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Abstract

Recycled concrete aggregates (RCAs) have the potential to be used as a sustainable, cost-
effective, and environmentally friendly material in pavement base construction. However,
there is a lack of information on the durability, strength, and hydraulic properties of RCA.
The primary purpose of this study was to evaluate the properties and performances of
commonly available RCAs in Oklahoma as pavement bases through laboratory testing
and AASHTOWare Pavement ME simulations. For this purpose, three RCAs (RCA-1,
RCA-2, and RCA-3) and a virgin limestone aggregate (VLA-1) were collected from local
sources. RCA-1 and RCA-3 were produced in the field by crushing the existing concrete
pavement of Interstate 40 and US 69 sections, respectively. RCA-2 was produced by
crushing concrete and rubble collected in a local recycling plant. Laboratory testing for
this study included particle size distribution, wash loss, optimum moisture content and
maximum dry density (OMC-MDD), Los Angeles (LA) abrasion, durability indices (D,
and Dy), permeability (k), and resilient modulus (M;). The properties of aggregates were
compared and the service life (performance) of aggregate bases was studied through
mechanistic analysis using the AASHTOWare Pavement ME design software (version 2.6,
AASHTO, USA). The results indicated that the properties of RCAs can differ greatly based
on the origin of the source materials and the methods used in their processing. Recycled
aggregates from concrete pavements of interstate and state highways exhibited similar or
improved performance as virgin aggregates. RCA produced in a recycling plant was found
to show durability and strength issues due to the presence of inferior quality materials and
contaminants. Also, the results indicated that the fine aggregate durability test is a useful
tool for screening recycled aggregates to ensure quality during production and construction.
Bottom-up fatigue cracking was identified as the most affected performance criterion for
flexible pavements when using RCA as the base layer. The findings will help increase the
use of RCA as pavement base to promote environmental sustainability.

Keywords: recycled concrete aggregate; durability; resilient modulus; permeability;
performance; sustainability
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1. Introduction

In recent years, the use of recycled materials in highway construction has increased
significantly due to emphasis on the conservation of natural resources and increased envi-
ronmental stewardship and sustainability. The United States (U.S.) construction industry
generates over twice the amount of municipal solid waste and is a significant contribu-
tor to the waste stream in the country. Construction and demolition (C&D) waste, pro-
duced from building, pavement, bridge, and other activities, is estimated to have reached
600 million tons in 2018, according to the U.S. Environmental Protection Agency
(USEPA) [1]. Some waste management strategies involve placing C&D waste in land-
fills, causing considerable negative environmental impacts. As concrete constitutes a
significant portion of waste generated by the construction industry in the U.S., reusing
waste concrete in new construction or reconstruction can reduce the amount of C&D waste
placed in landfills and promote sustainable construction practices.

Based on the experience of transportation agencies [2,3], the use of recycled concrete ag-
gregate (RCA) has potential to produce durable and sustainable pavements with improved
performance and service life. Several researchers have found that using RCA as a base
and subbase material for new pavements is a suitable alternative to virgin aggregates [4-6].
Similar or improved strength of RCAs, in contrast to virgin aggregates, was reported in
several studies [4,7-11]. Bozyurt et al. [9] studied the resilient modulus (M;) of recycled
asphalt pavement (RAP) and RCA as unbound base layers in Minnesota. It was reported
that the RCA showed the lowest plastic strain during M, testing. Gabr et al. [10] studied
the resilient modulus of RCAs from two different sources and a virgin aggregate. Based on
the results of this study, it was recommended that RCAs could be used as base materials
when compacted at 98% of the maximum dry density. In terms of M, and permanent strain,
the RCA aggregates were found to have improved M, values compared to those of virgin
aggregate. Nataatmadja et al. [12] observed that RCA could have higher M, values than
virgin aggregates under low deviatoric stress. Similarly, several other studies reported
higher M, values of RCAs than those of virgin aggregates [13,14].

In addition, rigid and flexible pavements with an RCA base were found to exhibit
similar or better performance in the field than the bases with virgin aggregates [3,15-20].
Zhang et al. [3] studied the long-term performance of pavement bases constructed with
RCA. Aggregate blends of recycled materials and virgin aggregates were studied for an
eight-year period with seasonal freezing in Minnesota. It was found that the climatic
variations affected the performance more significantly than traffic loading in terms of
long-term performance. Also, replacing virgin aggregate bases with 100% or 50% of
RCA improved the stiffness of the base layer in the long run. However, the international
roughness index (IRI) and rutting showed that the ride quality did not experience any
significant changes. Kim et al. [11] compared the performance of concrete pavements with
RCA and virgin aggregate bases in Iowa. The results indicated comparable performance
of RCA bases and subbases constructed with virgin aggregates. However, the RCA test
sections were found to have a few longitudinal and transverse cracks. These distresses
likely resulted from lane-to-shoulder separation and lane-to-shoulder drop-off. Also, RCA
has been used in blends with other recycled materials, including RAP, recycled bricks, glass,
and fly-ash, as pavement base and subbase material [8,14,18,21].

In spite of the results reported in previous studies, there are concerns among state
DOTs and private companies about the durability, permeability, and service life of pavement
bases and subbases constructed with RCA. The quality of RCA can vary widely depending
upon the source and quality of the original aggregates, age, environmental conditions,
recycling process, specifications, and contaminants present in RCAs. Also, the specifications
for acceptance or rejection of RCAs are currently lacking, particularly relative to drainage.
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Furthermore, very limited data are available on RCAs, making it difficult for state DOTs
to develop objective specifications for acceptance of such materials in new construction
and reconstruction of roadway pavements. The present study sought to fill this gap
through laboratory testing, addressing the stiffness, durability, and permeability of selected
RCAs that are commonly used in constructing aggregate bases of roadway pavements
in Oklahoma.

2. Objectives

The primary purpose of this study was to evaluate the properties and performances of
commonly available RCAs in Oklahoma as pavement bases through laboratory testing and
AASHTOWare Pavement ME simulations. For this purpose, RCAs from different sources
were collected for testing. The properties of RCAs were determined and compared with
those of a commonly used virgin limestone aggregate. The properties were then used for
AASHTOWare Pavement ME simulations. The specific objectives of this study were to

e  Assess the stiffness, durability and drainage-related properties of RCAs commonly
available in Oklahoma to be used as pavement base.

e  Evaluate the effect of source and quality of RCA on the performance of flexible and
rigid pavements.

e  Compare the performance and service life of pavement bases constructed with recycled
and virgin aggregates using the AASHTOWare Pavement ME simulations.

