100.0 100.0 100.0
12.5 3.3 70.9 99.9 100.0 100.0
9.5 1.5 21.4 97.6 100.0 100.0
No.4 0.8 2.0 20.9 98.6 96.7
No.8 0.6 1.2 5.0 75.0 68.0
No.16 0.6 0.8 2.7 54.5 44.9
No.30 0.6 0.8 2.0 40.7 29.7
No.50 0.5 0.7 1.6 30.1 18.1
No.100 0.4 0.6 1.1 21.9 8.5
No.200 0.37 0.50 0.80 16.81 3.42

Since this study needs to investigate the replacement of different sizes of virgin 
aggregates with the corresponding sizes of RCA, the coarse virgin aggregates were 
dried and sieved into different size groups and stored in different buckets for future use. 
The bulk specific gravity and water absorption of coarse virgin aggregates were tested 
following AASHTO T85, and the results are shown in Table 6. It can be seen that the 
specific gravities of particles of the same size group but sieved from different stockpiles 
are slightly different but within normal variations. 
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Table 6. Bulk Specific Gravity and Water Absorption of Coarse Aggregates 

Resources 19.1mm 
Crushed

19.1mm 
Crushed

12.5mm 
Crushed

12.5mm 
Crushed

12.5mm 
Crushed

9.5mm 
Crushed

Aggregate Size (passing) 19.1mm 12.5mm 12.5mm 9.5mm No.4 No.4
Bulk, Gsb 2.823 2.776 2.763 2.737 2.697 2.671
Apparent, Gsa 2.888 2.865 2.851 2.837 2.826 2.808
Bulk in SSD, Gsb, SSD 2.845 2.807 2.794 2.773 2.742 2.720
Absorption (%) 0.80 1.11 1.12 1.28 1.69 1.83

The fine aggregates from the crushed dust stockpile and the washed crushed dust 
stockpile were dried, sieved, and combined into different size groups of No. 8 through 
No. 200 and <No. 200. The bulk specific gravity and water absorption of the No. 8 through 
No. 200 size group were measured following AASHTO T84. The fines of <No. 200 size 
group were tested to determine the apparent specific gravity following AASHTO T84 and 
used to determine the combined bulk specific gravity.34 The results are shown in Table 
7. Figure 10 is a plot of the specific gravities of different size groups of virgin aggregate.

Table 7. Specific Gravity of Fine Aggregate and Fines
Specific Gravity Fine Aggregate (No.8–200) Fines (<No. 200)

Bulk, Gsb 2.665 ---
Apparent, Gsa 2.770 2.721
Bulk in SSD, Gsb, SSD 2.703 ---
Absorption (%) 1.42 ---

Figure 10. Specific Gravity of Virgin Agg. for Different Size Groups 
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(2) Gradation of HMA and RCA-HMA

The mix design of control HMA (with 100% virgin aggregate) was performed following a 
job mix formula (JMF) of Caltrans 3/4’’ Type A HMA.35 This HMA is used as the control 
mixture to compare its volumetric and mechanical performances with those of the RCA-
HMA. It shall be mentioned that the original JMF from the Knife River Construction 
contains 15% RAP, while the control mixture used in this study does not contain the RAP 
because the research team wanted to reduce the possibility of the influence from RAP. 
Therefore, the proportions of five sizes of virgin aggregate were adjusted to match the 
final blended gradation of the original JMF.

Three control HMA mixtures were initially designed to match JMF and meet the Caltrans 
specification requirements. The control mix 1 matches the gradation of JMF; however, 
the OBC was determined to be 6.0% at air voids of 4%. This OBC is significantly higher 
than the OBC in the original JMF. The discrepancy in OBC could be attributed to the 
adoption of the 15% RAP in the JMF, since RAP has already been coated with asphalt 
binders and it has lower binder absorption. Then, the control mix 2 was designed by 
increasing the content of fines passing No. 200 sieve size to 6%. Although the OBC was 
reduced close to the OBC in the original JMF, the dust proportion of this mix was 1.5, 
which exceeds the Caltrans requirement of dust proportion between 0.6 and 1.3. 

Based on these two control mixes’ results, a new control mix 3 was designed with the 
content of fines of 4.5%; the OBC of this control mix was 5.3% and the VMA, VFA, 
and dust proportions met the Caltrans requirement. However, this mix cannot pass the 
Hamburg wheel track test specified by Caltrans. The rut depth reached 12.5 mm (half-
inch) at 4,916 passes, which is far lower than the Caltrans-required 15,000 passes.

After consulting with plant engineers, the research team designed a new control mixture 
by increasing the proportions of coarse aggregate. This increases the interlocking of 
aggregates to improve the rutting resistance and meet all Caltrans requirements. After 
the mixture design of control mix with 100% virgin aggregate was determined, a 100% 
of each size group of 4.75–9.5mm, 9.5–12.5mm, or 12.5–19.1mm in the control mixture 
was replaced with the same size group of RCA, but keeping the remaining aggregates 
of all other sizes unchanged. After each replacement, a new mix design was carried out 
to determine the volumetrics and OBC. In this way, the gradation of the control mixture 
and the mixtures after RCA replacement can be held constant.

Table 8 and Figure 11 show the gradation used for all the mixtures including control 
mixture (100% virgin aggregate), RCA 4.75–9.5mm mix (replace 100% particles between 
4.75mm and 9.5mm with RCA), RCA 9.5–12.5mm mix (replace 100% particles between 
9.5mm and 12.5mm with RCA), and RCA 12.5–19.1mm mix (replace 100% particles 
between 12.5mm and 19.1mm with RCA). The details of the mix design test results are 
shown in Appendix A.
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Table 8. Final Gradation of Control HMA and RCA-HMA Mixes

Sieve Size (mm)
% Passing and Gsb

Control Mix RCA 4.75–9.5mm RCA 9.5–12.5mm RCA 12.5–19.1mm
25.4 100 100 100 100
19.1 93 93 93 93
12.5 71 71 71 71
9.5 63 63 63 63
No.4 42 42 42 42
No.8 29 29 29 29
No.16 17 17 17 17
No.30 14 14 14 14
No.50 7 7 7 7
No.100 6 6 6 6
No.200 4.5 4.5 4.5 4.5
Combined Gsb 2.709 2.603 2.675 2.622

Figure 11. Gradation Used for Control HMA Mix and RCA-HMA Mixes 

(3) Optimum Binder Content and Volumetrics of HMA and RCA-HMA

Table 9 shows a summary of the volumetrics of control HMA mix and RCA-HMA mixes. 
Tables 10 to 13 and Figures 12 through 15 show the result of volumetrics and OBC of 
the HMA and the RCA-HMAs.

The results of this study show that the inclusion of RCA aggregates in HMA increases 
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the OBCs, varying from 5.0% for the control mix to 5.9%, 5.4%, and 5.8% for RCA 
4.75–9.5mm mix, RCA 9.5–12.5mm mix, and RCA 12.5–19.1mm mix, respectively. The 
increments of OBC are mainly due to the higher absorption of RCA that resulted from 
RCM content. It shall be noted that although the RCA replacement rate is 100% for 
each aggregate size group of 4.75–9.5mm, 9.5–12.5mm, or 12.5–19.1mm, the RCA 
replacement rates in terms of overall aggregate weight are different due to the actual 
gradation used. For example, when the 12.5–19.1mm size group of RCA was used to 
replace the same size group of the virgin aggregate in HMA, the replacement rate was 
22.0% of the total aggregate weight. Meanwhile, when the 9.5–12.5mm size group of 
RCA was used to replace the same size group of the virgin aggregate in HMA, the 
replacement rate was 8.0%. Likewise, the replacement rate of RCA 4.75–9.5mm was 
21.5%. Because of this, the increments of the OBCs for RCA-HMA with RCA replacement 
of these three size groups are 0.86, 0.36, and 0.76, respectively. 

