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Abstract

Crumb rubber-modified asphalt concrete (CMAC) has gained increasing attention as a sus-
tainable pavement material capable of improving mechanical performance while utilizing
waste tire resources. This study investigates the rutting resistance and fatigue behavior
of CMAC using a combined experimental and mechanistic–empirical modeling approach.
Asphalt mixtures containing 0–25% crumb rubber by binder weight were prepared and
evaluated through Marshall stability and indirect tensile fatigue tests, whereas Fourier-
transform infrared spectroscopy (FTIR) was used to examine binder–rubber interactions.
The results indicate that crumb rubber significantly influences both the volumetric and
mechanical properties of asphalt mixtures. Mixtures containing 10–15% crumb rubber
exhibited optimal performances, achieving up to 36% higher Marshall stability and im-
proved fatigue life compared with conventional asphalt mixtures. FTIR analysis revealed
that rubber particle swelling and limited chemical interactions enhanced binder elastic-
ity and improved binder–aggregate compatibility. However, excessive rubber content
(≥20%) resulted in reduced stability owing to increased binder absorption and decreased
effective binder film thickness. A mechanistic–empirical model incorporating viscoelastic,
viscoplastic, and fatigue damage parameters successfully reproduced the experimental
trends and identified the same optimal rubber content range. The findings demonstrate that
CMAC with a moderate rubber content can enhance pavement durability and structural
performance while promoting environmentally sustainable road construction through the
reuse of waste tires.

Keywords: crumb rubber modified; rutting resistance; fatigue performance; asphalt
concrete; mechanistic–empirical model

1. Introduction
Asphalt pavements are widely used in modern transportation infrastructure owing

to their flexibility, cost-effectiveness, and ease of construction [1]. However, increasing
traffic loads, higher tire pressures, and severe environmental conditions have intensified the
occurrence of pavement distresses, particularly rutting and fatigue cracking [2–7]. Rutting
refers to permanent deformation under repeated loading, whereas fatigue cracking results
from the progressive accumulation of tensile strains within asphalt layers. These distress
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mechanisms significantly reduce pavement service life and increase maintenance costs,
necessitating continuous improvements in asphalt material design and performance [8–10].

In recent decades, the modification of asphalt binders using polymers and recycled
materials has emerged as an effective approach to enhance pavement performance. Among
these modifiers, crumb rubber derived from waste tires has gained considerable attention
owing to its ability to improve mechanical properties while addressing environmental
concerns related to tire disposal [11–14]. The incorporation of crumb rubber into asphalt
binders typically increases viscosity and elasticity, thereby improving resistance to perma-
nent deformation at high temperatures and enhancing fatigue performance under cyclic
loading conditions [15,16].

Numerous studies have demonstrated that crumb rubber-modified asphalt mixtures
exhibit improved Marshall stability, enhanced stiffness, and increased resistance to rutting
and fatigue [17–21]. Advanced experimental techniques, including dynamic shear rheome-
ter (DSR) testing, wheel tracking, repeated-load permanent deformation tests, and fatigue
testing, have further confirmed the beneficial effects of rubber modification on viscoelastic
behavior and long-term performance [7,22–25]. In addition, recent studies have applied nu-
merical and mechanistic approaches to evaluate the structural response of rubber-modified
asphalt pavements under traffic loading and environmental conditions [26].

Despite these advances, several limitations remain in the current literature. Many
previous studies have focused on either rutting resistance or fatigue behavior indepen-
dently, without providing an integrated evaluation of both distress mechanisms [27–30].
Furthermore, most investigations are limited to laboratory-scale performance and do
not establish a direct link between experimentally determined material properties and
mechanistic–empirical predictions of pavement performance [30–32]. Consequently, the
relationship between laboratory observations and long-term structural behavior remains
insufficiently understood.

The novelty of this study lies in the integration of experimental investigation with
mechanistic–empirical modeling to evaluate both rutting resistance and fatigue perfor-
mance of crumb rubber-modified asphalt concrete (CMAC). By linking laboratory-derived
material properties with mechanistic pavement responses, this research provides a more
comprehensive assessment of structural performance than conventional experimental
approaches. The specific objectives of this study are as follows:

• To evaluate the rutting resistance of CMAC using laboratory performance tests.
• To investigate the fatigue behavior of crumb rubber-modified asphalt mixtures under

repeated loading.
• To apply mechanistic–empirical modeling techniques to predict pavement responses

and distress development.
• To compare the performance of CMACs with conventional asphalt mixtures in terms

of durability and long-term structural performance.

This integrated approach provides valuable insights into the mechanical behavior
of rubber-modified asphalt mixtures and supports the development of more reliable and
sustainable pavement design strategies. Furthermore, by promoting the effective utilization
of waste tire rubber, the findings contribute to environmentally sustainable and resource-
efficient infrastructure development.