3. Materials and Methods
Materials

For the purpose of this study, recycled aggregates were collected from three different
sources in Oklahoma. The sources of the RCAs were decided upon based on the recommen-
dations of the Oklahoma DOT’s aggregate branch manager. Attempts were made to collect
RCAs from both plant-based and recycled in-place sources, as previous studies indicated
that the quality of RCAs can vary with source and production practices [22,23]. Therefore,
among the three RCAs, one was collected from a plant-based source (RCA-2), and the
other two (RCA-1 and RCA-3) from recycled in-place construction sites in Oklahoma. The
collected aggregates, as received, can be seen in Figure 1. The RCA-1 and RCA-3 were
produced in the field by crushing the existing concrete pavement of Interstate 40 and US
69 sections, respectively. Figure 2 provides a pictorial view of the recycling operation used
on Interstate 40 and US 69. After taking the concrete rubble out of the existing pavement,
the construction company placed this at an off-site plant. The rubble was crushed at that
off-site plant to produce RCA of the desired gradation. The recycled aggregates were then
transported and stockpiled near the construction site. During construction, aggregates
were collected from the stockpile and placed on the pavement as a base. Working closely
with the Oklahoma DOT and construction company, the research team collected RCA-1
and RCA-3 aggregates. RCA-2 was produced in a recycling plant by crushing concrete
and rubble. Generally, this concrete and rubble may come from different sources, such as
the demolition of buildings, driveways, and other sources. Therefore, RCAs are expected
to differ in properties. Also, a commonly used virgin limestone aggregate (VLA-1) was
collected from Davis, Oklahoma. The aggregates used in this study represent possible
material candidates that could be used for designing and constructing pavement bases in
Oklahoma. Oklahoma DOT standard specifications [24] recommend using one of four types
of gradation (ODOT Types A, B, C, and D) to construct an unbound aggregate base. All
the aggregates were processed by the contractors to satisfy the requirements of Oklahoma
DOT specified Type A aggregate [24]. Table 1 presents the ODOT Type A gradation. As
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this gradation contains a range of percent passing for each sieve size, the upper (UL) and
lower limits (LL) are mentioned in Table 1.

RCA-1: Interstate 40, Oklahoma RCA-2: T Campbell Construction,
(recycled in-place) Oklahoma (recycled in plant)

Crushing of Concrete in Crushed RCA in the Plant Transport and Store RCA near Compaction of base using
an Off-site Plant Constructed Pavement RCA

Figure 2. Overview of operation used to produce RCA from highway concrete pavement.

Table 1. Oklahoma DOT gradation Type A upper and lower limits.

Sieve Sizes (mm) Upper Limi.t Type A Lowe:' Limi.t Type A
(%Passing) (%Passing)

19 100 40

9.5 75 30

4.75 60 25

2 43 20

0.425 26 8

0.075 12 4

Figure 3 presents the initial as-received gradations of RCA-1, RCA-2, RCA-3, and
VLA-1 aggregates. Also, the upper and lower limits of the ODOT Type A aggregate are
shown in Figure 3. It was observed that the VLA-1 aggregate had an initial gradation that
fell around the middle of the upper and lower limits of Type A aggregate base. Compara-
tively, the RCA-1 aggregate went beyond or outside of the lower limit gradation for sieve
sizes 4.75 mm and 2 mm, and RCA-3 followed the lower limit gradation for sieve sizes
2 mm, 0.425 mm, and 0.075 mm. These differences in the aggregate gradations likely
resulted from the breaking mechanisms used to produce these aggregates, since the type of
crusher used can affect the gradation and quality of the RCA produced [25]. The literature
indicated significant variations in the strength of aggregates due to differences in grada-
tion [26]. In order to reduce the variability from aggregate gradations, aggregate blends
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similar to the upper limit (UL) and lower limit (LL) of ODOT Type A gradations were
prepared for evaluation.

As-Received Gradation

Sieve Size (mm)

0.01 0.1 ] 10 100
0
on 20
:
& 40 | —e—VLA-1
BN —o—RCA-1
60 | —e—RCA-2
RCA-3

80 | —e—Upper limit Type A
»—Lower limit Type A
100 =

Figure 3. As-received gradations of RCA-1, RCA-2, RCA-3, and VLA-1 aggregates.

4. Methods

Laboratory tests in this study included wash loss, optimum moisture content (OMC)
and maximum dry density (MDD), Los Angeles (LA) abrasion test, coarse and fine dura-
bility index (D, and Dy), permeability (k), and resilient modulus (M;). Additionally, the
performances of the aggregate bases (RCA-1, RCA-2, RCA-3, and VLA-1) were studied
through mechanistic analysis using the AASHTOWare Pavement ME Design software
(version 2.6, AASHTO, USA). The workflow diagram for this study is presented in Figure 4.
A brief description of the tests used in this study is presented in the following section.

RCA-1, RCA-2, RCA-3 and VLA-1 Aggregates

$

Laboratory Tests to Investigate Aggregate Properties

/_K/Z&\\.

Wash Optimum Moisture Content Los Angeles Resilient Durability
Loss and Maximum Dry Density Abrasion Modulus Index

N%‘y

Assessment of Laboratory Results

¥

Estimation of Service Life and Performance using
AASHTOWare Pavement ME Design

¥

Conclusions and Recommendations

Permeability

Figure 4. Workflow diagram of the current study.
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4.1. Los Angeles (LA) Abrasion Test

The LA abrasion test is widely used to measure resistance to abrasion of virgin and
recycled aggregates, providing an indicator of the relative quality of the aggregate. The
test was conducted using the AASHTO T 96 [27] test method. The test involved plac-
ing a specific number of steel balls inside a rotating drum that rotates at a speed of
30-33 revolutions per minute. For the ODOT Type A gradation, the test required
11 steel spheres. The samples consisted of 5000 g of material, with 2500 g retained be-
tween sieve sizes 19 mm and 12.5 mm, and another 2500 g retained between sieve sizes
12.5 mm and 9.5 mm. The drum rotated for 500 cycles, and the material retained on the
1.70 mm sieve was washed, weighed, and compared to the initial weight. The percentage
loss was then calculated as a measure of durability loss for the aggregate. In this study, in
order to evaluate different levels of durability loss, the LA abrasion tests were conducted at
100, 300, and 500 cycles. According to Oklahoma DOT specifications [24], a maximum loss
in the LA abrasion test of 50% is required after 500 cycles.

