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ABSTRACT

The objective of this research was to explore the feasibility of using recycled concrete aggregates (RCA) to
construct flexible pavements with high performance and durability. The research is based on materials obtained
from urban renewal projects in Istanbul, where RCA can be sourced from construction demolition waste. The
grain diameter distributions of subbase and base samples, intended for road infrastructure implementation, were
established to comply with the AASHTO Pavement Structures Design Guidelines specifications. Laboratory tests
were conducted to determine the physical, mechanical, and stiffness properties of subbase and base samples
prepared with RCA. In addition, the influence of freeze—thaw (F-T) cycles on the stiffness characteristics of RCA
was examined experimentally through resilient modulus and permanent deformation tests carried out on base
and subbase samples subjected to a range of 1 to 20F-T cycles. Also, numerical evaluations were undertaken
using finite difference numerical modeling software to investigate the mechanical performance of flexible
pavements built with RCA under significant loads, utilizing parameters derived after various numbers of F-T
cycles. The findings suggest that the stiffness properties of RCA meet the required specifications for subbase and
base materials after F-T cycles, indicating that RCA can potentially provide high performance in flexible pave-
ment construction under varying environmental conditions.

1. Introduction

The demand for new infrastructure due to growing populations and
the significant amount of solid waste generated, primarily by the con-
struction industry, place significant pressure on the environment. Due to
the scarcity of high-quality materials and the rising cost of natural
aggregate, construction and demolition waste (C&D) is increasingly
being recognized as a valuable resource [1-5]. Recycled Concrete Ag-
gregates (RCA), which account for approximately 70% of construction
waste, have been shown to be especially useful for developing high-
performance and durable flexible pavements [6].

The Pavement Mechanistic-Empirical Design (PMED) approach is
used in designing flexible pavements that considers course stiffness,
climate zone, traffic conditions, the intended service life of the pave-
ment, and damage criteria to create a sustainable pavement design.
Material input parameters are used in the PMED approach for empirical
prediction models, and pavement deteriorations such as rutting, fatigue
cracking, thermal cracking, and roughness are analyzed to evaluate the
deformations that will occur at mechanically determined critical stresses

depending on temperature and humidity levels. Accurate traffic,
climate, and material input parameters ensure that the coating stresses
and deformations that will occur at critical locations in the system are as
close to reality as possible. The resilient modulus and permanent
deformation are stiffness properties used as material inputs for the
pavement response model to measure the stress-induced resilience of
unbonded materials under moving wheel loads [7].

While many studies have examined the mechanical and strength
properties of RCA, few studies have focused on the stiffness properties of
RCA and its freeze and thaw (F-T) effects on the mechanical behavior of
pavement courses under moving wheel loads [8,9]. Studies on recycled
aggregates and natural soils have shown that F-T has an impact on both
the resilient modulus and the permanent deformation of the aggregates.
For instance, Li et al. [10] examined the factors influencing the elasto-
plastic behavior of RCA subjected to F-T. Their results indicate that
the initial stress ratio, initial average stress, repeated stress amplitude,
temperature, and initial water content affect permanent deformation
values. Rosa et al. [11] showed that the resilient modulus of RCA in-
creases up to a certain cycle and then decreases. Bassani and Tefa [12]
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demonstrated that the resilient modulus of concrete and brick aggre-
gates obtained from construction waste decreases with increasing F-T
cycles.

The understanding of F-T damage mechanisms and the evaluation of
the performance of pavement structures under different environmental
conditions, including F-T cycles, are essential for the design and main-
tenance of resilient and durable pavements [13-16]. In recent years,
research has focused on the effects of F-T cycles on the strength, dura-
bility, and mechanical properties of pavement materials, all of which
can have significant implications for pavement performance and should
be considered in pavement design and maintenance practices [17-19].
However, although the use of numerical simulations to analyze the
mechanical behavior of pavement structures has been explored in recent
years [20-22]; studies that use parameters obtained from experiments in
3D numerical simulations of pavement structure, enabling examination
of the pavement’s mechanical behavior under a moving wheel load and
different F-T conditions, not included in the literature. Furthermore,
elastic theory with the Mohr-Coulomb failure criterion has been used by
researchers to model the permanent deformation behavior of pavement
granular soils under cyclic loading [23,24]. Mohammadinia et al. [25]
stated that elastic theory cannot be used to model the stress dependence
of soil stiffness. Pérez et al. [26], for example, observed the peak re-
sponses at critical positions of pavement course sections using the
FLAC3D code in an axisymmetric approach. They concluded that base
courses with natural and recycled aggregates exhibit similar nonlinear
behavior due to the nonlinear behavior of the base courses with natural
and recycled aggregates and their dependence on stresses on their
resilient modulus. However, Akbas et al. [27] suggested that 3D models
can provide more accurate outcomes than axisymmetric methods. They
attributed this to the restrictions caused by the short length of the slope
on the side and the complex interactions among the various dynamic
effects of a moving vehicle’s different axes.

The aim of this study was to investigate the potential for utilizing
recycled concrete aggregates (RCA) in the development of high-
performance and durable flexible pavements. Specifically, the stiffness
properties of RCA and their behavior under F-T cycles were examined, as
they were key factors in determining the long-term performance of
pavement structures. Laboratory tests were conducted on subbase and
base samples prepared with RCA to determine their hydraulic, me-
chanical, and stiffness properties, including resilient modulus and per-
manent deformation. Additionally, the F-T effect on the stiffness
properties of RCA was evaluated by subjecting samples to varying
numbers of F-T cycles. Numerical modeling was used to assess the me-
chanical behavior of flexible pavements constructed with RCA under
substantial loads. The parameters obtained from laboratory tests and F-T
experiments were utilized to create 3D models in FLAC3D, a finite dif-
ference numerical modeling software. Overall, this study aimed to
contribute to the growing body of research on the use of RCA in pave-
ment construction and to provide insights into the potential of these
materials for developing sustainable and high-performance infrastruc-
ture. By investigating the stiffness properties of RCA and their behavior
under F-T cycles, valuable information on the performance and dura-
bility of flexible pavements constructed with recycled materials was
provided to pavement designers and engineers.