2. Materials and Methods
This study investigated the rutting and fatigue performances of crumb rubber-

modified asphalt concrete (CMAC) for pavement applications using a structured exper-
imental program, as shown in Figure 1. The methodology supports the achievement of
key research objectives, including the optimization of crumb rubber content, assessment
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of long-term durability, evaluation of environmental impact, and development of prac-
tical implementation guidelines for CMAC in pavement applications. The selection of
materials is a foundational element of this study because the quality and compatibility
of these components directly influence the reliability and relevance of the experimental
results. The primary materials used in this study are asphalt binders, mineral aggre-
gates, and waste crumb rubber particles derived from recycled tires. The base bitumen
(60/70 penetration grade) was supplied by MOL Group (Budapest, Hungary). Crumb
rubber was obtained from a certified recycling facility, Green Tyre Recycling Hun-
gary Ltd. (Győr, HU, Hungary). Mixing was performed using a high-shear labora-
tory mixer (Silverson Machines Ltd., Chesham, UK), operating at controlled speed and
temperature conditions.

 

Figure 1. Flow chart illustrating the research process on crumb rubber-modified asphalt concrete.

2.1. Sample Preparation

Multiple crumb rubber-modified asphalt concrete (CMAC) mixtures were prepared
with crumb rubber contents of 0%, 5%, 10%, 15%, 20%, and 25% by weight of the asphalt
binder. This range was selected based on commonly reported values in the literature [33,34],
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enabling a systematic evaluation of the influence of CMAC dosage on mixture performance.
A wet process was adopted for binder modification; the base bitumen was heated to
160–170 ◦C, after which pre-weighed crumb rubber was gradually introduced and mechani-
cally blended using a high-shear mixer at a constant speed for 45–60 min to ensure uniform
dispersion and adequate interaction between the rubber particles and binder. The modified
binder was then maintained at the target temperature prior to mixing with aggregates.
Mineral aggregates were preheated to approximately 160 ◦C and mixed with the modified
binder to produce a homogeneous asphalt mixture. The mixing temperature was controlled
within the range of 155–165 ◦C to ensure proper coating of aggregates and workability of the
mixture. All mixtures were prepared using identical aggregate gradation and binder type
to isolate the effect of crumb rubber content on performance. Compaction was performed
using the Marshall method in accordance with ASTM D6927 [35]. Cylindrical specimens
(101.6 mm in diameter and 63.5 ± 1.5 mm in height) were compacted using 75 blows per
face with a 4.54 kg hammer dropped from a height of 457 mm, representing heavy traffic
conditions. The target air void content was maintained at 4 ± 1%. All specimens were al-
lowed to cool at room temperature for 24 h before testing. Laboratory-controlled conditions
were maintained throughout the preparation process to minimize variability and ensure
the repeatability of the results. This approach enabled a reliable comparison of mechanical
and volumetric properties across different crumb rubber contents, as illustrated in Figure 2,
and facilitated the identification of an optimal CMAC dosage in terms of durability, rutting
resistance and performance of fatigue.

 

Figure 2. Recycling process of waste tires to crumb rubber.

2.2. Waste Crumb Rubber Particles

The crumb rubber used in this study was obtained from certified tire recycling fa-
cilities to ensure compliance with environmental regulations and material quality stan-
dards. The particles were processed by ambient grinding and sieved to achieve a con-
trolled particle size distribution, typically within the 30–40-mesh range, suitable for dry
or wet CMAC production methods. The use of recycled crumb rubber addresses both
sustainability objectives and solid waste management challenges by repurposing discarded
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tires as functional construction materials. The inclusion of these rubber particles is cen-
tral to the study’s aim of promoting environmentally friendly and high-performance
asphalt solutions.

2.3. Aggregates

Mineral aggregates were sourced and selected to comply with the grading require-
ments specified for asphalt concrete production in accordance with relevant standards [36].
Appropriate gradation is essential to achieve optimal compaction, strength, and durability
in asphalt mixtures. The aggregates underwent standard laboratory tests to evaluate their
specific gravity, water absorption, and Los Angeles abrasion resistance, ensuring their
suitability for structural use. Strict adherence to the gradation specifications mitigates the
risk of performance deficiencies in the final CMAC product.

2.4. Testing Methods
2.4.1. Specific Gravity Test

The specific gravity of the bituminous material was determined as the ratio of the
mass of a specified volume of material to the mass of an equal volume of water at 27 ◦C.
A bitumen sample was placed in a calibrated pycnometer, and the combined mass was
recorded. The remaining capacity of the pycnometer was filled with water and weighed
again. The filled pycnometer was placed in a temperature-controlled liquid bath and heated
to a specified temperature. The density of the bitumen was calculated from the mass of
the sample and the displaced water. This procedure was performed as described in ASTM
D70/D70M [37].

2.4.2. Penetration Test

A penetration test determines the hardness or softness of bitumen by measuring the
depth (in tenths of a millimeter) at which a standard loaded needle penetrates the material
vertically within five seconds, while the sample is maintained at 25 ◦C. This parameter
provides an indirect measure of binder consistency and is used to classify performance
grades. The procedure was performed in accordance with the standards outlined in ASTM
D5 [38].

2.4.3. Viscosity Test

Viscosity, the inverse of fluidity, quantifies a material’s resistance to flow and is a
critical parameter for evaluating the workability of asphalt binders. For bitumen, viscosity
increases as the material transitions from a liquid to a semi-solid state. In pavement ap-
plications, excessively low viscosity can lead to inadequate cohesion because the binder
merely lubricates the aggregate particles without forming a continuous film. Conversely,
excessively high viscosity can impede compaction, producing a heterogeneous mix with
reduced stability. In this study, the viscosity of an asphalt binder was measured accord-
ing to ASTM D4402 [39] using a rotational viscometer. These procedures provided a
precise determination of the flow resistance under controlled temperature conditions,
ensuring compliance with industry standards and enabling reliable comparison with
specification limits.