4.2. Durability Index

The AASHTO T 210 [28] test method was used to measure the durability of the fine (Dy)
and coarse (D,) fractions of aggregates. This test provides a rapid evaluation of aggregate
quality by determining the resistance to generating claylike particles in the presence of
water through mechanical degradation [29]. For the coarser fraction, the test was conducted
on the portion of the material larger than the 4.75 mm sieve following the AASHTO T
210 [28] test method. The necessary equipment included a mechanical washing vessel,
collection pan, mechanical agitator, calcium chloride solution, and distilled water (Figure 5).
For the initial preparation, the coarser part of the aggregate, containing a set quantity
of materials retained in sieve sizes of 12.5 mm, 9.5 mm, and 4.75 mm, was washed after
two minutes in the agitator and dried for testing. The mechanical agitator was then used
to degrade the aggregate particles to generate claylike fines (smaller than the 0.075 mm
sieve) with a lateral reciprocating motion for 10 min with distilled water. The water with
fines was then collected in a collection pan. A representative portion of the collected water
was then mixed with a stock calcium chloride solution and placed in a graduated cylinder.
After a 20 min sedimentation time, the level of the sediment column was measured, which
was then used to calculate D..

(@)

(b) (©)

Figure 5. Durability index test for coarse aggregate: (a) degradation using mechanical agitator;
(b) initial setup; (c) final stage of the reading.
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For the durability of the finer fraction of the aggregate (Dy), sample preparation was
carried out in accordance with the AASHTO T 210 [29] test method. For this purpose,
the aggregates passing a Number 4 sieve were thoroughly washed. After the sample was
prepared, a mechanical sand shaker (Figure 6) was used, following the AASHTO T 176 [30]
test method to generate claylike fines. The sample was then placed in a cylindrical tube and
working solution was added. The heights of the clay and sand were measured to calculate
D¢ using Equation (1). According to ODOT specifications [24], a minimum of 40 for D,
and Dy is required to ensure that the material meets the required standard for use as an
aggregate base while protecting its structural integrity.

_sand reading
f ™ “dlay reading

* 100 (1)

a A

——ATEE

@) ()

Figure 6. Durability index test for fine aggregate: (a) sand equivalent shaker; (b) working solution;
(c) cylindrical tube with sample.

4.3. Optimum Moisture Content (OMC) and Maximum Dry Density (MDD)

The stability of an aggregate base depends significantly on its density. Density relates
to the permeability, specific gravity, unit weight, degree of compaction, and water content
of the layer [31]. The moisture-density relationship determines the optimum moisture
content (OMC) and maximum dry density (MDD) of aggregates. In this study, the modified
Proctor test, following the AASHTO T 180 [32] test method, was used to determine the
moisture-density relationship of aggregates for the upper and lower limit gradations using
a manual compactor.

4.4. Permeability Test

The permeability (k) of the aggregates was determined in the laboratory using the
falling head permeability test with a permeameter as described in ASTM D5084 [33]. The
permeameter apparatus primarily included a steel cylinder measuring 159 mm in diameter
and 165 mm in height, a base mold, a standpipe with a graduated scale, a pressure gauge,
air and water connections, and a reservoir tank (Figure 7). To complete the assembly, the
setup also required two porous cylindrical stones (150 mm in diameter and 12.5 mm thick),
rubber gaskets, hose clamps, and a stopwatch. For the permeability test, specimens were
compacted using the modified Proctor method at OMC. The compacted specimen was
placed on a porous stone and the permeability mold was positioned around it. The mold
contained a thick 0.6 mm rubber membrane held in place by o-rings, providing an air-tight
seal between the membrane and the mold. A rubber gasket was used on the bottom mold
to eliminate the possibility of water leakage. A second porous stone was placed on the top
of the specimen. Then, a standpipe was connected to the specimen to monitor water flow
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and head loss. The test used a flexible wall permeameter with a confining air pressure of
69 kPa to avoid short-circuiting the drainage path. This pressure pressed the membrane
firmly against the aggregate particles, promoting full contact and limiting short-circuiting
flow around the specimen. After sealing the entire apparatus and making sure that there
was no leakage, the aggregate specimen was fully saturated with water. The standpipe was
filled with water up to a predefined level. The time required to drop the water levels was
recorded along with the temperature. The permeability of the sample was then calculated
using the equation developed by Fwa et al. [34] (Equation (2)). Temperature correction was
performed to calculate the permeability at a temperature of 20 °C using Equation (3).

v=rkxi" 2)

where

v = specific discharge velocity in ft/day (cm/s);
k = coefficient of permeability in ft/day (cm/s);
n = experimental coefficient (unitless).

kogec = ( e )kT°C 3)

M20°C
where

kroc and kpgpec = coefficient of permeability at T °C and 20 °C, respectively;
frec and 100 = viscosity (N-m~2-s) of water at temperatures T °C and 20 °C, respectively.

(©)

Figure 7. Permeability test: (a) compacted samples and extrusion; (b) rubber membrane with o-rings;
(c) porous stones; and (d) permeability setup.

4.5. Resilient Modulus Test

The resilient modulus tests were conducted following the AASHTO T 307 [35]
test method. For this purpose, specimens with a diameter of 150 mm and a height of
300 mm were compacted using an automatic mechanical compactor with cylindrical split
steel mold. After compaction, the cylindrical specimen was placed on a loading platform
and the mold was carefully extruded. A rubber membrane was placed over the sample to
avoid the collapse of the specimen. Filter papers and 12.5 mm porous stones were placed
on the top and bottom of the specimen and sealed with o-rings. The triaxial cell was placed
over the specimen and sealed. In this test, compacted specimens were subjected to cyclic
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loads (haversine-shaped) and static confining pressure in the triaxial chamber. A loading
duration of 0.1 s followed by a resting period of 0.9 s was used for all resilient modulus
testing using a servo-controlled hydraulic actuator (MTS). Two Linear Variable Differential
Transducers (LVDTs) were mounted externally to measure the recoverable deformation, as
seen in Figure 8. The test was performed following the loading sequences mentioned in the
AASHTO T 307 [35] test method for base and subbase materials.

Figure 8. Setup for resilient modulus test.

Previous studies have used various models to correlate the resilient modulus of aggre-
gate bases with stress levels. These models have employed different independent variables,
such as confining pressure (03), deviatoric stress (), bulk stress (8), and octahedral stress
(Toct) [26]. One of the widely used models for unbound aggregate bases is the bulk stress (6)
model, presented in Equation (2). The bulk stress model represents the resilient modulus
(M;) of aggregate bases as a function of 0.

M, = k62 (4)

where

M, = resilient modulus;

ki, ky = parameters for the model;

0 = bulk stress = 01 + 05 + 03;

01 = major principal stress;

0 = intermediate principal stress = confining stress;
o3 = minor principal stress = confining stress.

This study utilized the model to represent the resilient modulus of recycled and virgin
aggregates. In this study, a 6 value of 103.5 kPa (0, = 03 = 20.7 kPa, and o = 41.4 kPa)
was used to calculate the design M, values for aggregate bases, as recommended in the
AASHTO 1993 design [36].