2. Material and methods
2.1. Physical and geotechnical properties of RCA

Construction and demolition wastes (C&D) were collected from
different building sites in Istanbul with a maximum nominal grain size of
3 cm. The collected waste containing various impurities was crushed in a
plant and separated based on type, such as brick, concrete, metals, etc.
Recycled concrete aggregates (RCA) were obtained from the concrete
debris, and their physical properties were determined to illustrate their
characteristics.
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The soundness of the aggregates was particularly evaluated using the
ASTM C88 test method with sodium sulfate (Na2SO4) to understand the
performance of RCA under different environmental conditions. This
standard procedure involves subjecting aggregates to repeated immer-
sion in a saturated solution of sodium sulfate, followed by oven-drying.
The five cycle was repeated multiple times to simulate the effects of
environmental conditions on the aggregates. At the conclusion of the
test cycles, the aggregates were sieved and the percentage of weight loss
is determined. Moreover, the Los Angeles abrasion coefficient (LA),
flakiness index (FI), water absorption (WA24), clay lumps and friable
particles in aggregates (%), and methylene blue index of clay were also
evaluated to determine the physical properties of the RCA materials. In
experiments requiring fine materials, materials that passed the #200
sieve (or 75 um) were used, constituting approximately 5-6% of the
sample. The physical properties of the RCA materials obtained were
compared to the relevant specifications. Table 1 summarizes the phys-
ical properties of the RCA materials based on the specifications with the
grain size distribution parameters.

The particle size distribution for the received RCA sample was
evaluated using a sieve analysis in accordance with the standards set by
ASTM D3282. The classification for the material was determined to be
SP-SM (Poorly-Graded Sands with Silt) and A-1-b (Granular Soils), as per
the criteria of the Unified Soil Classification System (USCS) outlined in
ASTM D2487 and the AASHTO Soil Classification System outlined in
AASHTO M145, respectively. The particle size distribution for the
received RCA sample was evaluated using a sieve analysis in accordance
with the standards set by ASTM D3282. The classification for the ma-
terial was determined to be SP-SM and A-1-b, as per the criteria of the
Unified Soil Classification System (USCS) and AASHTO Soil Classifica-
tion System, respectively, outlined in ASTM D2487 and AASHTO M145.
The grain size distribution of the initial samples was found to be
incompatible with the AASHTO Guide for Design of Pavement Structures
(1993) limits [28], necessitating the derivation of new grain size dis-
tributions for the base and subbase course samples. Consequently, the
original material underwent laboratory sieving to yield aggregates of
diverse grain diameters. The aggregates thus obtained were then mixed
in different proportions to prepare subbase and base samples that con-
formed to the relevant grain size distribution specifications.

All samples underwent evaluations to determine their geotechnical
properties such as specific gravity, optimum moisture content (wop),
maximum dry unit weight (y4,,,), hydraulic conductivity (k), friction
angle (¢), and cohesion intercept (c). The results of the specific gravity,
standard and modified Proctor, constant head, and direct shear tests,
which were conducted in line with ASTM D854, ASTM D698 and ASTM
D1557, ASTM D2434, and ASTM D3080 respectively, are presented in
Table 2 alongside the classification features of the base and subbase
samples. The Atterberg limit test results affirmed that all samples were
identified as non-plastic materials.

Table 1
Physical properties of the recycled aggregates.
Physical Property Specification Result Relevant
Specification
Soundness <10% for Na2S04, 5.5% ASTM C88
<15% for MgSO4
LA Abrasion <50% 22.4% ASTM C131
Coefficient
Flakiness Index <35% 12.8% BS EN 933-3
Water Absorption <2.0% 1.6% ASTM C127
(WA24)
Clay Lumps and <3.0% 0.8% ASTM C142
Friable Particles
Methylene Blue Index ~ <4.0 mg/g 2.2mg/  ASTM C837
of Clay g
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Table 2

Geotechnical properties of the samples.
Properties Subbase Base
AASHTO A-1-a A-1-a
USCS GW-GM GW-GM
Gravel (%) (D>4.76 mm) 50 62
Sand (%) (0.074 mm<D<4.76 mm) 44 33
Fines Content (%) (0.074 mm) 6 5
Cy 50.66 65.5
Ce 1.48 2.80
Ta man—standar. (N/m) 19.40 20.10
Wopt—standart (%) 11 10
Ya max—modified (KN/m°) 19.80 20.50
Wopt—modified (%0) 8 7
k (m/s) 5.64 x 10° 5.87 x 10°°
6 32 48
¢ (kPa) 28 10
Soaked CBR (%) 121 133
Unsoaked CBR (%) 106 109

2.2. Experimental methods

The laboratory tests conducted in this study aimed to determine the
hydraulic, mechanical, and stiffness properties of the subbase and base
samples prepared with RCA. The resilient modulus, and permanent
deformation tests were conducted to evaluate the stiffness and plastic
deformation (rutting) performance of the samples under varying envi-
ronmental conditions. The freeze and thaw (F- T) experiments were
carried out to assess the effect of F-T cycles on the stiffness properties of
RCA and their potential limitations in road construction.

2.2.1. Resilient modulus tests and used models to estimate the resilient
modulus

The resilient modulus test was carried out according to the AASHTO
T307 method [29], which measures the resilience of the material under
repetitive loads. The test involved compressing a sample into a cylin-
drical mold under conditions that replicate those expected in the field.
Unprocessed granular base and subbase materials are classified as Type-
1 and Type-2 based on sieve analysis and Atterberg limit test results.
Samples of subbase and base materials, where the percentages of par-
ticles passing through the No 10 (2 mm) sieve and the No 200 (0.074
mm) sieve are less than 70% and 20%, respectively, and have a plasticity
index of less than 10%, are defined as Type-1. After compaction, the
sample was placed in a triaxial chamber where it was subjected to
confining pressure, simulating the lateral pressures of a real-world
pavement structure. The core of the test involved applying a cyclic
axial load on the specimen, replicating the burdens exerted by moving
traffic. The resilient modulus was derived by analyzing the recoverable
axial strain resulting from the applied axial stress. Conducted under
diverse combinations of stresses, the results provide a comprehensive
mathematical model or relationship that describes the behavior of the
material. Furthermore, this study used several models to estimate the
resilient modulus of the RCA materials. These models include the Power
model proposed by Hicks and Monismith [30], the Uzan model proposed
by Uzan [31], and the Mechanical-Empirical Pavement Design in
NCHRP 1-37A [32].

The Power model calculates the resilient modulus as a function of the
stress applied and the stiffness of the material. The Uzan model is based
on the Power model but also considers the effect of atmospheric pressure
on the resilient modulus. The Mechanical-Empirical Pavement Design
(MEPD) model considers both atmospheric pressure and the octahedral
shear stress on the resilient modulus.

The equations for the three models are given in Equations 2.1, 2.2,
and 2.3, respectively. The constants ki, ky, and ks in each equation are
determined using best-fit analysis. The deviator stress (oq) and
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atmospheric pressure (P,) are also included in the equations.