The VMA and dust proportion values of the control mix and the RCA-HMA mixes met 
the Caltrans requirement. Generally, the inclusion of RCA increased the VMA. This is 
because the bulk specific gravity of RCA is significantly lower than the bulk specific gravity 
of virgin aggregates and the OBC is increased after adding RCA due to an increase of 
the absorption. When the aggregate gradation was kept the same, for example, using 
12.5–19.1mm size group of RCA to replace 100% of the same size group of the virgin 
aggregate, the weight of RCA in the mixture is the same as the weight of the replaced 
virgin aggregate. However, due to the lower specific gravity, the volume of RCA is larger 
than the volume of the virgin aggregate replaced. This slightly increases the relative 
volume of the coarse aggregates (4.75–19.1mm in this study), which increases the 
VMA. In addition, the significant increases of VMA are observed in the RCA replacement 
of 12.5–19.1mm and the 4.75–9.5mm size groups, which, again, is due to the higher 
replacement rate for these two size groups.

Table 9. Summary Results of Volumetrics of HMA and RCA-HMA

Volumetrics OBC Gmm Gmb Air Voids VMA VFA Dust 
Proportion

Control Mix OBC= 5.0% 2.549 2.447 4.00% 14.20% 71.80% 1.05
RCA 4.75–9.5mm OBC=5.9% 2.473 2.374 4.00% 16.50% 75.70% 1.02
RCA 9.5–12.5mm OBC=5.4% 2.523 2.422 4.00% 14.30% 71.90% 1.03
RCA 12.5–19.1mm OBC=5.8% 2.466 2.368 4.00% 15.10% 73.60% 0.93

Table 10. Volumetric Mix Design of Control Mix: 100% Virgin Agg.
Binder 
content Gmm Gmb Air 

Voids VMA VFA Dust 
Proportion Gse Gsb Pba 

(%)
Pbe 
(%)

4.2% 2.541 2.409 5.2% 14.8% 64.9% 1.10 2.716 2.709 0.10 4.10
4.7% 2.574 2.457 4.5% 13.6% 66.5% 1.19 2.780 2.709 0.97 3.77
5.2% 2.537 2.442 3.7% 14.5% 74.3% 0.99 2.759 2.709 0.69 4.55
5.7% 2.532 2.458 2.9% 14.4% 79.8% 0.93 2.778 2.709 0.94 4.82
OBC=5.0% 2.549 2.447 4.0% 14.2% 71.8% 1.05
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Figure 12. OBC of Control HMA Mix 

Table 11. Volumetric Mix Design of RCA Replacement of 4.75–9.5mm
Binder 
content Gmm Gmb Air Voids VMA VFA Dust 

Proportion Gse Gsb Pba 
(%)

Pbe 
(%)

4.5% 2.508 2.340 6.7% 16.5% 59.3% 1.37 2.691 2.603 1.28 3.27
5.0% 2.487 2.350 5.5% 16.5% 66.7% 1.18 2.688 2.603 1.25 3.82
5.5% 2.483 2.357 5.1% 16.7% 69.7% 1.10 2.706 2.603 1.50 4.08
6.0% 2.470 2.380 3.6% 16.4% 77.7% 1.00 2.713 2.603 1.60 4.50
OBC=5.9% 2.473 2.374 4.0% 16.5% 75.7% 1.02
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Figure 13. OBC of RCA-HMA: RCA Replacement of 4.75–9.5mm 

Table 12. Volumetric Mix Design of RCA Replacement of 9.5–12.5mm
Binder 
content Gmm Gmb Air Voids VMA VFA Dust 

Proportion Gse Gsb Pba 
(%)

Pbe 
(%)

4.5% 2.551 2.398 6.0% 14.4% 58.3% 1.25 2.742 2.675 0.95 3.60
5.0% 2.538 2.421 4.6% 14.0% 67.1% 1.13 2.751 2.675 1.06 4.00
5.5% 2.514 2.423 3.6% 14.4% 74.9% 0.98 2.745 2.675 0.98 4.57
6.0% 2.502 2.432 2.8% 14.5% 80.8% 0.91 2.754 2.675 1.10 4.96
OBC=5.4% 2.523 2.422 4.0% 14.3% 71.9% 1.03  
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Figure 14. OBC of RCA-HMA: RCA Replacement of 9.5–12.5mm 

Table 13. Volumetric Mix Design of RCA Replacement of 12.5–19.1mm
Binder 
content Gmm Gmb Air Voids VMA VFA Dust 

Proportion Gse Gsb Pba 
(%)

Pbe 
(%)

5.0% 2.502 2.359 5.7% 14.5% 60.7% 1.17 2.706 2.622 1.22 3.84
5.5% 2.488 2.374 4.6% 14.4% 68.3% 1.05 2.712 2.622 1.30 4.27
6.0% 2.467 2.367 4.1% 15.1% 73.2% 0.93 2.709 2.622 1.26 4.82
6.5% 2.443 2.390 2.2% 14.8% 85.3% 0.83 2.702 2.622 1.15 5.42
OBC=5.8% 2.466 2.368 4.0% 15.1% 73.6% 0.93  
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Figure 15. OBC of RCA-HMA: RCA Replacement of 12.5–19.1mm  

HMA and RCA-HMA Performance Evaluation

After the mix designs, the performance of the HMA and RCA-HMA was evaluated in terms of 
resistance to permanent deformation using HWTT and moisture damage susceptibility using 
TSR tests. 

(1) Resistance to Permanent Deformation (HWTT)

The HWTT were performed following AASHTO T 324. For type A HMA mix with a binder 
having a high performance grade (PG) of 64°C, the Caltrans specifies the minimum 
number of loading cycles at 12.5mm (0.5”) rut depth to be 15,00036 and the minimum 
number of loading cycles at the inflection point to be 10,000. For present research 
purposes, the number of loading cycles is set at 20,000 with the testing temperature of 
50°C. The test stopping deformation criterion is set to be 14mm (0.55”). For RCA-HMA, 
the specimens were prepared at their OBC, as well at the binder content (BC) of 5.0%, 
which is the OBC of the control HMA, so that the resistance to permanent deformation 
of mixtures with the same gradation and the same BC can be compared. The results 
are summarized in Table 14. Generally, the addition of the RCA in HMA compromises 
the rutting resistance. The RCA-HMA with RCA 4.75–9.5mm has the lowest rutting 
resistance at both OBC values of 5.9% and BC of 5.0%. The RCA-HMA with RCA 9.5–
12.5mm can pass the rutting depth criterion of 12.5mm at loading cycles of 15,000. This, 
again, might be due to the fact that in this RCA-HMA mix, the RCA replacement rate by 
the total weight of aggregate is 8.0%, which is the lowest in the three RCA-HMA mixes. 