4.6. AASHTOWare Pavement ME Simulations

AASHTOWare Pavement ME software (version 2.6, AASHTO, USA) is used to design
pavement using a mechanistic-empirical design approach. In this study, the performances
of a flexible (SH-48) and a rigid (SH-33) pavement in terms of pavement distresses were
evaluated using AASHTOWare Pavement ME software (version 2.6, AASHTO, USA) based
on traffic, climate, and material properties determined through laboratory testing.

The pavement section of SH-48 consists of three asphalt layers totaling 225 mm. Below
the asphalt layer is a 200 mm granular aggregate base followed by a 200 mm thick stabilized



Sustainability 2025, 17, 6050

10 of 19

subgrade. A cross-section of this pavement section and associated properties are shown in
Figure 9. The following distress thresholds were considered in the simulation: total rutting

(12.5 mm), top-down fatigue cracking (20% lane area), and bottom-up fatigue cracking
(20% lane area) [37].

. Resilient
Th1ck11ess| Modulus Gradation
(mm ] kpa)
Layer 1 Asphalt 50 Default S4
Layer 2 Asphalt 75 Default S3
Layer 3 Asphalt 100 Default S3
. ODOT
: 2
Aggregate Base 00 Varied Type A
< [Stabilized Subgrade| 200 68,950 A2-7
Semi-
55,160 -
Subgrade infinite A-7-6

Figure 9. Pavement section of SH-48 (flexible pavement).

The pavement section on SH-33 was a rigid pavement having a thickness of 250 mm
(top layer). This layer of Portland cement concrete (PCC) was supported by a 100 mm
thick cement stabilized base, a 200 mm thick granular base, and a 200 mm thick stabilized
subgrade. A cross-section of this pavement section and associated properties are shown
in Figure 10. The following distress thresholds were considered in the evaluation of the

pavement: terminal IRI (3100 mm/km), mean joint faulting (5 mm), and transverse cracking
(15% slabs) [37].

. Resilient
Thickness Modulus | Gradation
(mm) | (1pa)
PCC 250 2.9E7 -
Cement Stabilized Base 100 1.4E7 -
- ODOT
200 Vv
Aggregate Base aried Type A
Stabilized Subgrade 200 68,950 A-2-7
Subgrade Semi- | 55160 | A7
infinite

Figure 10. Pavement section of SH-33 (rigid pavement).

The aggregate bases were modeled with different aggregate base options (RCA-1,
RCA-2, RCA-3, and VLA-1) for both flexible and rigid pavement sections. The properties
of the upper limit gradation of the aggregates were used for this evaluation. The analyses
were conducted by varying the M, values to assess the performance of the aggregate
bases. The M, values used for the simulation were obtained from laboratory testing. The
design M, values based on a 6 value of 103.5 kPa (03 = 03 = 20.7 kPa, and 07 = 41.4 kPa)
were calculated and incorporated in the Pavement ME software (version 2.6, AASHTO,
USA) as an input. A design life of 20 years, annual average daily traffic (AADT) of
4000, and the same climate conditions were considered in the simulations. Also, the
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| Plastic

i

I

Clay lumps

resilient moduli of stabilized subgrade and natural subgrade were assumed to be 68,950 and
55,160 kPa, respectively.

5. Results and Discussion
5.1. Wash Loss and Contaminants of Different Aggregates

Recycled concrete aggregates often contain foreign materials or contaminants. Fine
particles can adhere to the surface of the aggregates. Wash loss was performed to determine
the quantities of fines present in the different-size fractions of the recycled and virgin
aggregates. The results are summarized in Table 2. It is seen that the VLA-1 and RCA-3
aggregates show relatively less wash losses, indicating good quality aggregates regarding
wash loss. However, the RCA-1 and RCA-2 aggregates had significantly higher wash
losses. The RCA-1 aggregate had clay clumps, indicating possible contamination with the
underlying soil.

Table 2. Percent wash loss of different aggregates.

%Loss Due to Washing with Water

Size
VLA-1 RCA-1 RCA-2 RCA-3
34" 0.64 1.45 1.63 0.69
3/8" 0.50 1.29 1.51 0.15
No. 4 0.94 3.12 3.56 0.93
No. 10 1.23 4.86 7.30 1.68

In addition, contaminants or foreign particles were found in all RCAs at different levels.
RCA-1 had some twigs and mostly clay clumps (Figure 11). The RCA-2 aggregate produced
in a recycling plant had numerous clay clumps, bricks, tiles, and other contaminants
that could not be removed through washing. Comparatively, VLA-1 and RCA-3 showed
significantly less contamination. Therefore, RCAs produced in recycling plants, like RCA-2,
may negatively affect the quality of the material. However, high-quality aggregate is
expected from known sources like highways and airfield pavements [23].

RCA-1 RCA-2 RCA-3
Tiles
: Presence
tw
= of Asphalt
Coated
Clay
I mps Plastic
; fibers
Asphalt
coated
Aggregates

Figure 11. Contaminants present in (a) RCA-1, (b) RCA-2, and (c) RCA-3 aggregates.

5.2. Los Angeles (LA) Abrasion Test

The losses of aggregates in the LA abrasion machine subjected to 100, 300, and
500 cycles are presented in Figure 12. From Figure 12, RCA-3 and VLA-1 exhibited similar
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losses in the LA abrasion for all the aforementioned cycles. At 300 and 500 cycles, RCA-1
and RCA-2 had significantly higher losses than RCA-3 and VLA-1. The presence of clay
clumps and contaminants found in RCA-1 and RCA-2 are thought to be responsible for
the higher values of abrasion losses. The RCA-3 aggregate is expected to have improved
behavior because of the high quality (fewer foreign particles) of RCA obtained from state
highway pavements. The low abrasion loss of VLA-1 and RCA-3 indicates that these aggre-
gates will have higher resistance to degradation caused by abrasion. The study conducted
by Arulrajah et al. [8] also found that RCA aggregates satisfied the allowable limits of the
LA abrasion test set by the state agency. Therefore, aggregates produced in-place exhibiting
qualities similar to RCA-3 are expected to perform well as a pavement base.

Loss from LA Abrasion Test

50 r 100 Cycles 8300 Cycles @500 Cycles

40 |
£30 |
220 t

=]

0
RCA-1 RCA-2 RCA-3
Aggregate Types

Figure 12. Abrasion loss of different aggregates.