Power : Mg = k; 6% 2.1)
Uzan : Mg = k1P, (0/P)* (6a/Pa)* (2.2)
MEPD : Mg = ki P, (6/P,)* (toe/Pa + 1)¥ (2.3)

Equations 2.4, 2.5 and 2.6 describe how the total stress (6), octahedral
shear stress (Toct) and o4 are related to the principal stresses (61, 62, and
03). These equations were used to calculate the stresses necessary for the
resilient modulus calculations.

0 =01+ 03+ 03 249

1 2.5
Toct 25\/(01 —03)" + (01 — 03)° + (02 — 03)° @
04 = 01 —03 @.6)

2.2.2. Permanent deformation tests

In addition to the resilient modulus test, permanent deformation
tests were also conducted on the prepared subbase and base samples.
The samples were subjected to repetitive loads at a constant strain level
for a specific number of cycles, and the permanent deformation was
measured. According to NCHRP report 01-28A, the permanent defor-
mation test started with the same initial loading as the resilient modulus
test and continued with 10,000 repetitions of a load with a confining
pressure (03) of 34.5 kPa and a 64 of 206.8 kPa.

2.2.3. F-T tests

The F-T tests were carried out to assess the effect of F-T cycles on the
stiffness properties of RCA and their potential limitations in road con-
struction. F-T tests were conducted on the subbase and base samples
according to ASTM D6035. The samples were wrapped in stretch film to
prevent water loss during the F-T cycling, which involved 24 h of
freezing at —20 °C and 24 h of thawing at 20 °C. The stiffness charac-
teristics of the RCA samples were assessed after 1, 3, 5, 10, and 20F-T
cycles, consistent with other research in the literature [11,27]. More-
over, the model exhibiting the best concurrence between lab-measured
and predicted modulus was selected for numerical analysis.

2.3. Numerical methods

The Mechanistic Design of pavement structures is a state-of-the-art
process for the design of pavement structures. The methodology of the
mechanistic pavement design approach has been established by the
NCHRP one (NCHRP 2004) design procedure [32], which is different
from the AASHTO 1993 design method [28] with respect to the inclu-
sion of numerical analysis based on the theories of mechanics. The
mechanistic design of new pavement structures according to NCHRP 1-
37A [32] consists of several steps, which are: defining the traffic load,
selecting a pavement section, assigning the properties for the materials
in the pavement courses, analyzing the pavement response (stress,
strain) due to traffic loading for different seasons (temperature, mois-
ture), relating to the empirically determined pavement response,
comparing the predicted distresses against design limits, adjusting the
pavement section if necessary [33,34].

Pavement analyses were conducted using a fully nonlinear approach
that relies on an explicit finite difference scheme, and it resolves com-
plete equations of motion through the FLAC3D code. We selected the
finite difference method for the analyses due to its flexibility in repre-
senting irregular geometries. Furthermore, the fully nonlinear method
accommodates any specified nonlinear constitutive relationship. In this
method, plastic yielding was appropriately modeled, as strain in-
crements (not tensors) are linked to stress tensors. We intentionally
designed the model length to be considerably longer than that of a
standard truck. The constructed three-dimensional mesh model
comprised more than 235,000 hexahedral zones. For the pavement
models, we implemented advanced boundary conditions to mitigate
irregular overburden and stress concentrations near the boundaries. A
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schematic illustration of the pavement model is presented in Fig. 1. At
the bottom boundary, we applied the quiet-boundary scheme. For the
lateral boundaries, we employed non-reflecting free-field boundaries
connected through viscous dashpots to link the main grid with the free-
field grid, as illustrated in Fig. 2.

2.3.1. Three-dimensional models of the flexible pavement and boundary
conditions

In this section, the mechanical behavior of three-dimensional (3D)
models of flexible pavement in which base and subbase courses were
constructed by RCA has been investigated by the finite difference
method (FDM). An elastoplastic model was applied to the subbase and
base material using experimentally determined modules to capture the
time-dependent non-linear behavior of the pavement under a dynamic
load generated by the tire of a heavy truck. The elastic and plastic de-
formations of the sub courses, which underlie the elastic hot bituminous
mixture course, were investigated according to the model standard. The
load conditions for the analyses were established based on the multiple
tire loading from a heavy truck. This truck configuration includes a
single axle with a front wheelset and a double axle tandem with twin
wheels, in line with the Federal Highway Administration (FHWA)
vehicle classification schema. [35,36].

The cornerstone of numerical analysis lies in scrutinizing the re-
sponses of individual pavement courses to delineate the overall behavior
of the pavement structure. In the computational procedures of NCHRP 1-
37A [32] for flexible pavement analysis, structural responses are
examined by considering critical stresses and deflections. During these
analyses, the pavement models comprise different layers, each defined
by distinct material properties but operating as a single, unified struc-
ture under load. One significant advantage of the 3D finite difference
(FD) scheme utilized is that it allows for the exact positioning of multiple
wheel loadings in 3D models. Consequently, the stress—strain behavior
can be established, considering the automatic superposition of loadings
under multiple wheels.

The model was constructed as a 10 m segment of a two-lane highway,
with a pavement width (L) of 7 m on the surface and a total pavement
depth (H) of 1 m above the subgrade. The HMA surface layer is 0.05 m
thick, the base layer is 0.30 m, and the subbase layer is 0.65 m. The slope
on the pavement edges was set at o = 45°, as depicted in Fig. 1. The
subgrade depth was determined to be twice the thickness of the pave-
ment to effectively monitor the stress distribution in the soil.

The accuracy of the results and the efficiency of time in the mesh
construction is influenced just as much by proper element aspect ratios
as it is by material non-linearity. In the analyses, the finite media is
automatically discretized into hexahedral zones (meshes) by the code,
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and each zone is further divided into sets of tetrahedra. The mixed
discretization technique is applied to counteract the excessively stiff
behavior of uniform strain tetrahedral zones, which reach plastic flow
[371.

The approach used in this investigation’s loading conditions differs
from those used in other studies under static loads. The loads were
defined as dynamic wheel pressures under the truck axles’ positions,
manifested as a sinusoidal pulse in the time-domain. Therefore, due to
the nature of the dynamic load excitation, advanced boundary condi-
tions were assigned to all edges of the finite media, as shown in Fig. 2.
Free-field boundaries were defined to prevent stress reflection on the
lateral boundaries, and quiet-boundary conditions were used to connect
the main grid to the infinite bottom using viscous dashpots. The dash-
pots produced viscous traction of shear and normal stresses, as explained
by Equations 2.7, 2.8, 2.9, and 2.10.