Another possible reason that leads to the low rutting resistance of RCA-HMA mixes is 
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the binder-aggregate stripping, which was observed on the surface of aggregates after 
HWTT. Figure 16 shows the evidence of surface stripping for the RCA-HMA with RCA 
4.75–9.5mm after HWTT. The picture also shows that the fine aggregate on the specimen 
surface disintegrated during the test. However, the test data do not clearly show the 
inflection point to characterize the moisture damage. Appendix B shows details of the 
HWTT results and additional photos that demonstrate the surface stripping of RCA-
HMA after HWTT. The authors suggest adding anti-stripping additive or lime in future 
experiments for RCA-HMA to reduce moisture damage and improve rutting resistance.

Table 14. Summarized Hamburg Wheel Track Test Results

Controlled 
Binder Content Wheels

Rut Depth 
(mm) at 
5,000 
cycles

Rut Depth 
(mm) at 
10,000 
cycles

Rut Depth 
(mm) at 
15,000 
cycles

Rut Depth 
(mm) at 
20,000 

recycles

Failure 
Cycles at 
Rut-Depth 
12.5 mm

Pass or Fail

Control mix at 5.0% 
BC

Left 4.783 5.540 6.090 6.595 --- Pass
Right 4.719 5.995 7.197 8.147 --- Pass

HMA-RCA (12.5–
19.1mm) at 5.0% BC

Left 3.625 5.066 6.344 7.533 --- Pass
Right 5.210 7.140 10.124 --- 18,000 Pass

HMA-RCA (12.5–
19.1mm) at OBC of 
5.8%

Left 7.130 8.987 9.879 10.651 --- Pass

Right 7.969 11.100 --- --- 11634 Fail

HMA-RCA (9.5–
12.5mm) at 5.0% BC

Left 3.802 4.397 5.258 6.164 --- Pass
Right 3.949 4.958 5.626 6.190 --- Pass

HMA-RCA (9.5–
12.5mm) at OBC of 
5.4%

Left 5.186 6.806 8.351 10.253 --- Pass

Right 5.507 7.081 8.417 9.545 --- Pass

HMA-RCA (4.75–
9.5mm) at 5.0% BC

Left 6.647 8.996 13.636 --- 13,952 Fail
Right 5.997 7.734 9.055 10.599 --- Pass

HMA-RCA (4.75–
9.5mm) at OBC of 
5.9%

Left 7.073 9.941 --- --- 12,096 Fail

Right 5.403 8.699 --- --- 14,756 Fail

Figure 16. Surface Aggregate-Binder Stripping for RCA 4.75-9.5mm at 5% Binder 
Content  

Figure 17 plots the average rut depth of left and right wheels for the control mix and the 
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RCA-HMA mixes at 5.0% BC (which is the OBC of the control mx), and at the OBCs of 
RCA-HMAs as well. The results show that at BC of 5.0%, the RCA-HMA with RCA 9.5–
12.5mm performed slightly better than the control mix. It should be noted that RCA 9.5–
12.5mm mix has RCA replacement rate of 8.0%. However, when the RCA replacement 
rates are higher than 20% in the RCA-HMAs, which is the case for RCA 4.75–9.5mm 
and RCA 12.5–19.1mm, the resistance to permanent deformation has been significantly 
reduced. At the OBC, all of the RCA-HMAs have lower rutting resistance than the control 
mix, and RCA-HMA with RCA 12.5–19.1mm and RCA 4.75–9.5mm failed to meet the 
Caltrans HWTT requirement. 

(a) RCA replacement of 4.75–9.5mm 

(b) RCA replacement of 9.5–12.5mm



Mineta Transportat ion Inst i tute

29
Results and Analysis

(c) RCA replacement of 12.5–19.1mm

Figure 17. HWTT of Each RCA-HMA Mix at OBC and at 5.0% Binder Content (OBC of 
control mix)

Figures 18 (a) and (b) show the comparisons of HMA with the RCA-HMAs at the 
same binder content of 5.0% (OBC of the control HMA), and at the OBC of each mix, 
respectively. The results shows that at 5.0% binder content, RCA 9.5–12.5mm mix 
has better rutting resistance than the control. The RCA 4.75–9.5mm mix has the worst 
rutting resistance. However, at OBC of each mix, all RCA-HMAs have worse rutting 
resistance than the control mix. This indicates that the increase of the OBC due to RCA 
replacement will sacrifice the rutting resistance of the mixture. But there is no obvious 
trend between rutting potential and the particle sizes being replaced. 

(a) at 5.0% Binder Content
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(b) at OBC

Figure 18. HWTT of Control Mix and Different RCA-HMA Mix at OBC and at 5.0% 
Binder Content (OBC of control mix)

(2) Moisture Damage Susceptibility (TSR)

The moisture damage susceptibility of control HMA mix and the RCA-HMA mixes was 
evaluated following AASHTO T283. A summary of the test results is shown in Table 15 
and Figure 19. The results show that the addition of the RCA in HMA slightly reduced the 
IDT dry strength (specimens without freezing-thawing conditioning), which caused the 
RCA-HMA with RCA 12.5–19.1mm and RCA-HMA with RCA 4.75–9.5mm having lower 
IDT dry strength than the Caltrans requirement. The IDT wet strengths (specimens after 
freezing-thawing conditioning) of the control HMA mix and all RCA-HMAs are above the 
minimum IDT wet strength requirement of 0.48 MPa (70 psi) and the TSR values are all 
above 70%, which is the Caltrans requirement.  

Table 15. Summarized Results of Moisture Damage Susceptibility

TSR Test Results Control mix RCA-HMA 
12.5–19.1mm

RCA-HMA 
9.5–12.5mm

RCA-HMA 
4.75–9.5mm

Caltrans 
Requirement

Average Dry 
Strength, psi (MPa) 101.7 (0.70) 95.2 (0.66) 100.1 (0.69) 99.8 (0.69) Min. 100 psi (0.69 

MPa)
Average Wet 
Strength, psi (MPa) 83.7 (0.58) 81.4 (0.56) 93.1 (0.64) 84.6 (0.58) Min. 70 psi (0.48 

MPa)
Tensile Strength 
Ratio (%) 82.2 85.4 93.0 84.8 Min. 70%
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Figure 19. Dry Strength, Wet Strength, and TSR Results of HMA and RCA-HMA 

The limited but noticeable cracked aggregates and asphalt binder stripping were observed 
after IDT strength test on the wet specimens (after freezing and thawing conditioning). 
Figure 20 shows the cracked aggregates in the wet specimens of the control HMA 
mix and the asphalt binder stripping in the wet specimens of the RCA-HMA with RCA 
4.75–9.5mm. In addition, the most noticeable cracked aggregate was observed on the 
dry specimens of the RCA-HMA with RCA 12.5–19.1mm on the failure surface after 
the IDT strength test. As shown in Figure 21, the coarse RCA aggregates were broken 
during the IDT strength test. This could be the reason that caused the strength reduction 
of the RCM-HMA compared with the control HMA, since the RCA-HMA mix with RCA 
12.5–19.1mm has the lowest dry and wet strength among the tested mixtures. Appendix 
C provides more details of the TSR test results and photos after the tests.  

