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Mohamed Gamal' Abstract: Reflective cracking poses a significant challenge to the
Mahmoud Enieb? performance and durability of Hot-Mix Asphalt (HMA) overlays,
Elsayed M Abd Alla® particularly when applied over deteriorated Joint Plain Concrete (JPC)

pavements. This study explores the effects of reflective cracking on
overlay pavements through Finite Element Analysis (FEA) using
ABAQUS, integrating the Cohesive Zone Model (CZM) to simulate
crack initiation and propagation. Key factors analysed include overlay
thickness, modulus of elasticity, JPC joint width, and fracture areas
within the pavement structure. The results indicate that increasing
overlay thickness from 30 mm to 100 mm reduces tensile strain by up
to 68.8%, significantly improving stress dissipation. Variations in the
Asphalt Overlaying modulus of elasticity (ranging from 1500 MPa to 6000 MPa) were
found to reduce tensile strain by approximately 37.5%. Additionally,
the number of load repetitions required to cause reflective cracking
increases with overlay thickness: 11,220 repetitions for 30 mm, 226,458
repetitions for 60 mm, and 458,835 repetitions for 100 mm. Wider JPC
joints (from 6 mm to 20 mm) increased stress concentrations and crack
severity. The study also quantified fracture behavior using the
Representative Fracture Area (RFA), with RFA increasing by up to
99% under higher load repetitions. These findings provide practical
recommendations for pavement design, particularly in selecting optimal
overlay thicknesses and material properties to extend the lifespan of
rehabilitated pavements and mitigate reflective cracking.
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1. Introduction

Overlay is often preferred to restore pavement structure and improve ride quality with asphalt
concrete overlay being a standard technique for rehabilitating rigid pavements. This approach, widely
known for its effectiveness, faces the challenge of reflective cracking, which occurs when the asphalt
surface is subjected to stresses or strains caused by bending and displacement of the concrete at
existing joints or cracks. These cracks, often caused by temperature fluctuations, humidity, and traffic
loads, lead to early failure and significantly reduce the performance and maintainability of the coating
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[1]. The main problem is increased tensile strains at the bottom of the AC layer near cracks and joints.
Extensive research has been conducted to understand how these critical responses vary with changes
in pavement properties (e.g., structure and material properties) using methods such as accelerated
pavement testing, laboratory studies, and numerical analysis. Considering AC overlay modulus,
modulus of exiting pavements, dimension of joints, and the thickness of the overlay layer, these
factors are all crucial to influencing the effectiveness of a deck at different levels [1-6]. The overall
performance of pavement structures can be significantly impacted by severe reflective cracking in
asphalt overlays To properly apply targeted treatments that reduce the dangers related to asphalt
overlays, it is imperative to determine the size of reflecting cracks in advance [7]. To estimate
reflective cracking in asphalt overlays, several predictive models using empirical, mechanistic, or
combination empirical-mechanistic approaches have been developed. To determine the severity of
cracks, these models make use of field data and fracture mechanics principles. Conventional fracture
mechanics usually assume homogeneous crack propagation in stress or strain plane scenarios, which
results in simple crack depth predictions for asphalt overlays cracks may propagate non-uniformly
across the cross-sectional area of the asphalt overlay under real-world situations like wheel stresses.
This implies that interpreting crack propagation incorrectly could arise from depending only on
conventional assumptions [7]. This research investigates the possibility of simulating the real
conditions in which reflective cracking occurs. Predictive models for reflective cracks, whether based
on mathematical derivations or laboratory results, sometimes lack accuracy because laboratory
conditions do not necessarily represent the actual conditions of road operation. This research provides
valuable insights for road engineers by helping them design more durable Hot Mix Asphalt (HMA)
overlays through the selection of optimal thickness and material properties, directly influencing
pavement rehabilitation decisions. Road maintenance projects can become more cost-efficient,
reducing the frequency and costs of repairs and ultimately leading to better resource allocation,
Additionally, the study offers insights into the long-term performance of rehabilitated pavements
under varying conditions, aiding in the forecasting of maintenance schedules and extending pavement
lifespan, making the findings highly applicable in real-world scenarios.