Fy= —pCy (F —vD A+ .7)
Fy= —pCo (v —viD A + Flf (2.8)
th= —pCpvy (2.9)
ts= —pGCsvs (2.10)

Where Fy, Fy: the tractions of the free-field boundary. vy, vy': the ve-
locities (x, y directions) of the gridpoint at the subgrade boundaries. v§f,
V§,f2 the velocities (x, y directions) of the gridpoint in the additional free
field sides. A: the influence area of the free-field gridpoint. Fi F§,f: free-
field gridpoint forces (derived by xx, xy stresses from the free-field zones
around the gridpoints. t;, ts: the normal and shear stresses traction,
respectively, p is the mass density. Cp, Cs: the pressure and shear wave
velocities. v,, vs: the normal and shear components of velocity at the

quiet boundary [37,38].

2.3.2. Loading condition

Design approaches based on cumulative equivalent single-axle loads
make it challenging to determine the horizontal locations of critical
responses. Such a simple case of a single wheel load can only investigate
the critical location of pavement response directly beneath the wheel’s
center. In actual pavement conditions, load configuration (which de-
pends on multiple wheels/axles, vehicle types in mixed traffic condi-
tions, and structural geometry including the number of lanes, edge
slope, pavement width, and course thicknesses) will determine the
critical location of pavement response. The NCHRP design methods
propose a set of potential critical locations for examining pavement
response, thereby addressing this issue. However, the effects of stress
superposition from each wheel on the lanes cannot be observed.
Furthermore, the strain interaction of pavement courses under total
stresses, which comprise vehicle loads and pavement overburden

Tandem Load

Single Load

Base

-
&
P 4

00

Subbase

Subgrade

Fig. 1. The structure of coursed pavement and the positions of multiple axles loading conditions with single and double wheels.
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Fig. 2. The boundary conditions of 3D pavement model in Finite Difference Scheme.

stresses through course weights, cannot be inspected at the edge of the
pavement slope. To account for these effects, analyses were performed
in a three-dimensional space, assigning materials with nonlinear
constitutive models under dynamically influenced multiple wheel loads
[39].

In the analyses, the single axle load from two wheels, each with one
tire, is transmitted via parallel stress planes 2 m apart, each having a
contact surface of 0.4 m2. The load transition from the tandem axle is
defined similarly, but with two consecutive axles, each having four
wheels with eight tires. The loads are defined as 1 MPa pressure stresses
for all tire locations and are characterized by a sinusoidal pulse in the
time-domain, as shown in Fig. 3 [27,40].

2.3.3. Finite element analysis (FEM)

Finite Element Analysis (FEM) is an advanced method that employs
complex differential equations to calculate stress-strain relations
throughout the defined media, approximating the solution of an

Tire load Rest
10 —p—
Single Tandem
0.8 2m Sm ﬂ[
20'6 0.2 m T
'§0.4 g
—
0.2
0.0
0.0 0.2 04 06 0.8 1.0
Time (s)

Fig. 3. Multiple loads with three axles in the time domain.

engineering problem algebraically. Although the method has been
proven to be a reliable procedure, computations may take days due to
the implicit solutions of stored matrices. In contrast to the common
implicit methods, the performed explicit solution with the finite differ-
ence scheme in the research can solve nonlinear problems in almost the
same computer time as linear laws, even if the model has numerous
elements. The mechanics of discrete elements in finite dimensions are
derived from constitutive equations and laws of motion by given specific
boundary and initial conditions. This method enables the examination of
the combined effects of soil stress interference in pavement layers
exposed to closely spaced, multiple loads. These effects, often omitted in
simpler numerical studies like axisymmetric and plain-strain analyses,
include variations in stress distribution and load-carrying capacity of the
pavement structure. Numerical analyses can provide site-consistent re-
sults by defining nonlinear soil properties and advanced boundary
conditions. Thus, it ensures the consideration of the effects of road
section geometry, and multiple loading forms in dynamic conditions, on
pavement performance during the design process [41].

3. Results and discussion

3.1. Effects of freeze—thaw cycles on resilient modulus and permanent
deformation

A laboratory study was conducted to investigate the effects of
freeze-thaw (F-T) cycles on the resilient modulus and permanent
deformation of pavement materials. These factors are known to influ-
ence pavement performance and durability. Control samples, consisting
of subbase and base samples that were not exposed to any F-T cycles,
were tested to provide a baseline for comparison. The resilient modulus
and permanent deformation values of the base and subbase samples
were then observed after 1, 3, 5, 10 and 20F-T cycles were administered.

In the resilient modulus tests, 15 load sequences were administered
to the samples. In each sequence, the average modulus of resilience (MR)
was determined from the last five cycles. These values were then
aggregated and divided by 15 to ascertain the average MR for the
sample. The resilient modulus and permanent deformation tests were
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conducted after a specified number of F-T cycles. Fig. 4 displays the
average values for both tests over the range of F-T cycles.

As expected, an increase in the resilient modulus with increasing
bulk stress and an almost linear relationship between the bulk stresses
and the resilient modulus were observed. In Fig. 4 (a), it is evident that
the control base samples exhibit a higher average resilient modulus
compared to the control subbase samples. As expected, an increase in the
resilient modulus with increasing bulk stress and an almost linear rela-
tionship between the bulk stresses and the resilient modulus were
observed. Specifically, the base samples displayed an average resilient
modulus of 244.77 MPa, whereas the subbase samples showed an
average of 219.99 MPa. This minor difference can be attributed to the
particle size distribution and the fine content, which is slightly higher in
the subbase samples. When the previous studies were examined, it was
determined that these results were consistent. To illustrate, Mishra and
Tutumluer [42] concentrated solely on the effect of gradation and
noticed a slight decrease in the resilient modulus with fine content,
proposing an optimum fine content around 5% for optimal stiffness.
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Moreover, Xiao et al. [43] revealed a gradual decrease in the resilient
modulus of the recycled aggregates with an increasing relative content
of fine particles at the same stress level. Previous studies have shown
that the MR values of RCAs vary widely, being either higher or lower
than the MR values obtained in this study [44,45]. For instance, Kallop
et al., [46] reported MR values of the RCA samples studied as 114.95
MPa, while Yaghoubi et al. [47] stated the MR values of RCA as132 MPa
in their analysis of the stress—strain response of pavement structures.
Furthermore, Cancino [48] analyzed three RCAs, one from a plant-based
source and two from recycled in-place construction sites in Oklahoma
and observed an average resilient modulus ranging from approximately
81 MPa to 104.158 MPa. However, in the study carried out by Toka and
Olgun [49], where they utilized different RCAs according to their parent
concrete’s compressive strength, the MR values were significantly
higher than these previously mentioned MR values. The highest MR
values they obtained averaged 200 MPa. In addition, Bozyurt et al. [50],
examined the results of 64 laboratory and 5040 field tests for the MR
values of RCA and stated that the average MR value for RCA was 320 +
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Fig. 4. The relationship between the average resilient modulus and the numbers of F-T cycles.
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73 MPa. These results indicate that the MR values of the control sample
are reasonable and specific to the recycled concrete aggregates used, and
the quantitative values of the various parameters may differ when ag-
gregates from different sources are used.