Figure 20. (a) Cracked Aggregates in the Wet Specimens of Control HMA Mix; (b) 
Asphalt Binder Stripping in the Wet Specimens of RCA-HMA with RCA 
4.75–9.5mm   
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Figure 21. Cracked RCA Aggregates in the Dry Specimens of RCA-HMA with RCA 
12.5–19.1mm 

RELATIONSHIP BETWEEN RCA/RCM PROPERTIES AND HMA/RCA-HMA 
PERFORMANCE

For the purposes of finding the effects of RCA/RCM on the performance of RCA-HMA and 
the identification of the control material parameters of the RCA, the authors analyze and 
report on correlations between the properties of RCA and RCM, such as RCA replacement 
rate, RCM addition rate, and absorption increment calculated from RCA replacement rate 
and calculated from RCM addition rate, etc., and the volumetrics and performance indicators 
of HMA and RCA-HMA, such as OBC, VMA, VFA, resistance to permanent deformation, and 
moisture damage susceptibility.  

Table 16 is a summary of the results of OBC, RCA replacement rate, RCM addition rate, 
OBC, VMA and VFA increments after RCA replacement, rutting depth at 12,000 loading 
cycles in HWTT for resistance to permanent deformation, and the dry and wet strength and 
TSR of the moisture susceptibility tests, etc.  

The RCA replacement rate and the RCM addition rate were calculated in terms of the total 
weight of the aggregate. The RCM addition rate was calculated from the RCA replacement 
rate and the actual RCM content of the RCA added into the RCA-HMA mix. The OBC, VMA, 
and VFA increments after RCA replacement are the increment of the OBC, VMA, and VFA 
after the RCA replacement compared with the same volumetric parameter of the control 
HMA mix (100% virgin aggregate mixture).
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Correlation between RCA/RCM Properties and Optimum Binder Content

Figure 22 (a) is a plot of the OBC increment versus the RCA replacement rate. It shows a 
good correlation with respect to the very high R2. However, for the RCA replacement rate 
of 21.5%, the OBC increment is 0.90%, but when the RCA replacement rate increased to 
22.0%, the OBC increment is reduced to 0.80%, which shows that the RCA replacement 
rate may not be a good indicator of the OBC increment, as shown by the solid trend line of 
Figure 22 (a). 

Figure 22 (b) is a plot of the OBC increment versus the RCM addition rate. It can be seen 
that there is a good correlation between these two parameters. Looking at the solid trend 
line of Figure 22 (b), it can been seen that the RCM addition rate is a much better indicator of 
the OBC increment compared with the RCA replacement rate. It shows that for the materials 
used in this study, the OBC increment increased almost linearly when the RCM addition 
rate is below 6.0% and then when RCM addition rate is above 6.0%, the relationship curve 
becomes flat. 

Figure 22. Relationship between OBC and RCA Replacement Rate or RCM 
Addition Rate

Figure 23 (a) shows the relationship between OBC increment of the RCA-HMA mixes 
compared with control HMA mix (100% virgin aggregate mixture) and the “absorption 
increment due to RCA replacement,” which is calculated by Equation (5):

Absorption Increment due to RCA Replacement = (Absorption of RCA - 
Absorption of Virgin Agg.)×RCA Replacement Rate      (5)

Figure 23 (a) indicates that the absorption increment due to RCA replacement, which is 
calculated from the RCA absorption and RCA replacement rate, is not a good predictor for 
the OBC increment of the RCA-HMA. There is no obvious correlation between these two 
parameters. The solid trend line shown in Figure 23 (a) shows that when the absorption 
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increment due to RCA replacement increased from 0.02% to 0.04%, the OBC increment 
of the RCA-HMA droped from 0.9% to 0.4%, while the absorption increment due to RCA 
replacement increased from 0.02% to 0.18% the OBC increment of the RCA-HMA droped 
from 0.9% to 0.8%.  

Figure 23 (b) shows the relationship between OBC increment of the RCA-HMA mixes 
compared with control HMA mix and the “absorption increment due to RCM addition,” which 
is calculated using Equation (6):

Absorption Increment due to RCM Addition = (Absorption of RCM - 
Absorption of Virgin Agg.)×RCM Addition Rate     (6)

It can be seen that there is a strong correlation between the OBC increment of the RCA-
HMA and the absorption increment calculated from RCM absorption and RCM addition 
rate. Figure 23 indicates that, without information about the RCM, information of the 
RCA (absorption and RCA replacement rate) is not sufficient for predicting how the OBC 
and absorption change in RCA-HMA. Information concerning RCM is critical for the 
determination of these RCA-HMA properties. Practically, the OBC increment is important 
because of its relation with costs, meaning that a control of RCM addition rates is of 
greater interest than RCA replacement rates. 

Figure 23. Relationship between OBC Increment and Absorption due to RCA 
Replacement or Absorption due to RCM Addition

Correlation between RCA/RCM Properties and VMA/VFA

Figure 24 (a) and (b) shows the relationship between VMA increment and RCA replacement 
rate, and between VMA increment and RCM addition rate, respectively. The results shows 
that there is a better correlation between the VMA increment and the RCM addition rate, as 
shown in Figure 24 (b), compared to the correlation between the VMA increment rate and 
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the RCA replacement rate, as shown in Figure 24 (a). The RCA replacement rate is not a 
good predictor of the VMA increment. Instead, the RCM addition rate can be used to quantify 
the change of the VMA when using RCA to replace virgin aggregate.

Figure 24. Relationship between VMA Increment and RCA Replacement Rate or 
RCM Addition Rate 

Figure 25 plots the VFA increment versus RCA replacement rate and the VFA increment 
versus RCM addition rate. The results show that there is better correlation between the 
VFA increment and the RCM addition rate, as shown in Figure 25 (b), than the correlation 
between the VFA increment and the RCA replacement rate, as shown in Figure 25 (a). This 
result once again shows that only considering the RCA replacement rate is not sufficient 
for the characterization of the volumetrics of RCA-HMA. RCM plays a more critical role in 
the RCA-HMA mix design.
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Figure 25. Relationship between VFA Increment and RCA Replacement Rate or 
RCM Addition Rate

Results of the correlation between RCA/RCM properties and volumetrics of RCA-HMA 
(i.e. OBC, VFA, and VMA) indicate that RCM plays a critical role in the study of RCA-
HMA performance. It is important to characterize properties of RCM when studying RCA-
HMA performance.

Correlation between RCA/RCM Properties and Resistance to Permanent 
Deformation of Mixtures

The permanent deformation of the control HMA and RCA-HMA was characterized using 
HWTT. The results shown in previous sections indicate that there are variations among 
the loading cycles until the failure criterion is reached (12.5mm rutting depth). The HWTT 
for some specimens, such as RCA 4.75–9.5mm at OBC and RCA 12.5–19.1mm at OBC, 
stopped before 13,000 cycles, while other specimens were loaded for much larger loading 
cycles. For the purpose of comparison, the rutting depths measured at the same 12,000 
loading cycles as shown in Figure 26 was used for correlation analysis in this study. 
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Figure 26. Relationship between Rutting Depth and Loading Cycles of HWTT

Figure 27 (a) shows the relationship between the rutting depth at 12,000 loading cycles and 
the RCA replacement rate for the HMA and RCA-HMA mixtures using both 5.0% asphalt 
binder content (which is the OBC of the control mixture) and the OBC of each RCA-HMA 
mixture. Although there is a good correlation between the rutting depth at 12,000 cycles 
and the RCA replacement rate, the trend as shown by the solid trend line of Figure 27 (a) 
indicates that the RCA replacement rate may not be a good predictor of the rutting depth 
since when the RCA replacement rate increased from 21.5% to 22%, the rutting depth at 
12,000 loading cycles reduced significantly from 9.4mm to 6.8mm for mixes using 5.0% 
binder content and from 11.5mm to 11.2mm for mixes using each OBC.  