The higher the temperature applied to the flexible pavement layer, the lower the elastic modulus value
will be. In contrast, the elastic modulus of the pavement layer decreases as the temperature increases,
as shown in Fig. 1[8].
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Fig. 1: Asphalt moduli versus temperature [8].
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Several techniques, such as Cohesive Zone Modeling (CZM), the Extended Finite Element Method
(XFEM), and Stress Intensity Factor (SIF) cracking models, can be employed to model reflective
cracking due to advancements in road engineering and simulation methods, including the use of Finite
Element Analysis (FEA), Artificial Neural Networks (ANN), and empirical mechanisms. The
cohesive zone method was used in this paper's simulation because it has the benefit of simulating
non-linear fractures. It has also been extensively employed in fracture simulations. To assess how
well some solutions to the problem of reflective cracks work [3, 9-11]. The cohesive zone model
(CZM) is increasingly used in finite element (FE) simulations to understand the fracture behavior of
asphalt concrete materials. Key fracture properties required for these models include local fracture
energy (Gr) and material strength (0.). Among the various methods proposed for measuring the
fracture energy of asphalt mixtures, the Disk-Shaped Compact Tension DCT Test, standardized as
ASTM D7313-13, is one of the earliest and most widely adopted procedures. The CZM method had
been successfully used for modeling the Disk-shaped Compact Tension (DCT) Test, as demonstrated
by Back as shown in Fig. 2 [7, 12].

Continuum elements
(C3D8R)

Cohesive elements
(COH3D8)
CMOD

Fig. 2:Finite elements model for DCT test [7].

2. Cohesive Zone Model CZM

Cohesive Zone Model CZM was utilized in this study to evaluate the uneven development of
reflective fractures in asphalt overlays. The effectiveness of this model in taking the nonlinear
behaviour of the material during the cracking process has been acknowledged. As mentioned in earlier
research, a bilinear traction-separation law was also used to characterize the fracture behaviour of the
asphalt material. Certain parameters, such as the tensile strength (o.) and fracture energy (Gy) of the
asphalt overlay, can be determined for this constitutive model. The properties of the cohesive
elements were further defined based on their stiftness in the normal (K,,), first shear (Kj), and second
shear (K;) directions, providing a comprehensive framework for understanding the mechanics of
crack propagation in layered pavement structures. Since the compliance issue of the cohesive zone
was minimal, the cohesive element stiffness used in this study was equivalent to the asphalt modulus
[7, 13-16]. In this study, the tensile stress for the asphalt was assumed to be around 900 Newtons, and
the fracture energy was approximately 590 N/m, based on the works of Ding [17].
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3. Representative Fracture Area (RFA)

This research also introduced the concept of non-uniform crack propagation for assessing potential
reflective cracks. The propagation of these cracks was quantified using the Representative Fracture
Area (RFA), which is the ratio of the damaged area to the total cross-sectional area of the asphalt
overlay. This approach effectively determined the actual formation of cracks in the asphalt overlay
under the influence of wheel loads [7, 9, 11].