After the 1F-T, the base samples showed an increase from 244.77
MPa to 257.40 MPa, and the subbase samples experienced a similar
increase from 219.99 MPa to 235.48 MPa. This upward trend continued
through the 3 and 5F-T. The MR values peaked at the 5F-T, with the base
samples registering 331.92 MPa, a 35% increase, and the subbase
samples achieving 272.34 MPa, approximately a 24% increase, both
based on the MR values of the control samples. However, after the 5F-T
cycle, a downward trend was observed. By the 10F-T, the MR values had
dropped to 237.11 MPa for the base samples and to 247.64 MPa for the
subbase samples. This decline continued through the 20F-T, where the
MR values further decreased to 232.54 MPa for the base samples and
212.61 MPa for the subbase samples, representing approximately 5%
and 3% decreases, respectively, based on the MR values in the control
samples. The increase in MR values up to a certain number of F-T cycles
can be attributed to the fine particles in the RCA and additional fine
particles generated by the F-T process, which act as a cementing agent in
the presence of water during the sample preparation process. This occurs
where the cement within the samples reacts with water to create a
stronger, more resilient material up to a certain number of F-T cycles,
due to the consolidating effect of partial densification from ice grain
cohesion [51,52]. However, repeated exposure to F-T cycles leads to a
weakening of the internal structure of the samples, or the soil skeleton.
This is because the soil samples do not have enough pore space to endure
freezing expansion without causing a change in microstructure [53,54].

In studies examining the effect of F-T cycles on the resilient modulus
(MR) of recycled concrete aggregate (RCA) materials, various trends
have been observed. Some studies indicate that the MR-F-T trend
changes after a certain number of cycles, as observed in the study. On
the other hand, the others indicate that the MR value may either
decrease or increase with an increasing number of F-T cycles. For
example, Soleimanbeigi et al. [55] conducted a study on RCAs obtained
from different sources. MR values of RCAs showed decreasing trend from
the initially up to 5F-T cycles and then increasing trend up to 20F-T, and
this value higher about 28-36% more than its original values of before F-
T. Rosa et al. [56] also observed a similar trend, with the MR of RCA
materials decreasing after 5F-T cycles, followed by a consistent increase
resulting in an approximately 35% increase in MR after 20F-T cycles.
Zhang et al. [57] showed that the MR gradually decreased -range varied
between 15% and 42%- due to repeated freezing and thawing and sta-
bilized after 6F-T cycles, with the most significant damage occurring
after the first F-T cycle. However, some studies have reported different
trends and suggested that the MR value may either decrease or increase
with an increasing number of F-T cycles. For instance, Daigna et al. [58]
observed that the resilient modulus decreased 53% considering its
original values of before F-T after 20F-T cycles of 100% RCA sourced
from a concrete company in Green Bay, Wisconsin. Conversely, Ghor-
bani et al. [59] demonstrated that the application of F-T cycles consis-
tently improved the MR of RCA and maintained its deformation
properties after 20F-T cycles.

Moreover, even at the twentieth F-T cycle, the MR of recycled ag-
gregates has been shown to be higher or comparable to that of virgin
aggregate, as found in the literature. For instance, Titi and Mater [60]
presented the resilient modulus of base course aggregates from Wis-
consin and Kentucky, which involved both gravel/crushed gravel and
crushed stone. The mean resilient modulus for aggregates from Wis-
consin quarries was 164.02 MPa, while that from Wisconsin pits was
163.47 MPa. The mean resilient modulus for Kentucky aggregates was
282.27 MPa. Furthermore, Cancino [48] reported that the resilient
modulus of the virgin limestone aggregate, which was collected from an
aggregate quarry in Davis, Oklahoma, was approximately 105 MPa.
Numerous investigations that have assessed the application of RCAs as a
base and subbase for pavements have shown that the stiffness of the RCA
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either matches or surpasses that of virgin aggregates, a finding consis-
tent with this study [61-64].

The permanent deformation values of the base and subbase samples
after 10,000 load cycles under various F-T conditions are presented in
Fig. 4 (b). Both the base and subbase samples showed a decreasing trend
in permanent deformation values with increasing F-T cycles up to 5. For
example, the base sample’s deformation values reduced from 0.0875 at
OF-T cycles to 0.0720 at 5 F-T cycles — a 22% decrease. Meanwhile, the
subbase sample decreased from 0.0940 to 0.0845, marking an 11%
reduction. The gradual reduction in permanent deformation values for
both the base and subbase samples can be attributed to the strength-
ening effect of cement hydration and increased interlocking between
particles, leading to a more rigid structure and reduced deformation.
The relatively stiffer region formed as a result of the reaction between
excess cement and water surrounding the particles has reduced the
permanent deformation values of both the subbase and the base samples
with an increasing number of F-T cycles up to 5 cycles. The obtained
experimental results demonstrate that the hardening and absorption
resulting from cement reaction play a significant role in the variation of
permanent deformation values, similar to the resilient modulus test. As
the number of F-T cycles increases beyond 5 cycles, the permanent
deformation values exhibit a slight increase. the permanent deformation
values for the base sample show an unexpected increase at 10F-T cycles,
reaching 0.0965. Similarly, the subbase sample also experiences an in-
crease in permanent deformation, reaching 0.1116 at 10 cycles.
Continuing the analysis, at 20F-T cycles, the permanent deformation
values further increased to 0.1060 for the base sample, indicating a 17%
increase, and to 0.1295 for the subbase sample, demonstrating a 31%
increase when compared to the control samples. This increase in per-
manent deformation values with increasing F-T cycles can be attributed
to the weakening effect of F-T cycles on the RCA. During F-T cycles, the
water in the RCA freezes and expands, causing the aggregates to crack
and break down, leading to a reduction in the overall strength of the
material. This weakening effect results in an increase in permanent
deformation values as the number of F-T cycles increases. Moreover,
these results indicate that a higher susceptibility to permanent defor-
mation under prolonged F-T exposure and both sample types may
exhibit a loss of resistance to deformation beyond a certain threshold of
F-T cycles. All the number of F-T, the permanent deformation test results
showed that the subbase samples had higher permanent deformation
values than the base samples. The base sample’s higher gravel content
results in less deformation and more stiffness than the subbase. The
similar deformation behavior in standard samples is due to variations in
particle contact and arrangement.