2.4.4. Softening Point

The softening point is the temperature at which bitumen or tar softens to a specific
degree. This is the temperature in ◦C at which a standard ball passes through a sample
of bitumen in a mold and falls through a height of 2.5 cm when heated under water or
glycerine under the prescribed test conditions. The binder must be a suitable fluid before
use in road construction. Therefore, it is critical to understand how hot bituminous binders
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can be heated in various applications. The softening point was determined using a ring-
and-ball apparatus. The tests were performed in accordance with the standards of ASTM
D36 [40].

2.4.5. Sieve Analysis

Sieving was used to determine the particle size distributions of the fine and coarse
aggregates. This test method is primarily used to determine the grading of materials that
are being considered for use as aggregates or that have already been utilized as aggregates.
The findings were used to determine whether the particle size distribution complied with
the applicable specification criteria and to provide data for controlling the production of
various aggregate products and combinations. This information could also be useful in
establishing correlations between porosity and packing. The use of this test procedure
alone does not allow for the accurate determination of materials finer than 75 µm (No. 200).
The tests were performed in accordance with the standards ASTM C136/C136M [36].

2.4.6. Elongation Index Test

The elongation index quantifies the proportion, by mass, of aggregate particles with
a greatest dimension that exceeds 1.8 times their mean dimension. This parameter is
primarily evaluated for aggregates with particle sizes greater than 6.3 mm and serves as
an indicator of particle shape characteristics. Lower elongation index values are desirable
because they improve aggregate interlock, enhance the packing density, and contribute
to the mechanical stability of asphalt mixtures. The elongation index was determined in
accordance with ASTM D4791 [41], ensuring compliance with internationally recognized
testing protocols, using Equation (1).

EI(%)=
Mass of elongated particles

Total mass of sample
× 100 (1)

2.4.7. Flakiness Index

The fraction of particles by weight, wherein the least dimension (thickness) is less than
0.6 of the mean dimensions of the aggregate, is known as the flakiness index. The physical
shape of coarse aggregates significantly affects the performance of bituminous mixes in
highway pavements. The percentage of stones in an aggregate with an ALD of less than
0.6 times their average diameter is known as the flakiness index (measured in mass). Flaky
aggregates pack closer together than cubical aggregates, resulting in fewer voids in seals.
Consequently, flaky particles require less binder. The tests were performed in accordance
with the standards ASTM D4791 [41] and the formula in Equation (2).

FI(%)=
Mass of flaky particles
Total mass of sample

× 100 (2)

2.4.8. Aggregate Impact Value

The aggregate impact value is a determining factor for an aggregate’s resistance to
rapid shock or impact, as opposed to its resistance to progressively applied compressive
forces in specific aggregates. The ability of a substance to endure impact is known as its
toughness. Because of vehicle movement on the road, aggregates are subjected to impact,
which causes them to break down into smaller pieces. Consequently, aggregates must be
sufficiently durable to withstand impact disintegration. This feature was evaluated using
an impact value test. The tests were performed in accordance with the standards ASTM
D70/D70M [37].
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2.4.9. Los Angeles Abrasion

The method explains how to utilize the Los Angeles Abrasion Test to assess the hard-
ness property of an aggregate in terms of abrasion resistance and to test coarse aggregates
with a maximum size of 37.5 mm for resistance to deterioration. The Los Angeles test
analyzes the deterioration of standard-grading mineral aggregates caused by a combination
of processes, such as abrasion, attrition, impact, and grinding, in a spinning steel drum
containing a set number of steel spheres. The Los Angeles (L.A.) abrasion test is a popular
method for determining aggregate toughness and abrasion quality. Aggregate abrasion
properties are crucial because the constituent aggregates in asphalt must endure crushing,
degradation, and disintegration to produce high-quality asphalt. The tests were performed
in accordance with the standards ASTM C131 [42] and the formula in Equation (3).

LAA(%)=
Woriginal − Wretained

Woriginal
× 100 (3)

2.5. Rutting and Fatigue Performances Testing
2.5.1. Marshall Stability and Flow Testing

The Marshall results confirm that moderate crumb rubber incorporation significantly
enhances rutting resistance and structural capacity, making CMAC suitable for high-traffic
and high-temperature applications, provided that the rubber dosage is optimized to pre-
vent excessive flexibility. Marshall stability and flow were evaluated in accordance with
ASTM D6927 [35]. Cylindrical specimens with a diameter of 101.6 mm and a height of
63.5 ± 1.5 mm were prepared at a design air void content of 4 ± 1%. Compaction was
performed with a 4.54 kg hammer dropped from 457 mm, applying 75 blows per face to
represent heavy-traffic conditions. Prior to testing, the specimens were conditioned in a
thermostatic water bath at 60 ± 1 ◦C for 30–40 min and surface-dried. Testing was carried
out at 60 ◦C using a Marshall loading head in a universal testing frame. A constant defor-
mation rate of 50.8 mm/min was applied until failure occurred. The maximum load was
recorded as the stability (kN), and the corresponding vertical deformation was recorded as
the flow (mm). Each mixture was tested in triplicate, and the results are reported as mean
values with standard deviations.

