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Abstract: The current design methods employed for composite pavement structures pre-
dominantly rely on cement concrete slabs, which unfortunately lack established design
standards and associated control indicators for determining the appropriate thickness of
the asphalt layer. Therefore, the emergence of reflective cracks at the bottom of the asphalt
layer has become a prevalent issue in composite pavement. This article aims to enhance the
existing design methodology for composite pavement structures by proposing the inclusion
of “cracking at the bottom of the asphalt layer” as a design indicator. An extensive analysis
was conducted to assess the influence of various factors, including the elastic modulus and
thickness of the asphalt layer, the elastic modulus, and thicknesses of the cement concrete
slab, as well as the dimensions of the cement concrete slab (length and width), foundation
reaction modulus, and joint width, on the comprehensive stress at the bottom of the asphalt
layer. Additionally, formulas were derived to calculate the temperature warping stress and
load stress, and a formula was also provided for determining the equivalent modulus of
the structure, taking into account the stress-absorbing layer. Subsequently, the proposed
methodology was applied to the Weixu Expressway. The results suggest adopting a surface
structure design scheme consisting of a 6 cm asphalt concrete + 2 cm stress absorption layer.
This study found that, when the thickness of the stress-absorbing layer is less than 2 cm, the
load stress is highly sensitive to changes in the thickness of this layer. Specifically, a 1 cm
thick stress-absorbing layer reduces the maximum tensile stress at the bottom of the asphalt
layer by approximately 69.7%, decreases the equivalent stress by about 34.1%, and lowers
the maximum shear stress by around 30.9%. However, once the thickness exceeds 2 cm,
the load stress remains relatively constant. Thus, it was advisable to utilize an optimal
stress-absorbing layer thickness of 2 cm.

Keywords: composite pavement; design method; asphalt layer; cement concrete slab;
comprehensive stress; tensile strength

1. Introduction
With the continuous rise in modern traffic volume, there has been a gradual increase

in the utilization of composite pavement structures [1,2]. Distinguished from traditional
semi-rigid pavement structures, composite pavement employs a thinner asphalt layer and
a thicker cement concrete layer as its composite surface, offering the advantages of reduced
asphalt consumption and addressing the shortcomings of rigid pavements, such as joints
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that can affect driving comfort and stability [3,4]. Nevertheless, the substantial disparity in
material modulus between the rigid and flexible pavement layers gives rise to the challenge
of disparate pavement deformation. Hence, the determination of the appropriate asphalt
layer thickness holds a major significance in pavement structure design [5,6].

Currently, the design methods employed for composite pavement structures encom-
pass several approaches. The American Asphalt Association’s AI deflection method [7]
primarily emphasizes the control of average deflection and deflection discrepancies at slab
edges near joints or cracks. It prescribes that the deflection difference between the two
slab edges at joints or cracks should not exceed 0.05 mm, and the average deflection value
of these edges should remain below 0.36 mm. Furthermore, it recommends a minimum
thickness of 10 cm for the asphalt surface layer. In situations where there are substantial
variations in the temperature gradient, particularly when the maximum and minimum
temperature differences exceed the daily average recorded over the past 30 years, a mini-
mum asphalt overlay layer thickness of 20 cm is advised. However, it is important to note
that this method relies on empirical determinations of asphalt layer thickness and lacks a
scientific calculation foundation. The AASHTO (American Association of State Highway
and Transportation Officials) method [8] employs the concept of equivalent thickness to
determine the appropriate thickness of asphalt layers, incorporating comprehensive factor
corrections to enhance flexibility and facilitate widespread utilization. Consequently, this
method achieves better alignment with real-world projects. However, it overlooks control
parameters pertaining to cracks in cement concrete pavement following the addition of
the asphalt surface layer. This oversight implies that the cement concrete pavement stabi-
lizes and remains undamaged after the asphalt surface layer is applied, which does not
align with actual conditions. The COE (Corps of Engineers) method, developed by the
US Army Corps of Engineers [9,10], offers empirical formulas for calculating asphalt layer
thickness through a combination of theoretical analysis and experimentation. The effective
thickness method [7] is predicated on the notion that the overlay layer thickness should
encompass the requirements of both the new road surface and the effective thickness of
the existing road surface. Nonetheless, the formulas proposed by these methods exhibit
relative simplicity and consider a limited number of factors. Additional design methods,
such as the static model analysis method developed by Austin Research Engineers [11], the
asphalt overlay design method based on fracture mechanics [12], and the analysis system
implemented by the University of California, Berkeley [13], rely on foreign experiences to
ascertain the appropriate thickness of the asphalt layer. In general, different countries have
put forth composite pavement design methods tailored to their specific contexts, offering
valuable insights for composite pavement design in China. However, it should be noted
that these methods cannot be directly applied to the unique circumstances in China [14].