The fracture behaviour of reflective cracking was examined using a scalar stiffness degradation
parameter, which quantifies damage within a cohesive element. This parameter expresses the loss of
stiffness due to cracking: a value of 0 indicates that the material retains its full stiffness (no damage),
while a value of 1 represents zero stiffness (complete failure). The degradation contours are illustrated
in the in-plane area with zero thickness of the cohesive elements (1750 mm length and 60 mm height)
that lie perpendicular to traffic direction and above a transverse joint. Furthermore, the Representative
Fracture Area (RFA) was introduced to evaluate the non-uniform crack propagation in asphalt
overlays under traffic loads. This approach, challenges traditional views on crack propagation.
Influenced by the scalar stiffness degradation, the area of the cohesive element, and the total cross-
sectional area of the overlay as outlined in Equation (1), the RFA % ranges from 0 (no crack) to 100%
(fully developed crack). Calculated through mechanistic analysis in ABAQUS, it tracks the
progression of material stiffness degradation from undamaged to fully damaged, as shown in Fig. 3.
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The RFA,yeriay represents the fractured area of the complete HMA overlay. Agopsive Is the original
in-plane area of a cohesive element placed in row i and column j. D;; is the stiffness degradation
parameter for a certain cohesive element. X and Z represent the total number of cohesive elements in
the depth and transverse direction. Fig. 4 also shows the distribution of cohesive elements across rows
(1) and columns (j) within the overlay, highlighting the original in-plane area A.,psive Of €ach
cohesive element.

Fig. 3: The stiffness degradation parameter for a certain cohesive element under different load values.
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Fig. 4: Tllustration of the distribution of cohesive elements across rows (i) and columns (j) within the
overlay.

4. Limit State Approach

Repetitive wheel loadings lead to reflective cracking. Because of the complexity of the fracture
analysis simulation caused by this kind of loading, the permitted number of traffic passes ( Nf) for a
single wheel load event is determined using the limit state technique, as shown in Equation (2) [7, 9].
A single axle load with dual tires and an 80 KN weight was used to estimate the propagation of
reflecting cracks. The limit state method assumes an unchanging contact area where the wheel load
tire contact pressure is progressively increased until an RFA traffic value of 100 is reached, the
material parameter, n, ranges from 2.35 to 4.27. These values are obtained from laboratory
experiments. The Tseng and Lytton approach was used to calibrate the value of n in pavement
modeling [7, 9, 18, 19].

Nf = (Pgo)" (2)

A higher N value means that the pavement can withstand more repeated loading cycles before failure
occurs, indicating a longer service life and improved performance. This directly affects the overlay's
ability to manage traffic-induced stresses over time. In practical terms, increasing Ny implies that
the overlay can tolerate higher traffic loads without the formation of reflective cracks, thereby
reducing the frequency of required maintenance interventions. By optimizing parameters such as
overlay thickness and material modulus to achieve a higher Ny , engineers can effectively extend the
lifespan of the pavement and minimize overall maintenance costs, contributing to better allocation of
resources and less traffic disruption.

5. Modelling Asphalt Overlays Using Finite Elements

In this research, a three-dimensional model of finite elements was created using the Abaqus program,
where a section of the road was represented with a length of five meters and a width of five meters
for full-size scale, such that the asphalt covering layer (overlay) to be covered rests on top of a rigid
pavement layer with joints. Also studying the properties of the RFA properties by making a half
section to study the effect of the most important factors that contribute to the growth of reflective
cracks by changing the thickness of the layers and comparing them to the RFA for each case. The
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dimensions and properties of the model were selected to be compatible with the finite element model
for each of Baek and Diallo [2, 7].

5.1 Model properties

A three-dimensional FE (Finite Element) model was constructed to simulate HMA (Hot Mix Asphalt)
overlay on a JCP (Jointed Concrete Pavement) [7]. The pavement structure consists of four layers: a
30 to 100 mm thick HMA overlay, two concrete slabs each 200 mm thick, a base layer 200 mm thick,
and a subgrade layer 3300 mm thick. The properties of the used material as shown in Table 1. Key
features include a 10 mm wide full-cut construction joint placed transversely every 5.0 m to explore
vulnerabilities related to reflective cracking. The model intentionally excludes dowel bars and
aggregate interlocking to enhance the focus on joint stiffness. Additionally, the model incorporates
the dimensions of a geometrically symmetric one-lane concrete slab measuring 5.0 m in length and
3.5 m in width for the full scale. While the half scale is 5.0 m in length and 1.75 m in width. The
response of the overlay under the influence of changing properties of used materials and increasing
the traffic load is proposed to be studied.