2.5.2. Indirect Tensile Fatigue Testing

Fatigue resistance was assessed using an indirect tensile (IDT) fatigue test in accor-
dance with standard asphalt fatigue testing protocols. Cylindrical specimens (100–102 mm
in diameter and 50–63.5 mm thick) were cut and ground from compacted Marshall pucks
to ensure parallel faces with target air voids of 4 ± 1%. Each specimen was instrumented
with two horizontal LVDTs positioned diametrically opposed at mid-height to measure
tensile strain. Testing was conducted in an environmental chamber at 20.0 ± 0.5 ◦C, with
specimens equilibrated for at least 2 h prior to loading. Equation (4) assumes a uniform
stress distribution along the loading plane and is valid for cylindrical specimens with stan-
dard proportions. The IDT test provides a reliable and indirect measurement of the tensile
cracking resistance of the asphalt mixture, which is critical for the fatigue performance
under repeated loading and resistance to thermal cracking, as shown in Equation (4).

σt =
E

1 − ν2 (εx + νεy) (4)

where σt = indirect tensile strength (MPa), P is the maximum applied load at failure
(N), t is the thickness of the specimen (mm), D is the diameter of the specimen (mm),
π = 3.1416, εx is the horizontal (induced tensile) strain, εy is the vertical (compressive) strain.
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Figure 3 shows rutting and fatigue performances testing using (a) indirect tensile testing;
(b) Marshall stability testing.

 
 

(a) (b) 

Figure 3. Rutting and fatigue performances testing using (a) indirect tensile testing; (b) Marshall
stability testing.

3. Numerical Analysis Using Mechanistic–Empirical Model
3.1. Mechanistic–Empirical Modeling Framework

To complement the experimental investigation, a mechanistic–empirical (M–E) mod-
eling framework was developed to simulate the mechanical response of crumb rubber-
modified asphalt concrete (CMAC) under loading conditions. The objective of this frame-
work was to establish a direct link between laboratory-measured material properties and
predicted pavement performance, particularly in terms of rutting and fatigue behavior. The
model integrates three fundamental components representing the dominant mechanisms
governing asphalt mixture behavior:

3.1.1. Linear Viscoelastic Behavior

The time-dependent response of the asphalt mixture was modeled using a generalized
Maxwell model expressed through a Prony series representation. This formulation captures
stress relaxation and stiffness evolution under varying loading durations. The relaxation
modulus is as shown in Equation (5).

E(t) = E∞ + ∑n
i=1 Ei exp(− t

τi
) (5)

where E∞ is the long-term equilibrium modulus, Ei and τi are the modulus and relaxation
time of the ith Maxwell element, and n is the number of elements. The inclusion of crumb
rubber modifies the viscoelastic response by increasing elasticity and broadening the
relaxation spectrum. Moderate rubber contents (10–15%) enhance the stress redistribution
capacity, whereas excessive rubber (>20%) reduces stiffness owing to binder absorption
effects [43].
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3.1.2. Viscoplastic Behavior (Rutting Model)

Permanent deformation was modeled using a Perzyna-type viscoplastic formulation
with a Drucker–Prager equivalent stress criterion. The viscoplastic strain rate is expressed
as in Equation (6).

.
εvp = ⟨ F(σ)− k

k
⟩m 1

η(T)
(6)

where F(σ) represents the stress function, k is the threshold stress, m is the stress exponent
controlling nonlinearity, and η(T) is the temperature-dependent viscosity. This model
captures the rate-dependent accumulation of permanent strain under repeated loading.
The incorporation of crumb rubber increases the effective viscosity and threshold stress
at the optimal content (10–15%), thereby reducing rutting susceptibility. At higher con-
tents (>20%), reduced aggregate interlock and binder film thickness lead to accelerated
viscoplastic deformation [7,44].

3.1.3. Fatigue Damage Modeling

Fatigue behavior was modeled using the simplified viscoelastic continuum damage (S-
VECD) approach, which characterizes stiffness degradation under cyclic loading. Damage
evolution is represented by a scalar variable S, which reduces the pseudo-stiffness C(S) in
Equation (7).

C(S) = C0(1 − S) (7)

where C0 is the initial stiffness, and S represents the accumulated damage. The damage
progression is governed by material-specific parameters calibrated from cyclic indirect
tensile (IDT) fatigue tests. Failure is defined as a critical damage state corresponding to a
50% reduction in stiffness. Crumb rubber improves fatigue resistance by enhancing energy
dissipation and delaying crack initiation. However, excessive rubber content reduces
structural integrity and accelerates stiffness degradation [34].

3.2. Model Calibration

The model parameters were calibrated directly from laboratory experimental data to
ensure consistency between the measured material behavior and numerical predictions.
Each component of the mechanistic–empirical model (linear viscoelasticity, viscoplasticity,
and fatigue damage) was calibrated using the corresponding test results.