5.3. Durability Index Test

Figure 13a presents the durability index of the coarser part (D.) of the aggregates.
It was observed that the D, values of all aggregates met the minimum Oklahoma DOT
requirement of 40. It was observed that the coarser part mostly contained crushed concrete
clumps, which were expected to perform well. Furthermore, the D, values of RCA-2 and
RCA-3 were comparable to that of VLA-1. Also, the D, value of RCA-3 was higher than
that of VLA-1, suggesting a greater resistance to durability issues. In contrast, RCA-1
had the lowest value of D., suggesting a lower resistance to durability issues than the
virgin aggregate.

Figure 13b,c show the durability indices for upper and lower limits of fine aggregate.
From Figure 13b,c, it was observed that the durability indices of RCA-1 (34 for the UL
and 29 for the LL) and RCA-2 (26 for the UL and 23 for the LL) did not satisfy the ODOT
minimum requirement of 40. However, VLA-1 and RCA-3 met the requirements. During
testing, it was observed that both RCA-1 and RCA-2 contained clay clumps and other
contaminants. Controlling the amount of these contaminants is essential to maintaining
the quality of RCA bases. From the aforementioned results, it is evident that the fine
aggregate durability index test could be used as a screening tool to ensure the quality of
recycled aggregate.
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Figure 13. Durability indices for (a) coarse aggregate, (b) upper limit of fine aggregate, and (c) lower
limit of fine aggregate.

5.4. Optimum Moisture Content (OMC) and Maximum Dry Density (MDD)

The OMCs and MDD:s of different aggregates are presented in Figure 14a,b, respec-
tively. It was observed that RCAs had higher OMCs than the virgin aggregate. For instance,
for the upper limit, RCA-1, RCA-2, and RCA-3 had OMC values of 6.3%, 8.7%, and 10%,
respectively, while VLA-1 had an OMC of 5.1%. For the lower limit, RCA-1, RCA-2, and
RCA-3 had OMC values of 5.6%, 7.2%, and 8.3%, respectively, while VLA-1 had an OMC
of 2.7%. Also, the MDDs of all RCAs were lower than those of the virgin aggregate (VLA-
1). The MDD of the VLA-1 aggregate was 2313 kg/m? for the upper limit, whereas that
of RCA-3 was 1943 kg/m?3 for the same gradation. The RCAs used in this study were
produced by crushing existing concrete structures. The coarser part of the aggregate is
primarily composed of aggregate with attached cement mortar, which can absorb more
water and increase the water demand. Also, these concrete coated aggregates are porous,
allowing more water to penetrate while reducing their density. Other researchers have
found a similar trend where the OMC of RCA is higher, and the MDD is lower, than that of
virgin aggregates [6,7,14]. Gabr & Cameron [14] studied the characteristics of two RCAs
obtained from southern Australia. Both RCAs exhibited significantly higher OMC than the
control quartize aggregates. Also, the MDD values of the RCAs were found to be at least
10% lower than those of the control aggregate.



Sustainability 2025, 17, 6050

14 of 19

Moisture Content (%)

—_
(e T SR

[9%]

= [1B

Optimum Moisture Content Maximum Dry Density
- . 3000 ¢
B Upper Limit BLower Limut ? @ Upper Limit 8 Lower Limit

2500 |
£ 2000
= 1500
g"
Z 1000
U
A

VLA-1

RCA-1 RCA-2 RCA-3 VLA-1 RCA-1 RCA-2 RCA-3
Aggregate Types Aggregate Types

@) (b)
Figure 14. (a) Optimum moisture content and (b) maximum dry density of different aggregates.

5.5. Resilient Modulus (M,) of Aggregates

Table 3 presents the design resilient modulus values of all aggregates based on
Equation (4). From Table 3, the design resilient modulus values for the VLA-1 aggre-
gate were found to vary between 126,519 kPa and 77,221 kPa for the upper and lower limit
gradations, respectively, with an average of 101,870 kPa. The average resilient modulus
for RCA-1 was 124,712 kPa (159,958 kPa for UL to 89,460 kPa for LL), for RCA-2 was
81,358 kPa (88,253 kPa for UL to 74,463 kPa for LL), and for RCA-3 was 98,719 kPa
(104,856 kPa for UL to 92,576 kPa for LL). From Table 3, the RCA-1 aggregate exhib-
ited higher M, values than the corresponding values for the VLA-1 aggregate for the upper
and lower limit gradation. Also, the RCA-2 aggregate exhibited a similar average M, value
as the VLA-1 aggregates. Based on these results, RCA-1 and RCA-3 are expected to perform
similarly to or better than the VLA-1 aggregate as pavement bases. Regarding RCA-2, the
M, values were found to be lower than those of the other aggregates. The reduced strength
of RCA-2 was believed to be caused by the inferior quality of the source materials. The high
M, values observed for RCA-1 and RCA-3 likely resulted from the proper control of quality
during the construction of the highway pavement section. Both of these aggregates (RCA-1
and RCA-3) were produced on-site from existing highway pavements with high-quality
materials, producing high-quality recycled aggregates. Gabr & Cameron [14] reported that
the resilient modulus of RCA aggregates was greater than that of a local quartzite used
as virgin aggregate for pavement base. Other researchers have reported M, of recycled
aggregates to be higher than or comparable to that of a virgin aggregate [8,13].

Table 3. Design resilient modulus of different aggregates.

Aggregate Design Average
g,l% % Gradation Limit K; K, Resilient M 8
yp Modulus (kPa) !

Upper 21,701 0.38 126,519

VLA-1 101,870
Lower 10,027 0.44 77,221
Upper 20,770 0.44 159,958

RCA-1 124,712
ODOT Lower 12,745 0.42 89,460
Type A Upper 18224  0.34 88,253

RCA-2 81,358
Lower 11,640 0.40 74,463
Upper 20,671 0.35 104,856

RCA-3 98,719

Lower 13,189 0.42 92,576
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5.6. Permeability of Aggregates

Figure 15a,b present the permeability (k) results of all aggregates for the upper and
lower limit gradations, respectively. The k value of the aggregates for the upper and lower
limit gradations showed no specific trend. However, the values were similar in magnitude.
The reason for this behavior can be attributed to the fact that aggregate gradation remained
consistent (at the UL and LL) during the testing. It was reported that a less permeable but
more stable base layer may have a permeability of 15,250 to 24,400 cm/day [25]. All the
aggregate bases exhibited relatively low permeability values, indicating possible problems
with pavement drainage.