Figure 27 (b) shows the relationship between the rutting depth at 12,000 loading cycles and 
the RCM addition rate for the HMA and RCA-HMA mixtures using both 5.0% asphalt binder 
content (which is the OBC of the control mixture) and the OBC of each mixture. There is a 
good correlation between the rutting depth at 12,000 cycles and the RCM addition rate. More 
importantly, the trend as show by the solid trend line in Figure 27 (b) indicates that the RCM 
addition rate can be used as a predictor of the rutting depth. One can observe a trend: the 
rutting depth is increasing with the increase of the RCM addition rate.
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Figure 27. Relationship between Rutting Depth at 12k Loading Cycles and RCA 
Replacement Rate or RCM Addition Rate

Similar to the relationship between the rutting depth at 12,000 loading cycles and the RCA 
replacement rate or the RCM addition rate, the relationship between the rutting depth at 
12,000 loading cycles and the absorption increment due to RCA replacement (as defined 
by Equation (5)), or the absorption increment due to RCM addition (as defined by Equation 
(6)), as shown in Figure 28, indicates that the absorption increment due to RCM addition is 
a better predictor of the rutting depth for RCA-HMA compared with the absorption increment 
due to RCA replacement. The results of this study cannot explain this phenomenon. It might 
be related to the pore structure in the RCA and RCM. Since the absorption measured in this 
study is actually water absorption, if the pore structure in the RCM is larger than that of the 
natural aggregates in RCA and that of the virgin aggregates, it is possible that the pores in 
the RCM are more related to asphalt binder absorption than the pores in aggregate due to 
higher viscosity of the asphalt binder compared with water. 
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Figure 28. Relationship between Rutting Depth at 12k Loading Cycles and 
Absorption due to RCA Replacement or Absorption due to RCM Addition 

Correlation between RCA/RCM Properties and Moisture Damage 
Susceptibility of Mixtures

Figure 29 (which has been shown as Figure 19 previously) shows the dry strength of 
specimens without conditioning, the wet strength of specimens after freezing-thawing 
conditing, and the TSR from moisture susceptibility test following AASHTO T-283. The 
results indicate that for the RCA replacement of all three size groups (RCA replacement of 
4.75–9.5mm, 9.5–12.5mm, and 12.5–19.1mm), at each OBC after RCA replacement, the 
TSRs are increased compared to the TSR of the control mix. The RCA-HMA mix with RCA 
replacement of 9.5–12.5mm particles, which has the smallest RCA replacement rate (8.0%) 
and the smallest RCM addition rate (2.6%), shows the highest TSR value (best moisture 
damage resistance). The improvement of the moisture damage resistance of the RCA-HMA 
is possibly due to the increase of the OBC.   
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Figure 29. Dry Strength, Wet Strength, and TSR Results of HMA and RCA-HMA 

If one defines the TSR change as the change of the TSR of RCA-HMA compared with the 
TSR of control HMA, Figure 30 shows the relationship between the TSR changes and the 
RCA replacement rate or the RCM addition rate. Figure 30 (a) cannot show a clear trend 
according to which the TSR change is reducing with the increase of the RCA replacement 
rate. The TSR change reduced from 10.8% to 2.6% when the RCA replacement rate 
increased from 8.0% to 21.5%, while the TSR change increased from 2.6% to 3.2% when 
the RCA replacement rate further increased from 21.5% to 22.0%.

Figure 30. Relationship between TSR Change and RCA Replacement Rate or RCM 
Addition Rate 

However, Figure 30 (b) shows a clear trend that the TSR change is reducing with the RCM 
addition rate. It shows that the TSR change reduced sharply when the RCM addition rate 
was less than 6.0%, and thereafter started to level out. This is possibly because of the 
increment of the OBC after RCA replacement. 
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Figure 31 (a) shows that there is no clear correlation between the TSR change (TSR of 
the RCA-HMA compared with the TSR of the control HMA) and the absorption increment 
due to RCA replacement (as defined in Equation (5)). However, as shown in Figure 31 (b), 
there is a good correlation between the TSR change and the absorption increment due to 
RCM addition (as defined in Equation (6)). This result, again, shows that the information of 
the RCA only is not sufficient to predict the properties and performance of the RCA-HMA. 
The information about the RCM is critical in this prediction.

Figure 31. Relationship between TSR Change and Absorption due to RCA 
Replacement or Absorption due to RCM Addition 

In summary, the results of this study indicate that RCM properties are correlated with RCA-
HMA volumetrics and performance indicators at a much higher level of agreement compared 
to RCA properties. One fundamental difference between RCA and virgin aggregate is the 
RCM on the surface of RCA. RCA content is not directly related to RCM content due to 
the variation of RCM contents among different RCA sources as well as among different 
RCA particle size groups; therefore RCA content cannot be directly related to RCA-HMA 
performance.

The RCAs used in this study were randomly sampled from local plants or concrete demolition 
sites. The RCAs used to fabricate RCA-HMA specimens were randomly sampled at two 
different dates (December 2018 and March 2019) with no information of the demolition source 
concrete. Considering the possibilities and variation of the source concrete used to produce 
RCA, the results are representative of a typical RCA plant. Although the specific results must 
be different for different sources due to the variations of local materials, the trend ought to be 
generalizable. At the same time, the authors of this study realize the importance of a more 
comprehensive research to further support the claims raised in this study. 



Mineta Transportat ion Inst i tute

44

IV. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

This study investigated the variation of the material properties of RCA from different sources 
along with their effects on the performance indicators of RCA-HMA. Of particular interest 
were the properties of RCM (i.e. RCM content and specific gravity and absorption of RCM), 
which were further characterized and correlated with RCA-HMA performance. The results of 
this study provide a different viewpoint for the study of RCA-HMA performance by indicating 
critical effects of RCM on performance of RCA-HMA. Based on the experimental results and 
data analysis, the following conclusions can be made:

1. There are significant variations in terms of the specific gravity, absorption, and RCM 
content among different sources of RCA. The specific gravity and absorption of the 
RCM from different sources vary significantly as well. These variations also exist 
among different size groups of the RCA from the same source. The variation of the 
RCA properties is mainly due to the variations of the RCM contents and its absorption. 
This finding indicates that only considering the replacement rate and gradation of RCA 
without considering properties of RCM is not sufficient in the RCA-HMA mix design 
and the study of the RCA-HMA performance. 

2. The variation of the RCA and RCM properties has effects on the performance of the 
RCA-HMA in terms of OBC, VMA, VFA, resistance to permanent deformation, and 
moisture damage susceptibility. Generally, the OBC increased after RCA replacement. 
The resistance to permanent deformation was reduced and the moisture damage 
resistance improved after RCA replacement and OBC increments.

3. The OBC increment of the RCA-HMA compared with the control HMA has good 
correlation with the RCM addition rate and the absorption due to RCM addition. 
There is a clear trend that the OBC increment increases with the increase of RCM 
addition rate and absorption due to RCM’s addition. For the materials used in this 
study, the OBC increment increases linearly with the RCM addition rate until about 
6% and then levels out. The OBC increment almost increases linearly with the 
increase of the absorption due to RCM addition. However, the RCA replacement 
rate and the absorption due to RCA replacement do not show a clear trend with 
respect to the OBC increment. The results of this study also demonstrate that there 
is a stronger correlation between the VMA increments and the RCM addition rates 
rather than between the VMA increments and the RCA replacement rates. Similarly, 
there is a stronger correlation between the VFA increments and the RCM addition 
rates, rather than between VFA increments and RCA replacement rates. These 
results indicate that solely considering the RCA replacement rate is insufficient for 
the characterization of the volumetrics of RCA-HMA. RCM plays a more critical role 
in the mix design of RCA-HMA.