The findings of this study concerning the effects of F-T cycles on
permanent deformation in pavement materials align with previous
research in certain aspects. Bozyurt et al. [65], based on results obtained
from seven RCA samples collected from different sites, reported that the
accumulated permanent deformation values of the RCA samples ranged
from 0.5% to 0.8%. In this study, the highest permanent deformation
value observed after 20F-T cycles was approximately 0.13%. Li et al.
[66] showed the relationship between cumulative permanent strain and
the number of F-T cycles in recycled construction waste mixtures. They
reported an increase in cumulative permanent strain with increasing F-T
cycles, which indicates a reduced susceptibility to deformation.

Moreover, it is essential to consider studies that have reported either
no significant influence of F-T cycles on permanent deformation, a sig-
nificant effect only after a certain threshold of F-T cycles, or different
trends altogether. For instance, Soleimanbeigi et al. [55] stated that
temperature changes do not significantly impact the permanent defor-
mation values of RCAs and that this effect can generally be ignored.
Similarly, Hao et al. [67] argued that only the first four F-T cycles have a
major influence and can contribute to an increase in the permanent
deformation of crushed waste rocks, which are widely reused in the
construction of mine haul roads. Beyond four F-T cycles, the effect of
additional cycles was found to be insignificant. Furthermore, Ghorbani
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et al. [59] reported unexpected decreases in permanent deformation
values for RCA samples as the number of F-T cycles increased. They
found that the permanent deformation of RCA, subjected to 0, 10, and
20F-T cycles, decreased after the 10th F-T cycle. The decrease in the
permanent deformation of RCA relative to the control sample after 10F-
T cycles was 20%. Over the next 10F-T cycles, this decreasing trend was
maintained for RCA, resulting in a further 31% decrease in permanent
deformation.

In order to gain a better understanding of RCA’s behavior, the results
from this study were compared with the mechanical behaviors of natural
or RCAs studied by other researchers. Wen and Edil [68] reported that
the permanent strain for natural Class 6 aggregates was 0.71%. Sebarian
and Li [69] examined the permanent deformation properties of natural
and recycled aggregates and found that the maximum permanent strain
was 0.3745%. Domitrovi¢ et al. [70] demonstrated that the results of the
permanent deformation test for natural aggregates showed satisfactory
repeatability, determined with an average deviation of 12.25%. It was
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concluded that the RCA used in this study had comparable resistance to
permanent deformation as natural aggregates.

3.2. Comparison of resilient modulus models for subbase and base
samples

The resilient modulus test results for the sub-base and base samples
were evaluated using three different models: Power, Uzan, and MEPD,
under various F-T. Fig. 5 displays the resilient modulus test results for
these samples, alongside the model constants (kj, ko, ks), coefficient of
determination (RZ), and Summary Resilient Modulus (SMR).

In the Power model, it was observed that as the number of F-T cycles
increased, the k; parameter initially increased, reaching a peak at 5F-T
cycles, and then started to decrease. This trend was observed for both
base and subbase samples. However, the base samples exhibited a
sharper increase in k; values compared to the subbase samples. At 5F-T
cycles, the base samples reached a peak SMR of 260.16 MPa, while the
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Fig. 5. The change of the model parameters (k1, k2, and k3), as well as the R? and SMR values, for the models (Power, Uzan, and MEPD) depending on the number of

F-T cycles.



M. Akbas et al.

subbase samples peaked at 220.18 MPa. This indicates that the base
samples exhibited a higher stiffness and resilience in response to the F-T
cycles. Additionally, the ko values for both base and subbase samples
showed a decrease as the number of F-T cycles increased. However, the
decrease was more pronounced for the base samples. This suggests that
the base samples experienced a higher degree of stiffness degradation
and nonlinear behavior compared to the subbase samples under the
influence of F-T cycles. Regarding the Uzan model, similar trends in the
ki, ko, and ks values were observed for both base and subbase samples.
The k; values showed an increasing trend with the number of F-T cycles,
peaking at the 5F-T cycles, with the base samples exhibiting slightly
higher peaks than the subbase samples. Furthermore, the ko values
generally showed a decreasing trend with the increasing number of F-T
cycles for both sample types. However, this decrease was more signifi-
cant for the base samples. As for the k3 values, they demonstrated minor
negative fluctuations for both subbase and base samples in the Uzan
model. Conversely, the MEPD model displayed relatively stable k1
values, with a slight increase noticeable at 5F-T cycles for both base and
subbase samples. Negative fluctuations were observed in the k3 values
for both sample types. The ky parameter, however, demonstrated a
higher degree of variability [71,72].

Generally, base samples exhibit higher k; values and peak SMR
values than the subbase samples, indicating potentially superior resil-
ience. The elevated k; values suggest a stiffer response to applied load,
indicative of improved material properties and enhanced resistance to
deformation. The increased SMR peaks further support this notion,
indicating a greater capacity of the material to absorb and dissipate
energy during loading. This suggests that the base samples may offer
superior resilience to the subbase samples. The pronounced variations in
ko values among the base samples underline the importance of consid-
ering the base material properties and susceptibility to F-T damage when
designing and evaluating pavement structures. This may be attributed to
the heterogeneous materials used in the base samples and their varied
susceptibility to F-T damage. Overall, the models and F-T cycle analysis
indicate a good data fit with high R? values. Furthermore, earlier
research has shown that the advanced correlation parameters of the
models selected in this study for estimating resilient modulus have been
successful in predicting the resilient modulus of RCAs. For instance,
Nokkaew et al. [73] investigated three recycled aggregates with similar
gradation. They determined the resilient modulus for each material
following the NCHRP 1-28A procedure, finding k; values of around
23,500 from the MEPD model, with ky and ks values of —0.96 and 0.78
respectively. Coban et al. [74] evaluated the long-term performance of
coarse and fine recycled aggregate base courses and also used the
NCHRP 1-28A procedure to measure the resilient modulus. They found
k; values from the MEPD model to be between 895 and 930, ko values
around 0.44, and ks values ranging between —0.06 and —0.07. Simi-
larly, Jayakody et al. [75] examined the performance of RCA as a road
filling material and utilized the Power, Uzan, and M—EPDG models for
estimating the resilient modulus. They confirmed the successful appli-
cation of these models in predicting the resilient modulus of RCA. For
the Uzan model, ki, ky, and k3 values were found to be between 0.6 and
0.7, 0.43 and 0.55, and —0.12 and 0.01 respectively. In the M—EPDG
model, kq, ks, and k3 values were found to be between 111 and 127, 0.43
and 0.55, and —0.11 and 0.01 respectively.