The design methodology for composite pavement structures outlined in China’s
“Design Specification for Highway Cement Concrete Pavements” [15] centers around the
primary design criterion of preventing fractures in cement concrete slabs. The guiding
principle of this approach is to ensure that, within the designated design period and under
specified traffic and environmental conditions, the combined fatigue stress induced by
vehicle loads (maximum stress) and temperature gradients (maximum stress) remains
below the flexural tensile strength of concrete. Consequently, the flexural tensile strength of
concrete serves as the crucial cracking indicator, and employing existing design formulas
can effectively avert fatigue cracking at the bottom of the concrete slab. However, the design
methodology exhibits a notable oversight concerning the joint between the bottom of the
asphalt layer and the cement slab, which represents the most vulnerable stress location in
composite pavement. Insufficient consideration and the absence of corresponding control
indicators for this specific area have led to the prevalence of reflective cracks, constituting a
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prevalent issue in composite pavement [16,17]. Presently, there is a lack of asphalt layer
thickness design indicators and systems in China, leading to the predominant reliance on
experiential determinations for asphalt layer thickness. Furthermore, insufficient attention
has been given to the stress relaxation characteristics of asphalt layers in temperature stress
analysis [4].

In conclusion, this article introduces the limit state equation for the initial cracking
at the bottom joint of the asphalt layer in composite pavement. It proposes a design
criterion for determining the appropriate thickness of the asphalt layer, which states that
the comprehensive stress (comprising temperature stress and load stress) at the bottom of
the asphalt layer should not exceed the tensile strength of the asphalt mixture. Additionally,
a design methodology for determining the asphalt layer thickness in composite pavement
is established. This methodology employs the bending tensile stress at the bottom of the
slab as the control parameter for pavement structure design and utilizes the maximum
tensile stress at the bottom joint of the asphalt layer as the verification criterion. As a
result, the composite pavement structure design is governed by considerations of both the
flexural tensile strength of the concrete cement slab bottom and the tensile strength of the
asphalt mixture.

2. Enhancing the Design Methodology of Current Composite
Pavement Structures
2.1. Design Methodology for Composite Pavement Structure

The occurrence of crack damage in composite pavement is depicted in Figure 1. The
figure highlights two particularly critical stress locations within the composite pavement
structure: the joint of the cement concrete slab corresponding to the bottom of the asphalt
layer (referred to as “asphalt layer bottom position 1”, representing the most unfavorable
stress point for the asphalt layer bottom) and the bottom of the cement concrete slab. These
stress points give rise to two distinct types of cracks. One type of crack, denoted as a
reflection crack, arises due to the presence of joints in the cement board. At these joints,
the bottom of the asphalt layer experiences substantial shear forces under both load and
temperature conditions, resulting in the formation of reflection cracks. The other type
of crack (denoted as a common crack) is attributed to the cracking of the bottom of the
cement concrete slab, caused by the bending tensile stress exceeding the material’s tensile
strength. The design standard outlined in China’s “Design Specification for Highway
Cement Concrete Pavement” aims to prevent common cracks and is expressed through
Equations (1) and (2). This design approach employs the bending tensile stress at the
bottom of the concrete slab as the key parameter for assessing cracking and effectively
addresses the occurrence of common cracks. However, it is noteworthy that the design
formula lacks specific control measures for reflection cracks and fails to consider the stress
conditions at position 1 of the asphalt layer bottom. Consequently, reflection cracks have
emerged as a prevalent issue in composite pavement structures.