4. The resistance to permanent deformation characterized by the rutting depth at 12,000 
loading cycles in HWTT has good correlation with the RCM addition rate and absorption 
due to RCM addition. There is a clear trend that the rutting depth at 12,000 loading 
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cycles in HWTT increases with the increase of RCM addition rate and the absorption 
due to RCM addition. However, the RCA replacement rate and the absorption due to 
RCA replacement do not show a clear trend with respect to the rutting depth at 12,000 
loading cycles in HWTT.

5. The moisture damage susceptibility characterized by the TSR has good correlation 
with the RCM addition rate and absorption due to RCM addition. There is a trend that 
the TSR change compared with the TSR of the control HMA reduces with the increase 
of RCM addition rate and the absorption due to RCM addition. However, the RCA 
replacement rate and the absorption due to RCA replacement do not show a clear 
trend with respect to the TSR change.

6. The results of this study indicate that information about the RCM properties, such 
as the RCM content, specific gravity, and absorption of the RCM, is critical for the 
prediction of the RCA-HMA properties, such as OBC, VMA, VFA, resistance to 
permanent deformation, and moisture damage susceptibility. Information about the 
RCA properties such as RCA replacement rates and gradation, which have been used 
in previous studies, are not sufficient for these predictions. The nature of the RCM in 
the RCA must be characterized and controlled when studying the performance of 
RCA-HMA mixture and when using RCA for the production of HMA in practice.

RECOMMENDATIONS

1. RCA replacement rate is not a good indicator of the volumetrics and performance 
indicators of RCA-HMA. Using RCA replacement rate as a RCA-HMA mix design 
control parameter or criterion is not recommended.

2. Since the RCM content can be closely related to the volumetrics, resistance to 
permanent deformation, and moisture damage susceptibility of the RCA-HMA, it is 
recommended that the RCM content should be monitored and controlled in the RCA-
HMA mix design. A criterion setting out the RCM content upper limit based on local 
materials needs to be determined through extensive experimental study. As long as 
RCM content is controlled below some criterion, the performance of RCA-HMA can be 
well controlled. Based on the results of this study, further research on potential ways 
of controlling the RCM content within RCA practically and effectively may become a 
viable way for using RCA in HMA. 

3. The results of this study show that the OBC will be increased after the addition of the 
RCA compared with the OBC of 100% virgin aggregate mix. However, the increase of 
the OBC could be detrimental to the resistance to permanent deformation of the RCA-
HMA based on the results of this study. It is recommended to control the absorption 
increment due to addition of the RCA through the control of RCM addition rate, in 
order to control the OBC increment.  
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APPENDIX A: GRADATION TEST RESULTS

Table Appendix A: Mixture Design Results 

Sieve Size JMF Control Mix 1 Control Mix 2 Control Mix 3 Control 
Mix (used)

Caltrans 
Spec.

25.4mm (1’’) 100 100 100 100 100 100
19.1mm (3/4’’) 98 98 98 98 93 90–98
12.5mm (1/2’’) 82 82 82 82 71 70–90
9.5mm (3/8’’) 74 73 74 73 63
No.4 47 46 48 47 42 42–58
No.8 30 29 32 30 29 29–43
No.16 20 19 22 20 17
No.30 14 13 16 14 14 10–23
No.50 9 9 12 10 7
No.100 6 6 8 7 6
No.200 3.4 3.6 6.0 4.5 4.5 2.0–7.0
Optimal Binder 
Content (OBC) 4.5% 6.0% 4.8% 5.3% 5.0%

VMA (%) 13.8 15.9 13.5 14.2 14.2 13.5–16.5
VFA (%) 72.9 74.9 70.6 71.9 71.8
Dust Proportions 0.82 0.71 1.50 1.05 1.05 0.6–1.3
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APPENDIX B: HWTT TEST RESULTS

Table Appendix B-1: HWTT Results of Control Mix (100% virgin aggregate)
 Theoretical Maximum 

Specific Gravity 2.549
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Gyratory Compactor Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested 6/12/2019 6/13/2019 6/14/2019 6/14/2019 6/14/2019
Number of Gyrations 125 107 74 76 72
Specimen Height, mm 60 60 60 60 60
Mass of Dry Specimen in Air, g 2326.4 2408.6 2395.7 2395.9 2396.2
Mass of Specimen in Water, g 1363.9 1418.7 1403.7 1404.6 1407.2
Mass of Surface-Dry Specimen in 
Air, g 2340.5 2423.9 2414 2412.2 2411.5
Volume 976.6 1005.2 1010.3 1007.6 1004.3
Bulk Specific Gravity, SSD 2.382 2.396 2.371 2.378 2.386
Water Absorption 0.61% 0.64% 0.76% 0.68% 0.64%
Air Voids, % 6.6 6 7 6.7 6.4
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Hamburg Wheel Manufacturer Pavement Technology Inc.
Calibration Date
Briquette Sample ID (from T166) G2 G3 G4 G5
Date Tested 6/15/2019
Sample Location (LR, LF, RR, RF) LR LF RR RF
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 4.783 4.719
Rut Depth at 10,000 cycles (mm) 5.540 5.995
Rut Depth at 15,000 cycles (mm) 6.090 7.197
Rut Depth at 20,000 cycles (mm) 6.595 8.147
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Table Appendix B-2: HWTT Results of RCA 4.75–9.5mm Mix: 5.0% binder content 
(OBC of control mix)

  Theoretical Maximum 
Specific Gravity 2.487
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Gyratory Compactor 
Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested Aug24-25 Aug24-25 Aug24-25 Aug24-25 20-Aug
Number of Gyrations 152 129 146 137 192
Specimen Height, mm 60 60 60 60 60
Mass of Dry Specimen in Air, g 2361.4 2362.3 2361.6 2363.5 2358.5
Mass of Specimen in Water, g 1362.6 1360.6 1358.9 1363.8 1360.1
Mass of Surface-Dry Specimen 
in Air, g 2375.9 2376 2377 2376.3 2383.1
Volume 1013.3 1015.4 1018.1 1012.5 1023
Bulk Specific Gravity, SSD 2.33 2.326 2.32 2.334 2.305
Water Absorption 0.61% 0.58% 0.65% 0.54% 1.04%
Air Voids, % 6.3 6.5 6.7 6.2 7.3
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Calibration Date
Briquette Sample ID (from 
T166) G3 G4 G2 G5
Date Tested Aug 27th
Sample Location (LR, LF, RR, 
RF) LF LR RF RR
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 6.647 5.997
Rut Depth at 10,000 cycles 
(mm) 8.996 7.734
Rut Depth at 15,000 cycles 
(mm) 13.636 9.055
Rut Depth at 20,000 cycles 
(mm) ---Fail at 16458 cycles 10.599
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Figure Appendix B-1: HWTT Photo of RCA 4.75–9.5mm with 5.0% Binder Content 
(OBC of control mix)