• Linear viscoelastic (LVE) parameters were obtained by fitting a Prony series to indirect
tensile (IDT) creep and relaxation responses, thereby capturing the time-dependent
stiffness behavior of the mixtures.

• The viscoplastic parameters were calibrated using Marshall stability and load–
deformation curves. The threshold stress and stress exponent were determined from
the onset and progression of nonlinear deformation, whereas viscosity was adjusted
to match the rate of permanent strain accumulation.

• Fatigue damage parameters were derived from cyclic IDT fatigue tests using the
S-VECD framework. Damage evolution constants were fitted based on stiffness
degradation, and failure was defined as a 50% reduction in the modulus [28,34,45,46].

To account for the effect of crumb rubber content, a dosage-dependent scaling function
was incorporated into the selected model parameters based on experimentally observed
trends. The calibrated model was validated by comparing the predicted rutting and fatigue
responses with the experimental results, revealing good agreement across different rubber
contents. It should be noted that the calibration was based on laboratory data, and further
validation under field conditions is required.

https://doi.org/10.3390/infrastructures11040133

https://doi.org/10.3390/infrastructures11040133


Infrastructures 2026, 11, 133 10 of 21

3.3. Boundary Conditions and Loading Assumptions

The numerical simulations were conducted under conditions consistent with labora-
tory testing to ensure direct comparability.

• Rutting simulations: Quasi-static loading at controlled temperatures, with the peak
load prior to plastic flow used as the performance indicator.

• Fatigue simulations: Strain-controlled cyclic loading, with failure defined as a 50%
stiffness reduction (S-VECD criterion).

• Temperature effects: Incorporated through temperature-dependent viscosity and shift
factors in the viscoelastic model.

These assumptions ensure that the modeling framework accurately reflects the experi-
mental conditions and provides reliable predictions of the CMAC performance.

4. Results and Discussion
The results obtained from the experimental program are presented and discussed

in relation to the influence of crumb rubber content on the volumetric, mechanical, and
fatigue performance of asphalt mixtures. The data are summarized using tables and
figures to highlight key trends across CMAC ranging from 0% to 25%. The discussion
integrates experimental observations with microstructural (FTIR) evidence and mechanistic
interpretations to provide a comprehensive understanding of CMAC behavior.

4.1. Physical and Chemical Properties of Bitumen

Physical and chemical characterization of 60/70 penetration-grade bitumen showed
that the binder met all relevant international standards, confirming its suitability
for use in crumb rubber-modified asphalt concrete (CMAC) production. Table 1
presents the measured results along with the recommended specification ranges from the
ASTM standards.

Table 1. Physical and Chemical Properties of 60/70 Pen. Bitumen.

Property Result Standards Recommended Specification

Solubility (%) 99 ASTM D2042 [47] 99
Penetration (mm) 89 ASTM D5 [38] 80–100
Specific Gravity 1.02 ASTM D70/D70M [37] 1.01–1.05
Softening Point at 60 ◦C 47 ASTM D36 [40] 45–52
Flash point ◦C 247 ASTM D4791 [41] 232–250

The penetration value of 89 mm lies within the ASTM D5 [38]-specified range
(80–100 mm), indicating an optimal balance between hardness and flexibility. This bal-
ance is critical in CMAC applications because the incorporation of crumb rubber tends to
enhance elasticity. Therefore, the base binder must maintain sufficient softness to avoid
brittleness at low temperatures. The softening point at 47 ◦C falls within the ASTM D36 [40]
recommended range (45–52 ◦C), indicating adequate resistance to deformation at high
service temperatures. The flash point (247 ◦C) exceeds the minimum safety threshold
(232 ◦C), indicating that the binder can be heated and mixed without a significant risk
of ignition, while also demonstrating thermal stability. A solubility of 99% confirmed a
high level of purity, with negligible insoluble matter that could otherwise impair binder–
aggregate adhesion. The specific gravity (1.02) was within the ideal range (1.01–1.06),
supporting the volumetric stability of the asphalt mix. Collectively, these results demon-
strate that the tested 60/70 penetration-grade bitumen possesses the necessary thermal,
mechanical, and chemical characteristics for high-performance CMAC production. Its com-
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pliance with ASTM standards suggests that it positively contributes to both the durability
and flexibility of the modified asphalt mix, particularly when subjected to varying traffic
and environmental conditions.

4.2. Physical and Chemical Properties of Aggregate

The physical and chemical characteristics of the aggregates (Tables 2 and 3) used in
CMAC production play a pivotal role in determining the mechanical behavior, stability,
and long-term serviceability of asphalt mixtures. These parameters govern the interaction
between mineral aggregates and crumb rubber-modified binders, directly affecting the
load-bearing capacity, deformation resistance, and moisture susceptibility. Properties
such as strength, toughness, particle shape, abrasion resistance, and water absorption
are particularly critical for achieving optimal mix performance under varying traffic and
environmental conditions.

Table 2. Physical Properties of Aggregates.