Table 1: Materials properties.

Layer Elastic Modulus Ponss?n s Thickness
ratio
Asphalt overlay 1500, 3000, 4500, 6000 0.35 30- 100 mm
Portland cement concrete 35000, 28000, 22000 0.2 200 mm
Granular base 300 0.4 200 mm
Subgrade 150 0.45 3300 mm

The vehicle load was simulated statically using dual tires with a tire pressure of 700 kPa and a wheel
load of 40 KN, with the contact area shown in Figs. 5 and 6. This study applied uniform pressure to
rectangular areas, approximating the dimensions of a single tire's contact area [20].

0L 06L —» | Area=0S5227L% | 0L
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(a) Actual Area (b) Equivalent Area

Fig. 5: Dimension of tire contact area between tire and pavement surface.
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Fig. 6: Dimension of tire contact area used.

5.2 Boundary conditions and meshing techniques

In the full-scale pavement model, fixed boundary conditions, where all displacement components
(uy, Uy, U,) and rotational components (8, 6,, 6,) are set to zero, are applied to the bottom of the
subgrade. Meanwhile, the edges of the HMA overlay, jointed concrete pavement and base layer are
allowed to move without restriction, as shown in Fig. 7. In the case of the half-size pavement model,
different conditions were enforced: along the x-z planes, a symmetric boundary condition along the
x-axis (u, = 0, 8, = 0, =0) is applied, and along the y-z plane, a y-axis symmetric boundary condition
(ux =0, 6,, = 0, = 0) is implemented as shown in Fig. 8. Continuum elements in the model were
defined using the eight-node brick element with reduced integration (C3D8R), which was utilized for
modeling the asphalt and concrete layers. Additionally, a cohesive zone model was applied using the
zero-thickness, eight-node three-dimensional cohesive element (COH3D) to simulate the path of
reflective cracking. These elements were specifically placed in the asphalt overlay across the
transverse joint, as shown in Fig. 9. Fine meshing was implemented along the wheel footprint and
near potential cracks to ensure numerical convergence, as shown in Fig. 10.

Fig. 7: Boundary Conditions for full-scale pavement model
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Fig. 8: Boundary Conditios frhalf-size pavement model.

Cohesive elements

y

Fig. 9: Cohesive elements positioned at a possible reflective cracking location within the HMA overlay.

Fig. 10: Full-scale model meshes.
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5.3 Interface model

One important factor to take into account for design and analysis is pavement layer interaction, the
assumption that the pavement layers are fully bonded. Perfect adhesion between two layers is
expected when layers, such as an asphalt overlay over existing concrete pavement, are thought to be
fully bonded [2].

5.4 Model validation

In this study, we validated our three-dimensional finite element model (FEM) by comparing it with
Baek's methodology and material properties, while introducing key differences in mesh density and
geometry. To ensure a meaningful comparison, both models utilized the same material properties and
a fracture energy of 270 J/m?. The primary difference was that Baek's model used a viscoelastic
material for the overlay layer, whereas our model employed a linear elastic material. Under a load of
80 kN, our model predicted a critical parameter value of 18.8, compared to 16.8 in Baek's results.
Regarding the number of cycles to failure Ny, Baek's model predicted 144,062 cycles, while our
model yielded a closely matching result of 144,656 cycles. To achieve this close agreement, we
adjusted the n parameter in our fatigue model to 4.05, compared to Baek's value of 4.21 as shown in
Table 2. The n parameter is a material constant that influences the fatigue life prediction. Despite the
difference in material models (linear elastic versus viscoelastic), our FEM results closely matched
those of Baek's model. This strong agreement demonstrates the robustness of our FEM approach [7].