Analysis of the models and F-T cycles revealed that R? values
remained consistently high, all exceeding 0.9. These high R? values
indicate that the models offer a good fit for the data, implying a strong
correlation between predicted and observed values. This suggests that
the models are accurate and reliable in capturing the behavior of sam-
ples subjected to F-T cycles. Among the various models used for esti-
mating the resilient modulus, the MEPD model showed the best
agreement between lab-measured and predicted modulus. Therefore,
the MEPD model was chosen for numerical analysis.

Construction and Building Materials 407 (2023) 133479
3.3. Nonlinear modulus analysis: freeze-thaw & multi-wheel impacts

Prior research has underscored the substantial impact of deep-layer
material properties on surface deflection within a multi-course system
[76]. This stands in contrast to a homogeneously elastic system where all
pavement layers exhibit elastic behavior irrespective of stress—strain
conditions. In the predefined sub-coursed system, however, nonlinear
properties vary vertically through the course depths within the specified
boundaries.

The pavement structure and shoulders were constructed upon the top
surface of the roadbed, which is defined as a subgrade assuming infinite
soil half-space in the model. The two unbound courses and a flexible
bound course of specified materials of designed thickness were placed
on the subgrade. The stabilized subbase and base courses consisted of
100% RCA and laid on the natural soil subgrade. The wearing course of
the pavement structure was designed as HMA to accommodate the
wheel loads [27]. The material properties of the base and subbase
courses in the pavement, prior to the F-T cycles, were depicted through
an illustration showing the nonlinear change in resilient modulus with
depth (as standard properties) in Fig. 6. The modulus of the surface layer
was set at 5000 MPa. The initial resilient modulus and its range of
variation for the base and subbase layers were established at 2800-200
MPa and 200-40 MPa, respectively. Additionally, the effects of F-T cy-
cles on unbound material properties were tested, and the parameter
specifications were established after 1F-T, 3F-T, 5F-T, 10F-T, and 20F-T
cycles using the equations of the three models given in Equations 2.1,
2.2, and 2.3. Furthermore, the effects of F-T cycles on unbound material
properties were tested and the parameter specification was defined after
1F-T, 3F-T, 5F-T, 10F-T, and 20F-T cycles.

The 3D mechanistic framework of a pavement structure under mul-
tiple wheel loads enables the identification of critical failure points
through advanced numerical analysis, which are otherwise challenging
to discern [77]. Moreover, the time-marching techniques utilized in this
research offer the advantage of simultaneously observing the time his-
tory of deformations during loading excitation. This contrasts with
studies that consider a single wheel load via linearly elastic theory with
fundamental axisymmetric assumptions. The conducted analysis in-
vestigates deformations varying both horizontally within each course
and vertically through the thickness of the courses [78].

The results of the research on mechanistic response models can be
categorized into three main parts: (1) Comparing the effects of the
nonlinear resilient modulus as determined by the Mechanistic-Empirical
Pavement Design (MEPD), Hicks and Monismith (power model), and
Uzan Model on the permanent deformation of pavement courses, (2)
Evaluating the performance of pavement designed with recycled con-
crete aggregate under F-T cycles, (3) Investigating critical pavement
responses under multiple wheel loads by determining the most extreme
values (stress, strain, and displacements) at various depths and locations
within the 3D flexible pavement model.

Unstable pavement courses can often undergo permanent deforma-
tion, primarily beneath wheel tracks. While rutting on the surface can be
attributed to various layers, research, such as the AASHO road testing,
indicates the significant contribution from both surface courses and
underlying layers. In other words, the geotechnical conditions of the
unbound materials throughout the pavement can result in a much
broader rut due to deep-seated deformations [34]. Thus, in evaluating
pavement performance, the longitudinal depression of the pavement
under wheel paths, also known as rutting, is taken into account and
compared to the limits in design codes. In this study, the criteria outlined
by the current version of the NCHRP 1-37A design method are
considered.

The graph depicted in Fig. 7 shows the maximum deformation values
recorded along the A-A and B-B sections, which are parallel to the traffic
direction. The results of the analyses conducted using the material
properties determined before the F-T cycle have been compared. These
properties were evaluated using the MEPD, Uzan, and Power models.
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The observed values of the largest deformations, measured directly
beneath the front axle at section 1-1 in the pavement, ranged from 1 x
10° m to 2.5 x 103 m. The smallest value under the tandem load was
recorded as 6 x 10 m using the Uzan model. Conversely, the Power
model resulted in the largest deformation value of 11 x 10°> m in the A-A
section and 8.3 x 10> m in the B-B section on the axis 3-3.
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However, for the 2-2 and 3-3 axles, the maximum deformations
recorded along the A-A axis are significantly higher than the values
noted along the B-B axis, which is closer to the edge of the slope. This
finding could indicate a potential internal failure plane within the slope
of the pavement structure. Thus, the results of the analysis clearly un-
derscore the necessity of performing assessments under multiple loads
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Fig. 8. The maximum displacement time history at the top of the 3-A position for each course, following F-T cycles, was examined across Power model.
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within a three-dimensional, real-world geometric context.

Moreover, there are limited research provide evidence and support
for the statement that the 3D mechanistic framework enables the iden-
tification of failure points and the observation of deformations in
pavement structures under multiple loads. For example, Wang & Ma
[79] highlighted the heightened deformation in base asphalt pavements
due to varying factors. Similarly, findings from Manuka & Lachore [80]
and Bai & Zhang [81] underscore the influence of different distress
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forms and material property variations on pavement behavior.

3.4. Evaluation of the RCA performance under F-T cycles

The maximum displacement time histories at the top of HMA, base,
subbase, and subgrade courses, post various F-T cycles, have been
illustrated for three models under wheel set 3-A in Figs. 8-10. In the
MEPD model, following the 5F-T cycle, a decrease in the permanent
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Fig. 9. The maximum displacement time history at the top of the 3-A position for each course, following F-T cycles, was examined across Uzan model.
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Fig. 10. The maximum displacement time history at the top of the 3-A position for each course, following F-T cycles, was examined across MEPD model.

deformation value in the HMA course was noted, while an increase was
observed in the other sub-courses. Moreover, the change of the
displacement with depth at the top of the 3-A position following F-T
cycles, was examined across the models were given in Figs. 11-13.