Property Measured Value Specification Limit (Standard)

Aggregate Impact Value (%) 22 ≤30 ASTM D70/D70M [37]
Aggregate Crushing Value (%) 30 ≤30 ASTM D70/D70M [37]
Water Absorption (%) 0.7 ≤2.0 ASTM C127 [48]
Los Angeles Abrasion (%) 27 ≤30 ASTM C131 [42]
Elongation Index (%) 28 ≤30 ASTM D70/D70M [37]
Specific Gravity 2.60 2.5–3.0 ASTM C127 [48]
Flakiness Index (%) 28 ≤30 ASTM D70 [37]

Table 3. Chemical composition of aggregates used in CMAC production.

Oxide Component Symbol Value for Asphalt Aggregates (%)

Silicon dioxide SiO2 48
Aluminum oxide Al2O3 12
Ferric oxide Fe2O3 5
Calcium oxide CaO 10
Magnesium oxide MgO 2
Sodium oxide Na2O 2
Potassium oxide K2O 1
Loss on ignition LOI 1

The aggregate impact value (22%) and Los Angeles abrasion value (27%) indicate good
toughness and resistance to mechanical degradation under repeated loading. These results
suggest that the aggregates can withstand the grinding and polishing effects of traffic,
thereby maintaining the surface texture and skid resistance over the pavement service
life. The aggregate crushing value (30%) lies exactly at the permissible limit, suggesting
adequate strength but requiring attention during quality control to prevent the inclusion of
weaker particles. Low water absorption (0.7%) indicates a dense and low-porosity material,
which is advantageous for reducing moisture-induced damage and stripping in asphalt
mixtures. Particle shape characteristics, as reflected by the flakiness and elongation indices
(both 28%), were within acceptable limits, ensuring good interlocking and stability within
the asphalt matrix. A specific gravity of 2.60 falls within the optimal range for asphalt
mixture design, supporting adequate load distribution and volumetric stability [49,50].

The chemical composition reflects a silica-rich aggregate, which is typical of materials
used in asphalt pavements. A high SiO2 content (45–65%) suggests good hardness and
abrasion resistance, contributing to long-term durability. Moderate levels of Al2O3 and
Fe2O3 indicate the presence of aluminosilicate minerals, which enhance mechanical stabil-
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ity but may require monitoring for potential reactivity. The CaO and MgO contents fall
within the normal range, offering potential benefits for binder–aggregate adhesion through
improved chemical bonding. Low alkali content (Na2O and K2O) and minimal loss on
ignition (LOI) values indicate stability under thermal exposure and low susceptibility to
deleterious chemical reactions. CMAC performance The combined physical and chemical
characteristics of the aggregates indicate that they are well suited for use in CMAC mixtures.
Their strength, low water absorption, and balanced particle shape promote high stability
and durability, whereas their silica-rich mineral composition ensures excellent wear resis-
tance. The only parameter warranting close control is the aggregate crushing value, which,
being at the specification limit, requires careful selection and processing to avoid compro-
mising the structural integrity under heavy traffic loads. Table 4. Indicating the Origin
of model parameters and linkage between experimental data and mechanistic–empirical
modeling inputs.

Table 4. Origin of model parameters and linkage between experimental data and mechanistic–
empirical modeling inputs.

Model Component Key Parameters

Linear Viscoelasticity (Generalized Maxwell/Prony Series) E∞, Ei, τi
Viscoplasticity (Perzyna law with Drucker–Prager measure) k, m, η(T)

Fatigue (S-VECD framework) C0, S, A, α, β, S f
Crumb rubber dosage factor fCR(x)

Thermo-Viscoelastic Shift Function aT(shift factor), E(T)
Unbound Layer Support (Foundation Model) k − θ parameters

4.3. Gradation of Aggregates for Design Mix of Crumb Rubber-Modified Asphalt Concrete

Aggregate gradation is a critical factor influencing the performance of crumb rubber-
modified asphalt concrete (CMAC) because it determines the interlocking potential, stability,
and void distribution within the mixture. Properly graded aggregates provide a dense
structure with minimal voids, improving the load distribution and resistance to deformation
while ensuring sufficient space for the binder to coat the particles and maintain flexibility.
Figure 4 presents the gradation results of the aggregates used in this study compared
with the American Society for Testing and Materials (ASTM) C33 [51] specification limits
for CMAC.

Figure 4. Gradation of Aggregates for Design Mix of Asphalt concrete.
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4.4. Volumetric Properties of Crumb Rubber-Modified Asphalt Concrete

The volumetric properties of CMAC exhibited systematic variations with increasing
crumb rubber content (Figure 5). The unit weight decreased progressively because of
the lower specific gravity of rubber compared with mineral aggregates. Air voids (AVs)
remained within specification limits up to 15% CMAC, beyond which a slight increase
was observed, indicating reduced compatibility and increased binder absorption. Voids in
mineral aggregates (VMAs) and voids filled with bitumen (VFBs) were optimized within
the 10–15% CMAC range, suggesting improved binder distribution and aggregate interlock.
At higher CMAC contents (≥20%), excessive binder absorption reduced the effective
binder film thickness, potentially impairing durability and structural stability. These
trends are consistent with previous studies reporting that moderate rubber incorporation
improves the volumetric balance, whereas excessive amounts disrupt mixture homogeneity
and performance.