6. Results and Discussion

Pavement responses of HMA overlay with 60 mm thickness by an 80-kN single-axle dual-tire
loading in the full-scale and half-scale pavement models are compared. Surface deflections on the
HMA overlay directly over the joint are plotted in Fig. 11 along the entire HMA overlay width of
3.5 m. where surface deflections are symmetric to the longitudinal centre line of the pavement in the
full-scale pavement mode. This step is done first to verify the feasibility of using the half model by
checking the displacement in both the half model and the full model. The displacement in the full
model was approximately 0.3015 mm, while in the half model, it was about 0.303 mm, with a
difference of around 0.5%.
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Fig. 11: Comparison of the full-scale and half-scale pavement model for surface deflection.
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6.1 Critical axle load position and critical response

To identify the critical position of the wheel load, four scenarios with S distance were considered: the
first position directly at the concrete joint (S=0 mm), the second at a distance of S=144 mm, the third
at S=432 mm, and the fourth at S=720 mm, where S is the distance measured from the geometric
centre of the wheel to the centre of the joint. The results showed that when the axle load was applied
to one side of the joint position 2, it had the greatest effect. With measurements of 88 pe (microstrain)
for longitudinal strain. At position 1, the longitudinal tensile strain was 78 pe, and the measured
longitudinal tensile strain was nearly 60 pe and 30 pe for the other two positions, as shown in Fig. 12.

S=0 mm S=144 mm

S= 720 mm
S=432 mm
1.00E-04
9.00E-05
8.00E-05
€ 7.00E-05
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& 5.00E-05
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2
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|_
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0.00E+00
0 144 432 720
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Fig. 12: Critical Axle Load Position and Corresponding Longitudinal Strain Response at Transverse Joint.

6.2 Effect of the asphalt overlay thickness and its elastic modulus

Fig. 13 illustrates the variation of tensile strain at the bottom of the overlay with varying asphalt
overlay thicknesses and asphalt modulus. For asphalt overlay elastic moduli of 1500 MPa, 3000 MPa,
4500 MPa, and 6000 MPa with corresponding thicknesses of 30 mm, 60 mm, and 100 mm, the tensile
strain magnitude ranges from 36.5 pe to 416.5 pe. This significant variation in pavement response
due to changes in overlay thickness and modulus underscores the critical role of asphalt overlay
design in pavement performance. Specifically, as the asphalt overlay thickness increases, the tensile
strain magnitude decreases, independent of the asphalt overlay material's modulus. Conversely,
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increasing the asphalt material modulus also results in decreased tensile strain. For instance, with an
asphalt overlay thickness of 30 mm, increasing the asphalt overlay modulus from 1500 MPa to 6000
MPa reduces the tensile strain by approximately 37.5%. Moreover, for an asphalt overlay modulus of
4500 MPa, increasing the asphalt overlay thickness from 30 mm to 100 mm leads to a reduction in
tensile strain magnitude by about 68.8%. It's also noteworthy that tensile strain reduction due to
changes in asphalt overlay modulus becomes more pronounced as the overlay thickness exceeds 100
mm. For example, with a 60 mm asphalt overlay thickness, changing the asphalt overlay modulus
from 1500 MPa to 6000 MPa results in a strain reduction of 70%.

0.00045
0.0004 mE=1500 Mpa ®E=3000 Mpa ® E= 4500 Mpa E= 6000Mpa
0.00035
0.0003
0.00025
0.0002

0.00015

Tensile strain (mm)

0.0001

0.00005

0

30 60 100
Overlay Thickness ( mm)

Fig. 13: shows the variation of produced strains due to thickness and elastic modulus variation.

6.3 Effect of the existing JPC modulus

The effect of the rigidity of the existing joint pavement concrete (JPC) layer was evaluated by
considering three different JPC moduli: 22,000 MPa, 28,000 MPa, and 35,000 MPa. The analysis
results, as shown in Fig. 14, indicate that higher PCC elastic moduli yield better performance
compared to lower moduli. This is demonstrated with an overlay set at a thickness of 60 mm and a
modulus of E = 6000 MPa, emphasizing how variations in the PCC material properties significantly
influence strain distribution.
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1.00E-05
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PPC Elastic Modulus (Mpa)

Fig. 14: Compares the relationship between the phase of PPC materials and the strains produced at the
bottom of the AC overlay.
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6.4 Effect of the joint width

The width of the joint or crack is another factor representing the condition of the existing PCC
pavement. Fig. 15 shows the AC tensile strain at the bottom of the overlay versus the joint width for
different overlay thicknesses. When increasing the joint width from 6 mm to 20 mm, the magnitude
of the tensile strain increased at the same overlay thickness.