As seen in Figs. 8-13, the material properties of the courses, which
were calculated with the nonlinear resilient modulus coefficients,
induce the largest displacement after the 5F-T cycle in analyses using the
MEPD model. Conversely, following the 5 and 10F-T cycles in the Uzan
model, it is evident that the largest and permanent displacements of the
sub courses gradually decrease, while the permanent deformation of the

13

HMA on the surface rises. In the results obtained from the Power model,
a significant decrease in displacements is observed after the fifth cycle,
followed by an increase in the sub courses’ values in subsequent cycles.
Moreover, it’s notable that the curves representing the permanent dis-
placements occurring on the surface of the HMA course and the sub
courses under standard conditions in the MEPD models closely align
with each other. The smaller disparity between the lower group and the
top course, compared to other models, is a significant indication that
deformations are more uniformly distributed among the courses.
Moreover, as F-T cycles increase, it can be inferred that the courses
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Fig. 11. The change of the displacement with depth at the top of the 3-A position following F-T cycles, was examined across Power model.
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Fig. 12. The change of the displacement with depth at the top of the 3-A position following F-T cycles, was examined across Uzan model.
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Fig. 13. The change of the displacement with depth at the top of the 3-A po-
sition following F-T cycles, was examined across MEPD model.

defined by the Uzan model distribute deformations in a more balanced
manner.

This was executed to study the alterations in material specifications
subjected to diverse environmental circumstances. Concurrently, the
permanent deformations for each model impart valuable insights
regarding the performance of the RCA in base and subbase courses under
F- T conditions. The permanent deformations observed at the top of each
course, under the material conditions ascertained for the initial state and
after 20F-T cycles, are presented in Fig. 14.

Upon examining the values measured under the maximum defor-
mation, we notice a decrease in the rutting value on top of the HMA
course of the MEPD model from 2.14 x 10 m to 1.60 x 10" > m over
long-term F-T behavior. However, examining the values observed in the
lower courses reveals a significant increase in the permanent deforma-
tion value in the base, from 6.20 x 10 m to 8 x 10°> m, in the subbase
course from 5.75 x 10 m to 7.40 x 10 m, and in the subgrade course
from 4.35 x 10° m to 5.95 x 10> m. This can be attributed to the
phenomenon where the cover course separates from the lower courses
after F-T cycles, leading to reduced rutting on the surface [82,83].

The 3D numerical analyses presented in Fig. 15 demonstrate the total
permanent deformations observed for the standard subbase and base
courses, as well as those subjected to 20F-T cycles. This figure indicates
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that the obtained permanent deformations are slightly higher than the
laboratory results, as seen when comparing Fig. 5(a). In contrast to the
rutting decrease on the surface, the increase in total settlement at the
bottom courses negatively impacts pavement performance. This could
result in the failure of the HMA course due to the concentration of tensile
strain on the uncontacted base-HMA interface (at the bottom of HMA)
through a narrow rut [84-86]. The maximum rutting observed in the
pavement is lower than the standard values of 11.51 mm and 19.05 mm,
as specified respectively in the AASHTO Guide for Design of Pavement
Structures [78] and NCHRP 1-37A [32].

3.5. Investigation of the critical pavement responses in 3D numerical
models

The vertical displacements before the 1F-T cycle and after the 20F-T
cycle in the pavement model constructed by MEPD are depicted in
Fig. 16. Upon examining the color shading of the 3D Finite Difference
Model, it’s apparent that the HMA course conveys the loads via flexible
behavior. The gradual attenuation of displacement in the vertical di-
rection can be monitored by observing the shading circles.

Multiple loads resulted in maximum vertical displacements, initially
reaching 6.50 x 10 m, which increased by 25% to 8.35 x 10 m after
20F-T cycle. Furthermore, by examining the turquoise-colored shadings
underneath the pavement throughout the model, it is suggested that the
displacement in the subgrade is greater than in the base and subbase
courses. In conclusion, the strength degradation of geomaterials caused
by F-T cycles may lead to excessive deformation and inherent failures.
Inadequate base and subbase materials can exacerbate this degradation
[87-89].

4. Conclusion

This study investigated the potential of utilizing recycled concrete
aggregates (RCA) in the development of high-performance and durable
flexible pavements. The paper focused on the effects of freeze-thaw (F-
T) cycles on the stiffness properties of subbase and base samples pre-
pared with RCA. Resilience modulus and permanent deformation tests
were conducted under freeze-thaw conditions to ascertain the stiffness
characteristics of these samples. The parameters obtained from these
laboratory tests were then used in a 3D nonlinear numerical analysis,
under similar conditions, to determine the cumulative plastic deforma-
tion (rutting) of the pavement courses and the maximum deflection
values under multiple wheel loads.

The laboratory tests conducted on RCA samples indicated that their
stiffness properties met the required specifications for subbase and base
materials, demonstrating their potential for use in flexible pavement
construction. The resilient modulus and permanent deformation values
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Fig. 14. Permanent deformations for each model under the point of observed maximum surface distress.
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Fig. 15. Permanent deformations observed for the standard subbase and base courses, as well as those subjected to 20F-T cycles.
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Fig. 16. Contour of z-displacement for MEPD material models at initial condition and after 20F-T cycles.

initially increased up to a certain number of F-T cycles, attributed to the
cementing effect of fine particles and partial densification. However,
continued exposure to F-T cycles resulted in a decline in the resilient

modulus, indicating a weakening of the samples’ internal structure. A
comparison of three different resilient modulus models (MEPD, Power,
and Uzan) illustrated variations in the distribution of permanent
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deformation among pavement courses. The MEPD model demonstrated
a more uniform distribution, while the Uzan model exhibited a more
balanced distribution under F-T conditions. These models, along with
the numerical analysis conducted, provided valuable insights into the
behavior of pavement structures under multiple wheel loads and F-T
conditions.

The numerical analysis indicated that the HMA course exhibited
flexible behavior, transmitting loads through a gradual attenuation of
vertical displacement. The degradation of geomaterial strength due to F-
T cycles resulted in excessive deformation, particularly in the subgrade.
This underlines the importance of considering the quality of base and
subbase materials in RCA-based pavements to mitigate deformation and
potential failures. Notably, the total rutting values obtained in this study
are satisfactory according to relevant standards.

The results suggest that RCA has potential for use in pavement
structures, exhibiting effective stiffness performance and rutting resis-
tance. However, it’s important to note that this material is sensitive to
temperature fluctuations, and the content of recycled material should be
carefully determined through detailed investigation during the optimi-
zation of mixture design. The use of RCA can contribute to sustainable
and environmentally friendly pavement solutions, but it requires careful
consideration of its properties and behavior under F-T conditions.

This study lays the groundwork for subsequent investigations on RCA
and its potential implications on modern infrastructural developments.
The findings underscore the importance of not just identifying sustain-
able materials but also thoroughly understanding their behavior under
diverse operational conditions. However, this research mainly concen-
trated on the behavior of RCA under F-T conditions. Future research can
delve deeper into understanding RCA’s performance under varied cli-
matic conditions, drainage factor in overall pavement performance, load
frequencies, and long-term aging. Additionally, a comparative study
involving RCA and other recycled materials could offer a clearer picture
of the most viable options for sustainable pavements.
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