4.5. Effect of Rutting Performance on Crumb Rubber-Modified Asphalt Concrete

Marshall stability increased with CR content up to 15%, reaching a peak value of
7.5 kN (approximately 36% higher than the control mixture), indicating enhanced load-
bearing capacity. This improvement is attributed to increased binder elasticity, improved
aggregate–binder adhesion, and the stiffening effect of rubber–binder interaction [52].
Beyond 15% CMAC, stability declined, suggesting that excessive rubber content weakens
the aggregate skeleton and promotes a softer binder phase. This reduces resistance to
permanent deformation underload. Similar behavior has been reported in previous studies,
where high rubber contents led to reduced interparticle friction and phase separation
effects [53,54]. These results confirm that rutting resistance is maximized within an optimal
CMAC range, beyond which structural integrity is compromised.

4.6. Microstructural/Chemical Evidence from FTIR

FTIR analysis revealed both physical and limited chemical interactions between crumb
rubber and asphalt binders. The appearance of S=O and C–S bands (1030–1080 cm−1) and
the presence of rubber chain signatures (~965 cm−1) indicate partial devulcanization and
mild oxidation during mixing [1,4,11,12]. The most pronounced spectral changes occurred
within the 10–15% CMAC range, coinciding with the optimum mechanical performance.
This suggests that a balance between rubber swelling and limited chemical coupling
enhances binder polarity and improves adhesion to silica-rich aggregates. At higher CMAC
contents (>20%), no additional functional groups were observed, indicating that excess
rubber primarily acted as an inert filler. This is consistent with the observed reduction in
mechanical performance at elevated CMAC [28,31,55,56]. These findings are consistent
with previous studies highlighting the combined role of physical swelling and chemical
interactions in improving asphalt mixture performance. Figure 6 shows the FTIR spectra
for various crumb rubber contents.

4.7. Fatigue Performance: Elasticity–Integrity Balance

The fatigue performance results exhibited a clear dependence on CMAC (Figure 7).
The tensile strain capacity increased with CMAC up to 15%, reaching a maximum normal-
ized value of 1.25. This improvement is attributed to the elastic and energy-dissipating
properties of rubber particles, which delay crack initiation and propagation under cyclic
loading. Beyond this optimum range, the fatigue performance declined owing to excessive
replacement of stiff binder–aggregate contacts with a more deformable rubber phase, re-
ducing mixture cohesion. At ≥20% CMAC, this effect became more pronounced, leading to
reduced resistance to cyclic tensile stress. These observations align with existing literature,
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which indicates [27,57,58] that an optimal balance between elasticity and structural integrity
governs the fatigue performance of rubber-modified asphalt mixtures.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 5. Marshall Properties and Volumetric Analysis: (a) Unit weight g/L; (b) Maximum specific
gravity; (c) Air void %; (d) VMA %; (e) Marshall quotient KN/mm; (f) Flow mm; (g) Stability;
(h) VFB %.
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Figure 6. FTIR spectra for various crumb rubber contents.

Figure 7. Fatigue Performance of Crumb rubber-modified asphalt.

4.7.1. Stiffness Degradation Behavior

The evolution of the stiffness under repeated loading revealed the distinct effects of
crumb rubber modification. Mixtures containing 10–15% rubber exhibited a slower rate
of stiffness loss than the control, indicating an enhanced ability to resist fatigue-induced
damage. This behavior was attributed to the elastic recovery and energy absorption
capacity of the rubber particles, which delayed the accumulation of microcracks and
microstructural weakening. at higher rubber contents (≥20%); however, the beneficial
effect diminished. The reduced mixture stability and increased binder flow associated with
excess rubber accelerated the onset of permanent deformation. Consequently, stiffness
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degradation occurred more rapidly, leading to a shortened fatigue life (Figure 8). These
results confirm that rubber modification is most effective within an optimum range of
10–15%, beyond which performance deteriorates owing to instability and excessive viscous
response [16,17,20].

Figure 8. Stiffness degradation Behavior of Crumb rubber-modified asphalt (CMAC).

4.7.2. Performance Optimization and Trade-Offs

The combined evaluation of volumetric, rutting, and fatigue properties identified
an optimal crumb rubber content in the range of 10–15% (Figure 9). Within this window,
the mixture achieved a favorable balance between stiffness, elasticity, and durability. The
improvement was governed by synergistic mechanisms, including rubber particle swelling,
enhanced binder–aggregate adhesion, and improved stress distribution [17,20]. At higher
contents (>20%), these benefits were offset by excessive binder absorption, reduced ag-
gregate interlock, and increased deformation susceptibility. This trade-off highlights the
importance of dosage optimization in achieving high-performance and durable CMAC
mixtures [44].