Table Appendix B-3: HWTT Results of RCA 4.75–9.5mm Mix: 5.9% OBC

 Theoretical Maximum Specific 
Gravity 2.473
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Gyratory Compactor Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested Sep. 2 Sept 2-3 Sept 2-3 Sept 2-3 Sept 2-3 Sept 2-3
Number of Gyrations 96 98 65 47 63 49
Specimen Height, mm 60 60 60 60 60 60
Mass of Dry Specimen in Air, g 2339 2320 2322.4 2319.3 2319.8 2320.2
Mass of Specimen in Water, g 1345.3 1323.8 1326.6 1323.4 1322 1324.6
Mass of Surface-Dry Specimen in 
Air, g 2350.4 2329.4 2335.5 2338.5 2331.9 2333.5
Volume 1005.1 1005.6 1008.9 1015.1 1009.9 1008.9
Bulk Specific Gravity, SSD 2.327 2.307 2.302 2.285 2.297 2.3
Water Absorption 0.49% 0.41% 0.56% 0.83% 0.52% 0.57%
Air Voids, % 5.9 6.7 6.9 7.6 7.1 7.0
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Hamburg Wheel Manufacturer Pavement Technology Inc.
Calibration Date
Briquette Sample ID (from T166) G5 G6 G2 G3
Date Tested Sept 4th
Sample Location (LR, LF, RR, RF) LF LR RF RR
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 7.073 5.403
Rut Depth at 10,000 cycles (mm) 9.941 8.699
Rut Depth at 15,000 cycles (mm) ---Fail at 12756 cycles ---Failure at 14756 cycles
Rut Depth at 20,000 cycles (mm) --- ---
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Figure Appendix B-2: HWTT Photo of RCA 4.75–9.5mm with 5.9% OBC

Table Appendix B-4: HWTT Results of RCA 9.5–12.5mm Mix: 5.0% binder content 
(OBC of control mix)

 Theoretical Maximum 
Specific Gravity 2.538
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Gyratory Compactor Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested 6-17-18-2019 6/18/2019 6/18/2019 6/18/2019 6/18/2019
Number of Gyrations 117 88 120 93 102
Specimen Height, mm 60 60 60 60 60
Mass of Dry Specimen in Air, g 2400.5 2393.9 2397.3 2398.9 2401.8
Mass of Specimen in Water, g 1404.2 1396.7 1398.9 1402.9 1395.5
Mass of Surface-Dry Specimen in 
Air, g 2414.8 2409.2 2407.7 2415.5 2419.6
Volume 1010.6 1012.5 1008.8 1012.6 1024.1
Bulk Specific Gravity, SSD 2.375 2.364 2.376 2.369 2.345
Water Absorption 0.60% 0.64% 0.43% 0.69% 0.74%
Air Voids, % 6.4 6.9 6.4 6.7 7.6
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Hamburg Wheel Manufacturer Pavement Technology Inc.
Calibration Date
Briquette Sample ID (from T166) G1 G3 G2 G4
Date Tested 6/19/2019
Sample Location (LR, LF, RR, RF) LR LF RR RF
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 3.802 3.949
Rut Depth at 10,000 cycles (mm) 4.397 4.958
Rut Depth at 15,000 cycles (mm) 5.258 5.626
Rut Depth at 20,000 cycles (mm) 6.164 6.190
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Table Appendix B-5: HWTT Results of RCA 9.5–12.5mm Mix: 5.4% OBC

 Theoretical Maximum 
Specific Gravity 2.523
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Gyratory Compactor 
Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G1’ G2’ G5 G6
Date Tested July23-24 July 24-26 August 20 August 20 July 24-26 July 24-26
Number of Gyrations 123 84 77 77 78 84
Specimen Height, mm 60 60 60 60 60 60
Mass of Dry Specimen in Air, 
g 2392.6 2373.6 2366.8 2366.6 2383.6 2368.9
Mass of Specimen in Water, g 1391.8 1379.9 1377.8 1372.8 1386.2 1373.4
Mass of Surface-Dry 
Specimen in Air, g 2405.5 2390.4 2383.7 2381.2 2395.9 2384.2
Volume 1013.7 1010.5 1005.9 1008.4 1009.7 1010.8
Bulk Specific Gravity, SSD 2.360 2.349 2.353 2.347 2.361 2.344
Water Absorption 0.54% 0.71% 0.71% 0.62% 0.52% 0.65%
Air Voids, % 6.5 6.9 6.7 7.0 6.4 7.1
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Hamburg Wheel 
Manufacturer Pavement Technology Inc.
Calibration Date  
Briquette Sample ID (from 
T166) G1 G5 G1’ G2’
Date Tested 8/22/2019
Sample Location (LR, LF, RR, 
RF) LF LR RF RR
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles 
(mm) 5.186 5.507
Rut Depth at 10,000 cycles 
(mm) 6.806 7.081
Rut Depth at 15,000 cycles 
(mm) 8.351 8.417
Rut Depth at 20,000 cycles 
(mm) 10.253 9.545
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Figure Appendix B-3: HWTT Photo of RCA 9.5–12.5mm with 5.4% OBC
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Table Appendix B-6: HWTT Results of RCA 12.5–19.1mm Mix: 5.0% binder content 
(OBC of control mix)

 Theoretical Maximum Specific 
Gravity 2.502
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Gyratory Compactor Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested Aug20-21 Aug20-21 Aug27-28 Aug27-28 Aug27-28 Aug27-28
Number of Gyrations 104 128 134 220 147 153
Specimen Height, mm 60 60 60 60 60 60
Mass of Dry Specimen in Air, g 2341.3 2348.6 2353.1 2352.6 2350 2352.5
Mass of Specimen in Water, g 1355.4 1363.4 1353.6 1352.8 1357.5 1357.2
Mass of Surface-Dry Specimen in 
Air, g 2370.4 2376.3 2367.4 2367.9 2366.4 2368.7
Volume 1015 1012.9 1013.8 1015.1 1008.9 1011.5
Bulk Specific Gravity, SSD 2.307 2.319 2.321 2.318 2.329 2.326
Water Absorption 1.24% 1.18% 0.61% 0.65% 0.70% 0.69%
Air Voids, % 7.8 7.3 7.2 7.4 6.9 7.0
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Hamburg Wheel Manufacturer Pavement Technology Inc.
Calibration Date
Briquette Sample ID (from T166) G3 G4 G5 G6
Date Tested 8/29/2019
Sample Location (LR, LF, RR, 
RF) LF LR RF RR
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 3.625 5.210
Rut Depth at 10,000 cycles (mm) 5.066 7.140
Rut Depth at 15,000 cycles (mm) 6.344 10.124
Rut Depth at 20,000 cycles (mm) 7.533 ---Fail at 19634 cycles
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Figure Appendix B-4: HWTT Photo of RCA 12.5–19.1mm with 5.0% Binder Content 
(OBC of control mix)
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Table Appendix B-7: HWTT Results of RCA 12.5–19.1mm Mix: 5.8% OBC