Permeability of Upper Limits of Aggregates Permeability of Lower Limits of Aggregates
__ 1000 1000
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Figure 15. Permeability of (a) upper and (b) lower limits of different aggregates.
5.7. Assessment of Service Life Using AASHTOWare Pavement ME Simulations
As mentioned earlier, the performances of a flexible pavement (SH-48) and a rigid
pavement (SH-33) with different aggregate bases were simulated using the AASHTOWare
Pavement ME software (version 2.6, AASHTO, USA). Table 4 presents the performances
of the flexible pavement section (SH-48) with different aggregate base alternatives. From
Table 4, it was observed that the changes in aggregate types, as well as changes in resilient
modulus value, did not affect pavement rutting. For all aggregate types, the total pavement
rutting was found to vary between 10.7 and 10.9 mm. Therefore, for a pavement structure
similar to SH-48, rutting performance may not be affected by changes in design resilient
modulus from 88,253 kPa (RCA-2) to 159,958 kPa (RCA-1). The 225 mm thick asphalt layers
on top of the aggregate base may be contributing to the improved rutting performance
of SH-48.
Table 4. Effect of aggregate types on the performance of flexible pavement (SH-48).
Top-Down Bottom-Up
Aggregate Base Base Thickness  Design Resilient  Total ‘Pavement Fatigyle Fatig-ue
(mm) Modulus (kPa) Rutting (mm) Cracking Cracking
(% Lane area) (% Lane Area)
VLA-1 (UL) 200 126,519 10.7 14.19 18.57
RCA-1 (UL) 200 159,958 10.7 14.14 10.08
RCA-2 (UL) 200 88,253 10.9 14.28 31.90
RCA-2 (UL) 250 88,253 10.9 14.22 27.66
RCA-2 (UL) 300 88,253 10.9 14.22 23.93
RCA-2 (UL) 350 88,253 10.7 14.26 20.14
RCA-3 (UL) 200 104,856 10.7 14.23 18.72

The top-down fatigue cracking of the SH-48 pavement with 200 mm of RCA-1
(159,958 kPa), RCA-2 (88,253 kPa), RCA-3 (104,856 kPa), and VLA-1 (126,519 kPa) as
a pavement base was found to be 14.14%, 14.28%, 14.23%, and 14.19% of the lane area,
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respectively. This indicates that the changes in aggregate types (RCAs and VLA), as well
as a resilient modulus between 88,253 kPa and 159,958 kPa, will not affect the top-down
fatigue cracking performance of SH-48.

However, a significant difference was found in bottom-up fatigue cracking among
different aggregate options. For a 200 mm aggregate base, RCA-1 exhibited the lowest
bottom-up fatigue cracking value at 10.08%. Comparatively, for the same layer thickness,
VLA-1, RCA-2, and RCA-3 had 18.57%, 31.90%, and 18.72% bottom-up fatigue cracking.
The pavement section with RCA-1, RCA-3, and VLA-1 showed significantly lower values
of bottom-up fatigue cracking than that with RCA-2. The low design resilient modulus
of RCA-2 resulted in a weaker base layer and eventually led to higher bottom-up fatigue
cracking. In order to improve the bottom-up fatigue cracking of RCA-2, the thickness of
the aggregate base was increased to 350 mm using increments of 50 mm. It was expected
that the added thickness would add to the strength of the base layer and reduce bottom-up
fatigue cracking. For a 350 mm aggregate base, the bottom-up fatigue cracking of RCA-2
improved to 20.14%. Both RCA-1 and RCA-3 showed similar or better performance for all
pavement distresses compared to VLA-1 for the same layer thickness. The results suggest
that recycled aggregates can be viable for pavement base layers, provided their properties
are carefully evaluated and appropriate thicknesses are used. The aggregate bases produced
with RCA from on-site crushing operations had improved pavement distress resistance
because of the better M, values obtained from laboratory testing.

The performance of the SH-33 section is presented in Table 5. From Table 5, pavement
distresses were unaffected by the changes in aggregate base thickness. The section per-
formed exceptionally well in terms of pavement distresses. The concrete layer, which is
much stronger and stiffer than other layers, controls the overall performance. However,
the use of recycled aggregates for the construction of pavement base of concrete pavement
may prove to be economically feasible as it will reduce material and hauling cost without
compromising performance.

Table 5. Effect of aggregate type on the performance of rigid pavement (SH-33).

Ageresate Base Base Thickness Resilient Terminal IRI Mean Joint J ch;l;ze;(r;;verse
88res (mm) Modulus (kPa) (mm/km) Faulting (mm) - 8
(% slabs)
VLA-1 (UL) 200 126,519 1800 1.5 0.96
RCA-1 (UL) 200 159,958 1798 1.5 0.96
RCA-2 (UL) 200 88,253 1801 1.5 0.96
RCA-3 (UL) 200 104,856 1800 1.5 0.96

6. Conclusions and Recommendations

This study generated useful data of recycled aggregate for possible use as an unbound
aggregate base or subbase of a new or reconstructed pavement in Oklahoma. For this
purpose, the properties of the RCAs (RCA-1, RCA-2, and RCA-3) and virgin aggregate
(VLA-1) were evaluated in terms of wash loss, moisture—density relationships, LA abrasion
loss, durability indices, permeability, and resilient modulus. Additionally, the properties
obtained through laboratory testing were used to assess the performance of aggregate
bases for a flexible pavement section (SH-48) and a rigid pavement (SH-33) section using
AASHTOWare Pavement ME simulations. The following conclusions could be drawn from
the results presented in the preceding sections:

e  The properties of RCAs can differ greatly based on the origin of the source materials

and the methods used in their processing, which may influence their appropriate-
ness for pavement applications. To ensure consistent quality, agencies may require
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contractors to obtain RCAs from approved sources. Additionally, standardization of
production processes, including crushing, blending, and transportation, is essential.
Good-quality recycled aggregates from concrete pavements of interstate and state
highways, similar to those used in this study, are expected to exhibit similar perfor-
mance as virgin aggregates of comparable quality. Improved durability and strength
properties are expected from these RCAs. Since the concrete used during the original
pavement construction was of good quality and met specifications, the resulting RCAs
were expected to meet the specification requirements, as demonstrated in this study.
The results of this study showed that the RCAs obtained from a recycling plant
exhibited the lowest durability and strength characteristics among all the aggregates
tested. RCAs in a recycling plant are typically produced by crushing concrete and
rubble from various sources, such as demolished buildings, driveways, and other
structures. Due to the diverse origins of these materials, there is minimal control over
their quality, which introduces significant variability in the properties of the resulting
aggregate. As a result, the performance of pavement bases constructed with such
materials can be unpredictable. Therefore, careful consideration should be given when
using RCA from recycling plants, as it may contribute to long-term deterioration in
pavement performance.