 
 

(a) (b) 

Figure 9. Rutting deformation (a) 3D Surface; (b) Longitudinal section.
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4.8. Validation Metrics: Experimental and Mechanistic–Empirical Model

The predictive performance of the mechanistic–empirical (M–E) framework was eval-
uated by comparing model predictions with experimental observations for both rutting
and fatigue responses for the investigated crumb rubber contents. Figure 10 presents the
normalized performance trends obtained from laboratory testing and the corresponding
numerical simulations. A strong agreement was observed between the experimental and
predicted results, particularly within the optimal crumb rubber content range of 10–15%,
where both rutting resistance and fatigue performance reached their peak values. The
model successfully captured the nonlinear increase in performance up to the optimum
range, followed by a gradual decline at higher rubber contents (≥20%), reflecting the
influence of excessive binder absorption and reduced structural integrity [58]. To quantify
the level of agreement, the root mean square error (RMSE) was calculated between the
predicted and experimental values using Equation (8):

RMSE =

√
1
n∑n

i=1(y
pred
i − yexp

i )2 (8)

where ypred
i and yexp

i denote the predicted and experimental values, respectively, and n is
the number of data points. Based on the normalized performance data, the RMSE values
were determined as RMSE (rutting) = 3.03 and RMSE (fatigue) = 3.32. These relatively
low RMSE values indicate that the model reproduces the experimental trends with good
accuracy. Slight deviations were observed at higher crumb rubber contents, which may
be attributed to increased mixture heterogeneity and limitations in representing complex
binder–rubber interactions within the simplified constitutive framework. Overall, the
validation results confirm that the proposed mechanistic–empirical model provides a
reliable tool for predicting the rutting and fatigue behavior of crumb rubber-modified
asphalt concrete, particularly within the practical design range of rubber content.

(a) (b) 

Figure 10. Experimental and Mechanistic–Empirical Model: (a) rutting resistance; (b) fatigue life.

5. Conclusions
This study evaluated the rutting resistance and fatigue performance of crumb rubber-

modified asphalt concrete (CMAC) through a combined experimental and mechanistic–
empirical (M–E) modeling approach. The following conclusions were drawn up based on
the results obtained:

• CMAC mixtures containing 10–15% crumb rubber by binder weight exhibited the most
favorable performance, achieving a significant increase in Marshall stability (up to
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approximately 36%) and improved fatigue resistance compared to the control mixture.
This range provided an optimal balance between stiffness and elasticity.

• The improvement in mechanical performance is primarily attributed to the swelling of
rubber particles within the binder and limited physicochemical interactions, which
improve binder elasticity and binder–aggregate adhesion. FTIR analysis supports the
presence of these interactions without indicating extensive chemical modification.

• The volumetric properties, including air voids, VMAs, and VFBs, remained within
acceptable limits up to 15% crumb rubber content. At higher contents (≥20%), in-
creased binder absorption and reduced effective binder film thickness led to a decline
in mixture stability and durability.

• The mechanistic–empirical model successfully reproduced the observed experimen-
tal trends in both rutting and fatigue behavior. Validation using the root mean
square error (RMSE) showed good agreement between the predicted and measured
responses, confirming the model’s capability to represent CMAC behavior within the
investigated range.

Overall, CMAC demonstrates strong potential as a durable and sustainable pavement
material, enabling improved mechanical performance while contributing to waste tire
reutilization. However, careful control of the crumb rubber dosage is essential to avoid
performance deterioration associated with excessive rubber content.

6. Limitations and Future Works
This study provides an integrated evaluation of crumb rubber-modified asphalt con-

crete (CMAC) using laboratory testing and mechanistic–empirical modeling; however,
several limitations should be acknowledged.

• The experimental program was conducted under controlled laboratory conditions,
which may not fully represent field behavior under varying traffic loads, environmen-
tal conditions, and aging effects. The mixtures were evaluated using a single aggregate
type and binder grade; therefore, the findings may not be directly generalizable to
other material combinations or regional specifications.

• The mechanistic–empirical model was calibrated using laboratory-derived parameters
and simplified constitutive relationships. Although the model captured the overall
trends in rutting and fatigue performance, it did not explicitly account for factors such
as moisture damage, oxidative aging, temperature cycling, and construction variability.
In addition, the fatigue model assumes uniform stress and strain conditions, which
may differ from actual pavement responses under complex loading scenarios.

• Future work should focus on validating the proposed findings through full-scale field
trials and long-term pavement performance monitoring. The influence of environ-
mental factors, including temperature variations, moisture susceptibility, and aging,
should be incorporated into both experimental and modeling frameworks. Further
studies are also recommended to evaluate different aggregate types, binder grades,
and crumb rubber particle sizes to enhance the general applicability of the results.

• From a modeling perspective, future developments should include the integration of
coupled thermo–mechanical effects, moisture damage models, and more advanced
viscoelastic–viscoplastic formulations. The use of field-calibrated parameters and
multistage modeling approaches may further improve prediction accuracy. In addition,
life-cycle cost analysis and environmental impact assessment are necessary to support
the practical implementation of CMAC in sustainable pavement design.
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Abbreviations
The following abbreviations are used in this manuscript:

AC Asphalt Concrete
AVs Air Voids
CMAC Crumb Rubber-modified Asphalt Concrete
CR Crumb Rubber
DSR Dynamic Shear Rheometer
FTIR Fourier Transform Infrared Spectroscopy
IDT Indirect Tensile Test
LA Los Angeles (Abrasion Test)
LVDT Linear Variable Differential Transformer
LVE Linear Viscoelastic
M–E Mechanistic–Empirical
MQ Marshall Quotient
VFBs Voids Filled with Bitumen
VMAs Voids in Mineral Aggregate
VP Viscoplastic
S-VECD Simplified Viscoelastic Continuum Damage
DMTA Dynamic Mechanical Thermal Analysis
AMPT Asphalt Mixture Performance Tester
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