0.00025
® d=30mm ® d=60mm ® d=100 mm
0.0002

0.00015

0.0001

Tensile strain (mm)

0.00005

: B i

6 10 20
Joint Width (mm)

Fig. 15: Compares the relationship between the Joint width and the strains produced at the bottom of the AC
overlay. For Ac modulus E = 6000 MPa.

6.5 Representative fracture area (RFA)

The RFA was computed at the end of the loading phase, with particular attention to how it changed
about a normalized axle load of 80 KN (P80) where fracture energy was 590 j/m and elastic modulus
6000 MPa. Table 2 illustrates the impact of increasing the multiplier by a factor of axel load 80 kN,
from one time up to 25 times, on the RFA. When the fracture area reaches 99%, the crack becomes
entirely brittle. The analysis was conducted across various asphalt thicknesses, including 30 mm, 60
mm, and 100 mm. Results indicate that the RFA is strongly influenced by asphalt thickness,
confirming the hypothesis that greater asphalt thickness reduces the likelihood of reflective crack.

Table 2: values of RFA %

Thickness (mm) RFA% P30 n Ny Gr N/mm2 Notes
60 99 16.8 421 144,062 270 Baek2010 [7]
60 99 18.8 4.05 144,656 270

6.6 Determination of the number of load repetitions to failure

To calculate the load repetition value, we used Equation (2). The average value of the n parameter
was assumed to be 4.05, and the P80 value was calculated from Table 2. Fig. 16 shows the number
of load repetitions that cause reflective cracking at different asphalt thicknesses. It is clear that as the
thickness increases, more load repetitions are needed to cause reflective cracking. For example, at 30
mm thickness, the load repetition value is 1.12x10*, at 60 mm thickness, it is2.26x10°, and at 100
mm thickness, it is4.59x10°.




JES, Vol. 53, No. 1, Pp. 23-37, Jan. 2025 DOI:10.21608/JESAUN.2024.320186.1367 Part A: Civil Engineering

1.00E+06

1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00
30 60 100

Overlay thickness mm

Allwable Number of repation

Fig. 16: Estimation of Ny with different AC overlay thickness.

7. Conclusion

Using the Finite Element model, this study improved understanding of the fracture mechanism in the
Hot Mix Asphalt (HMA) overlay on jointed plain concrete (JPC), with a consideration of the
development of reflective cracks. This study investigated the way reflective cracking progresses in
different cases and the effects of various factors such as traffic load, overlay thickness and its modulus
of elastic, foundation elastic modulus, joint width, and load positions. The key findings of this study

are as follows:

When the axle load was applied to one side of the joint it had the greatest effect.

Regardless of the modulus of the asphalt material when increasing the thickness of the overlay
the magnitude of the tensile strain decreases.

When the asphalt material modulus increases the tensile strain decreases depending in asphalt
thickness.

Existing JCP's bearing capacity has a significant impact on reflective cracking.

The highest values of JPC elastic modules are better than the lowest which gives low strain values.
It was clear that the CZM governed by a bilinear traction separation law (TSL) was able to predict
the fracture behavior of HMA.

One pass of 80-kN-axle loading did not damage the HMA overlay. The resulting traction force in
cohesive elements was lower than the HMA strength.

Results indicate that the RFA is strongly influenced by asphalt thickness, confirming the
hypothesis that greater asphalt thickness reduces the likelihood of reflective crack.

It is clear that as the thickness increases, more load repetitions are needed to cause reflective
cracking.
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