A variety of foreign contaminants, such as twigs, plastic, and clay clumps, were
found in the aggregates, particularly in RCAs sourced from recycling plants. These
contaminants likely contributed to the durability and performance issues observed
in RCAs. To address this, agencies might consider specifying allowable limits for
contaminant content in RCAs. Also, it was evident from the current study that the
fine aggregate durability test could be used as a screening tool to ensure the quality of
recycled aggregate.

Several methods have been identified in the literature to reduce or eliminate such impu-
rities, including smart demolition and dismantling, screening, automated sensor-based
sorting, advanced dry recovery, and the use of wind sifters [38]. Additionally, care
must be taken during the hauling and transport of crushed concrete from demolished
pavements to avoid contamination with subgrade soil.

The use of RCA from different sources may have little impact on the rutting and
top-down fatigue cracking performance of flexible pavement, provided that strong
asphalt surface layers are present. However, if the aggregate has a low design resilient
modulus, such as RCA-2 in this study;, it can lead to significant bottom-up fatigue
cracking. To mitigate this, a thicker base layer can be incorporated to compensate for
the lower modulus and enhance resistance to bottom-up fatigue cracking failure.
The influence of the aggregate type on the performance of rigid pavement was found
to be insignificant due to the dominance of the thick concrete layer. In this case, RCA
may be a valuable alternative for reducing costs.

Typically, RCAs are produced close to projects, reducing hauling costs, and are less

costly than virgin aggregates. In cases where the virgin aggregates are far away from

the project, the RCAs can provide a cost-effective and sustainable solution for pavement

construction. Proper specifications should be developed and used by state DOTs to ensure

the performance of pavement constructed with recycled aggregate.

Author Contributions: Conceptualization, S.A.A., M.Z., Z.H. and ].R.-P.; Methodology, S.A.A., PC.A,,
M.Z.,RWEF. and ].R.-P; Formal analysis, P.C.A.; Resources, R W.F. and Z.H.; Data curation, P.C.A.;
Writing — original draft, S.A.A. and P.C.A.; Writing — review & editing, M.Z., RW.E,, Z.H. and ].R.-P;
Project administration, S.A.A.; Funding acquisition, S.A.A. and M.Z. All authors have read and

agreed to the published version of the manuscript.



Sustainability 2025, 17, 6050 18 of 19

Funding: This work was supported by the Oklahoma Department of Transportation under Task
Order Grant [number 2160-19-03, 2160-22-06].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to sincerely thank the Oklahoma Department of Trans-
portation (DOT) for funding. The authors thank Dolese Davis Quarry and DUIT Construction
Company Inc. for helping with the aggregate collection.

Conflicts of Interest: Javier Rojas-Pochyla was employed by Oklahoma Department of Transportation.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  USEPA. Advancing Sustainable Materials Management: 2018 Fact Sheet. 2020. Available online: https:/ /www.epa.gov/facts-and-
figures-about-materials-waste-and-recycling /advancing-sustainable-materials-management (accessed on 25 February 2022).

2. Gonzalez, G.P; Moo-Young, H.K. Transportation applications of recycled concrete aggregate. In FHWA State of the Practice National
Review; Federal Highway Administration: New York, NY, USA, 2004; pp. 1-47.

3. Zhang, Y.; Cetin, B.; Edil, T.B. Seasonal Performance Evaluation of Pavement Base Using Recycled Materials. Sustainability 2021,
13, 12714. [CrossRef]

4. Arshad, M.; Ahmed, M.F. Potential use of reclaimed asphalt pavement and recycled concrete aggregate in base/subbase layers of
flexible pavements. Constr. Build. Mater. 2017, 151, 83-97. [CrossRef]

5. Edil, T.B.; Tinjum, ].M.; Benson, C.H. Recycled Unbound Materials; (No. MN /RC 2012-35); Minnesota Department of Transportation,
Research Services Section: Saint Paul, MN, USA, 2012.

6.  Poon, C.S.; Chan, D. Feasible use of recycled concrete aggregates and crushed clay brick as unbound road sub-base. Constr. Build.
Mater. 2006, 20, 578-585. [CrossRef]

7. Arulrajah, A; Kua, T.-A.; Horpibulsuk, S.; Phetchuay, C.; Suksiripattanapong, C.; Du, Y.-J. Strength and microstructure evaluation
of recycled glass-fly ash geopolymer as low-carbon masonry units. Constr. Build. Mater. 2016, 114, 400-406. [CrossRef]

8. Arulrajah, A.; Piratheepan, J.; Ali, M.; Bo, M. Geotechnical properties of recycled concrete aggregate in pavement sub-base
applications. Geotech. Test. J. 2012, 35, 743-751. [CrossRef]

9.  Bozyurt, O,; Tinjum, ].M.; Son, Y.-H.; Edil, T.B.; Benson, C.H. Resilient modulus of recycled asphalt pavement and recycled
concrete aggregate. In GeoCongress 2012: State of the Art and Practice in Geotechnical Engineering; ASCE Press: Reston, VA, USA,
2012; pp. 3901-3910.

10. Gabr, A.; Mills, K.; Cameron, D. Repeated load triaxial testing of recycled concrete aggregate for pavement base construction.
Geotech. Geol. Eng. 2013, 31, 119-132. [CrossRef]

11. Kim, S,; Ceylan, H.; Gopalakrishnan, K.; White, D.J.; Jahren, C.T.; Phan, T.H. Comparative performance of concrete pavements
with recycled concrete aggregate (RCA) and virgin aggregate subbases. In Transportation and Development Institute Congress 2011:
Integrated Transportation and Development for a Better Tomorrow; ASCE Press: Reston, VA, USA, 2011.

12.  Nataatmadja, A.; Tan, Y. Resilient response of recycled concrete road aggregates. J. Transp. Eng. 2001, 127, 450-453. [CrossRef]

13. da Conceigao Leite, F.; dos Santos Motta, R.; Vasconcelos, K.L.; Bernucci, L. Laboratory evaluation of recycled construction and
demolition waste for pavements. Constr. Build. Mater. 2011, 25, 2972-2979. [CrossRef]

14. Gabr, A.; Cameron, D. Properties of recycled concrete aggregate for unbound pavement construction. J. Mater. Civ. Eng. 2012, 24,
754-764. [CrossRef]

15. Ashteyat, A.; Obaidat, A ; Kirgiz, M.; AlTawallbeh, B. Production of roller compacted concrete made of recycled asphalt pavement
aggregate and recycled concrete aggregate and silica fume. Int. ]. Pavement Res. Technol. 2022, 15, 987-1002. [CrossRef]

16. Coban, H.S; Cetin, B.; Ceylan, H.; Edil, T.B.; Nazarian, S. Evaluation of field and laboratory stiffness of recycled materials used in
pavement base layers. In Geo-Congress 2020; American Society of Civil Engineers: Reston, VA, USA, 2020.