 Theoretical Maximum Specific 
Gravity 2.466
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Gyratory Compactor 
Manufacturer Pine Instruments
Calibration Date 7/31/2015
Sample ID G1 G2 G3 G4 G5 G6
Date Tested Sept19-20 Sept22-23 Sept22-23 Sept22-23 Sept22-23 Sept22-23
Number of Gyrations 43 51 38 41 46 54
Specimen Height, mm 60 60 60 60 60 60
Mass of Dry Specimen in Air, g 2309.8 2313.6 2314.9 2314.6 2316 2315.4
Mass of Specimen in Water, g 1315.4 1319.4 1322 1319.5 1323.3 1323.2
Mass of Surface-Dry Specimen 
in Air, g 2323.3 2323.2 2325.2 2327.3 2328.4 2327.4
Volume 1007.9 1003.8 1003.2 1007.8 1005.1 1004.2
Bulk Specific Gravity, SSD 2.292 2.305 2.308 2.297 2.304 2.306
Water Absorption 0.58% 0.41% 0.44% 0.55% 0.54% 0.52%
Air Voids, % 7.1 6.5 6.4 6.9 6.6 6.5

 

A
A

SH
TO

 T
 3

24
 H

am
bu

rg
 W

he
el

-
Tr

ac
k 

Te
st

Hamburg Wheel Manufacturer Pavement Technology Inc.
Calibration Date  

Briquette Sample ID (from T166) G1 G4 G5 G6
Date Tested 9/26/2019
Sample Location (LR, LF, RR, 
RF) LF LR RF RR
Total Submersion Time, mins. 45
Rut Depth at 5,000 cycles (mm) 7.130 7.969
Rut Depth at 10,000 cycles (mm) 8.987 11.100
Rut Depth at 15,000 cycles (mm) 9.879 --Fail at 13104
Rut Depth at 20,000 cycles (mm) 10.651 --Fail at 13104

Figure Appendix B-5: HWTT Photo of RCA 12.5–19.1mm with 5.8% OBC 



A
PP

EN
D

IX
 C

: T
SR

 T
ES

T 
R

ES
U

LT
S

Ta
bl

e 
A

pp
en

di
x 

C
-1

: A
A

SH
TO

 2
83

 T
es

t R
es

ul
ts

 o
f C

on
tr

ol
 H

M
A

 M
ix

 (1
00

%
 v

irg
in

 a
gg

re
ga

te
)

 
 

D
ry

 S
am

pl
es

W
et

 S
am

pl
es

M
ix

 ID
:

ID
1-

E
2-

F
3-

G
4-

H
5-

A
6-

B
7-

C
8-

D

N
O

. o
f G

yr
at

io
n

 
21

27
24

23
18

24
22

23

D
ia

m
et

er
, m

m
 (i

n.
)

D
5.

9
5.

9
5.

9
5.

9
5.

9
5.

9
5.

9
5.

9

Th
ic

kn
es

s,
 m

m
 (i

n.
)

t
3.

73
3.

72
3.

73
3.

73
3.

73
3.

73
3.

72
3.

74

D
ry

 M
as

s 
in

 A
ir,

 g
A

38
13

.4
38

32
.1

38
30

.3
38

15
.5

37
94

37
95

.2
37

93
.1

37
91

.1

M
as

s 
in

 W
at

er
, g

C
22

28
22

39
.5

22
38

.2
22

24
.8

22
17

.3
22

13
.3

22
18

.7
22

14
.4

S
S

D
 M

as
s,

 g
B

38
49

.9
38

62
.2

38
56

38
45

.4
38

29
.4

38
26

.7
38

29
.2

38
29

.6

Vo
lu

m
e 

(B
-C

), 
cm

3
E

16
21

.9
16

22
.7

16
17

.8
16

20
.6

16
12

.1
16

13
.4

16
10

.5
16

15
.2

B
ul

k 
S

pe
ci

fic
 G

ra
vi

ty
G

m
b

2.
35

1
2.

36
2

2.
36

8
2.

35
4

2.
35

3
2.

35
2

2.
35

5
2.

34
7

M
ax

im
um

 S
pe

ci
fic

 G
ra

vi
ty

G
m

m
2.

54
9

%
A

ir 
Vo

id
s 

(c
he

ck
 if

 6
.5

–7
.5

%
)

AV
%

7.
76

%
7.

35
%

7.
12

%
7.

64
%

7.
67

%
7.

72
%

7.
60

%
7.

92
%

Vo
lu

m
e 

of
 A

ir 
Vo

id
s,

 c
m

3
Va

12
5.

86
2

11
9.

32
6

11
5.

13
2

12
3.

73
8

12
3.

67
3

12
4.

50
2

12
2.

42
6

12
7.

91
1

M
ax

im
um

 L
oa

d,
 N

 (l
bf

)
P

34
05

.5
35

89
.5

35
55

.8
34

96
.6

--
-

--
-

--
-

--
-

D
ry

 S
tre

ng
th

, S
2,

 k
P

a 
(p

si
) >

10
0p

si
S

1
98

.5
48

10
4.

11
7

10
2.

97
1

10
1.

23
8

--
-

--
-

 
--

-

B
el

ow
 in

fo
rm

at
io

n 
is

 o
nl

y 
fo

r W
et

 S
am

pl
es

 4
–6

Va
cu

um
 _

__
3–

5_
__

m
in

@
__

10
–2

6_
in

.H
g

 
Th

ic
kn

es
s,

 m
m

(in
.),

 t’
3.

72
3.

71
3.

71
3.

72

S
S

D
 M

as
s,

 g
, B

’
38

88
.7

38
93

.5
38

89
38

90
.8

Vo
lu

m
e 

of
 A

bs
or

be
d 

W
at

er
 (B

’-A
), 

cm
3 , 

J’
94

.7
98

.3
95

.9
99

.7

%
S

at
ur

at
io

n 
(J

’/V
a)

 (c
he

ck
 if

 7
0–

80
%

)
76

.6
%

79
.0

%
78

.3
%

77
.9

%

M
ax

im
um

 L
oa

d,
 N

 (l
bf

)
26

91
.4

31
36

28
20

.7
28

70
.4

W
et

 S
tre

ng
th

, S
2,

 k
P

a 
(p

si
) >

 7
0 

ps
i

78
.0

38
91

.1
49

82
.1

43
83

.3
12

Vi
su

al
 M

oi
st

ur
e 

D
am

ag
e 

(0
–5

 ra
tin

g)
0

0
0

0

C
ra

ck
ed

/B
ro

ke
n 

A
gg

re
ga

te
?

Y
Y

Y
Y

TS
R

 (S
2/

S
1)

82
.2

%



Mineta Transportat ion Inst i tute

57
Appendix C: TSR Test Results

 
Figure Appendix C-1: AASHTO 283 Test Photos of Control HMA Mix (100% virgin 

aggregate). Left (Dry), Right (Wet)
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Figure Appendix C-2: AASHTO 283 Test Photos of RCA 9.5–12.5mm Mix. Left (Dry), 
Right (Wet)
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Appendix C: TSR Test Results

Figure Appendix C-3: AASHTO 283 Test Photos of RCA 4.75–9.5mm Mix. Left (Dry), 
Right (Wet)
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Appendix C: TSR Test Results

Figure Appendix C-4: AASHTO 283 Test Photos of RCA 12.5–19.1mm Mix. Upper 
(Dry), Lower (Wet)
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ABBREVIATIONS AND ACRONYMS

HMA Hot Mix Asphalt

HWTT Hamburg Wheel Tracking Test

IDT Indirect Tensile

OBC Optimum Binder Content

RAP Reclaimed Asphalt Pavement

RCA Recycled Concrete Aggregate

RCA-HMA Hot Mix Asphalt using Recycled Concrete Aggregate

RCM Residual Cement Mortar

TSR Tensile Strength Ratio

VFA Voids in Mineral Aggregate

VMA Voids Filled with Asphalt
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