17.  Kim, S.H.; Ashtiani, R.; Vaughan, D.; Des Islets, J.; Beadles, S. Use of recycled concrete materials as aggregate base layer. In Airfield
and Highway Pavement 2013: Sustainable and Efficient Pavements; ASCE Press: Reston, VA, USA, 2013; pp. 1264-1277.

18. Arisha, A.M,; Gabr, A.; El-Badawy, S.; Shwally, S. Performance evaluation of construction and demolition waste materials for

pavement construction in Egypt. J. Mater. Civ. Eng. 2018, 30, 04017270. [CrossRef]


https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://doi.org/10.3390/su132212714
https://doi.org/10.1016/j.conbuildmat.2017.06.028
https://doi.org/10.1016/j.conbuildmat.2005.01.045
https://doi.org/10.1016/j.conbuildmat.2016.03.123
https://doi.org/10.1520/GTJ103402
https://doi.org/10.1007/s10706-012-9572-8
https://doi.org/10.1061/(ASCE)0733-947X(2001)127:5(450)
https://doi.org/10.1016/j.conbuildmat.2010.11.105
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000447
https://doi.org/10.1007/s42947-021-00068-4
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002127

Sustainability 2025, 17, 6050 19 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.
37.

38.

Reza, F; Wilde, W.; Izevbekhai, B. Performance of recycled concrete aggregate pavements based on historical condition data.
Int. J. Pavement Eng. 2020, 21, 677-685. [CrossRef]

Sereewatthanawut, I.; Prasittisopin, L. Environmental evaluation of pavement system incorporating recycled concrete aggregate.
Int. ]. Pavement Res. Technol. 2020, 13, 455-465. [CrossRef]

Hoyos, L.R.; Puppala, AJ.; Ordonez, C.A. Characterization of cement-fiber-treated reclaimed asphalt pavement
aggregates: Preliminary investigation. J. Mater. Civ. Eng. 2011, 23, 977-989. [CrossRef]

Cavalline, T.L.; Snyder, M.B.; Taylor, P. Use of Recycled Concrete Aggregate (RCA) in Concrete Paving Mixtures; Tech brief No.
FHWA-HIF-22-020; Federal Highway Administration (FHWA): New York, NY, USA, 2022.

Mukhopadhyay, A K.; Shi, X.; Zollinger, D.G. Recycling and Reuse of Materials in Transportation Projects-Current Status and Potential
Opportunities Including Evaluation of RCA Concrete Pavements Along an Oklahoma Interstate Highway; Report No. FHWA-OK-18-04;
Oklahoma Department of Transportation: Oklahoma, OK, USA, 2018.

ODOT. 2019 Standard Specifications for Highway Construction; Oklahoma Department of Transportation: Oklahoma, OK, USA, 2019.
Hein, D.; Rao, S.; Tayabji, S.D.; Lee, H. Bases and Subbases for Concrete Pavements; Tech Brief No. FHWA-HIF-16-00; Federal
Highway Administration (FHWA): New York, NY, USA, 2017.

Khoury, N.; Zaman, M.; Brooks, R. Stiffness and drainage characteristics of unbound aggregate bases. Int. J. Geotech. Eng. 2010, 4,
461-469. [CrossRef]

AASHTO T 96; Standard Method of Test for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in
the Los Angeles Machine. American Association of State Highway and Transportation Officials (AASHTO): Washington, DC,
USA, 2017.

AASHTO T 210; Standard Method for Aggregate Durability Index. American Association of State Highway and Transportation
Officials (AASHTO): Washington, DC, USA, 2010.

Papagiannakis, A.T.; Masad, E.A. Pavement Design and Materials; John Wiley & Sons: New York, NY, USA, 2008.

AASHTO T 176; Standard Method of Test for Plastic Fines in Graded Aggregates and Soils by Use of the Sand Equivalent Test.
American Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2017.

Alexandria, V. The Aggregates Handbook; National Stone Association: Alexandria, VA, USA, 2013.

AASHTO T 180; Standard Method of Test for Moisture-Density Relations of Soils Using a 4.54-kg (10-1b) Rammer and a 457-mm
(18-in.) Drop. American Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2019.
ASTM D5084; Standard Test Methods for Measurement of Hydraulic Conductivity of Saturated Porous Materials Using a Flexible
Wall Permeameter. ASTM International (ASTM): West Conshohocken, PA, USA, 2016.

Fwa, T.; Tan, S.; Chuai, C. Permeability measurement of base materials using falling-head test apparatus. Transp. Res. Rec. 1998,
1615, 94-99. [CrossRef]

AASHTO T 307; Standard Method of Test for Determining the Resilient Modulus of Soils and Aggregate Materials. American
Association of State Highway and Transportation Officials (AASHTO): Washington, DC, USA, 2021.

Huang, Y.H. Pavement Analysis and Design, 2nd ed.; Pearson Prentice Hall: Upper Saddle River, NJ, USA, 2004.

AASHTO. Mechanistic-Empirical Pavement Design Guide, Interim Edition: A Manual of Practice. 2020. Available online:
https:/ /me-design.com/medesign/Documents.html? AspxAutoDetectCookieSupport=1 (accessed on 15 January 2022).

Lotfi, S.; Di Maio, F; Xia, H.; Serranti, S.; Palmieri, R.; Bonifazi, G. Assessment of the contaminants level in recycled aggregates and
alternative new technologies for contaminants recognition and removal. In Proceedings of the 15th Euroseminar on Microscopy
Applied to Building Materials, Delft, The Netherlands, 17-19 June 2015; pp. 319-331.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/10298436.2018.1503272
https://doi.org/10.1007/s42947-020-0002-7
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000267
https://doi.org/10.3328/IJGE.2010.04.04.461-469
https://doi.org/10.3141/1615-13
https://me-design.com/medesign/Documents.html?AspxAutoDetectCookieSupport=1

	Introduction 
	Objectives 
	Materials and Methods 
	Methods 
	Los Angeles (LA) Abrasion Test 
	Durability Index 
	Optimum Moisture Content (OMC) and Maximum Dry Density (MDD) 
	Permeability Test 
	Resilient Modulus Test 
	AASHTOWare Pavement ME Simulations 

	Results and Discussion 
	Wash Loss and Contaminants of Different Aggregates 
	Los Angeles (LA) Abrasion Test 
	Durability Index Test 
	Optimum Moisture Content (OMC) and Maximum Dry Density (MDD) 
	Resilient Modulus (Mr) of Aggregates 
	Permeability of Aggregates 
	Assessment of Service Life Using AASHTOWare Pavement ME Simulations 

	Conclusions and Recommendations 
	References