γr
(
σpr + σtr

)
≤ fr (1)

γr
(
σpm + σtm

)
≤ fr (2)

where γr depicts the reliability coefficient; σpr is the load fatigue stress of cement concrete
slabs at unfavorable locations, MPa; σtr denotes the temperature fatigue stress of cement
concrete slabs at unfavorable positions, MPa; σpm is the maximum load stress at the most
unfavorable position of the cement concrete slab under the heaviest axle load, MPa; σtm

represents the maximum temperature stress at the most unfavorable position of the cement
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concrete slab at the maximum temperature gradient in the region, MPa; fr is the standard
value of flexural tensile strength of cement concrete, MPa.
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This article enhances the current design approach for composite pavement structures
by revising the design indicators. Specifically, the focus is on two key aspects [18–20]:
(1) The prevention of fatigue cracking at the bottom of cement concrete slabs, which is gov-
erned by the bending and tensile strength of the cement concrete as stipulated in the speci-
fications. The corresponding calculation formulas are presented in Equations (1) and (2).
(2) The mitigation of cracking at the bottom of the asphalt layer, which is regulated by the
bending and tensile strength of the asphalt mixture. The derivation process for this aspect
is outlined as follows:

In the presence of both temperature fluctuations and traffic loads, the bottom of the
composite pavement’s asphalt layer is susceptible to crack formation when the comprehen-
sive stress exceeds the tensile strength of the asphalt mixture. Hence, the stress condition
at the bottom of the asphalt layer, where the comprehensive stress does not surpass the
corresponding tensile strength of the asphalt mixture, is defined as the limit state of the
asphalt layer. This limit state is quantified by Equations (3) and (4):

σtr0 + σps0 ≤ σR (3)

σtr0 = k1t(σt0 + σx⌈T⌉) (4)

Through extensive road surface and loop tests, fatigue tests have shown that the
conversion equation for σR and strength σs is as shown in Equations (5) and (6):

σR =
σs

Ks
(5)

Ks = 0.09AaN0.22
e /Ac (6)

where σtr0 depicts the temperature stress at position 1 at the bottom of the asphalt layer, MPa;
σps0 is the load stress at position 1 of the bottom of the asphalt layer, MPa; σR represents the
tensile strength of asphalt mixture, MPa; k1t is the temperature stress correction coefficient
at position 1 of the asphalt layer bottom; σt0 is the temperature warping stress at position
1 of the bottom of the asphalt layer, MPa; σx⌈T⌉ reflects the temperature shrinkage stress
considering relaxation, MPa; σs is the splitting strength of asphalt concrete materials, MPa;
Ks is the structural coefficient of tensile strength of asphalt concrete materials; Aa means the
coefficient of the gradation type for asphalt concrete; Ac is the highway grade coefficient;
Ne is the accumulated equivalent standard axle load traffic times of a lane within the
design period.
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Equation (3) can be further rewritten as follows:

σps0 ≤ σs

Ks
− k1t(σt0 + σx⌈T⌉) (7)

where σs represents the experimentally measured splitting strength of the asphalt mixture,
while the values for Ks, k1t are based on the existing standard values. The calculation
process for σx⌈T⌉ can be found in the author’s paper “Study on asphalt layer of composite
pavement temperature shrinkage stress considering stress relaxation” [4]. σps0 is obtained
through fitting using the eccentric force formula in material mechanics, as presented in
Equations (9) and (10).

σx⌈T⌉ =
Tf

∑
T0

G(Ti, ti)

(
c2 −

a1
√

a1+a2·c3

a2
Al +

a1
√

a1+a2·c4

a2
A−l − aa∆Ti

)
(8)

σt0 =

(
Nt

A
+

6Mt

h2
1

)
=

(
Nt

h1
+

6Mt

h2
1

)
(9)

σps0 =

(
Np

A
+

6Mp

h2
1

)
=

(
Np

h1
+

6Mp

h2
1

)
(10)

where Nt, Np is the axial force of the joint center section, N; Mt, Mp is the bending moment
of the joint center section, N × m; A is the cross-sectional area, m2; h1 is the cross-sectional
height, m; A = bh1 and b = 1m; for a, c, and l, please refer to reference [4].

2.2. Design Process of Composite Pavement Structure

The design process for a new composite pavement structure can be systematically
conducted by following the outlined steps, as illustrated in Figure 2:

(1) Systematic analysis of collected traffic parameters: Thoroughly examine the gathered
traffic data and calculate the cumulative number of actions for the design lane’s
standard load.

(2) Preliminary design of pavement structure: Determine the materials and thickness
for each layer of the road surface. Additionally, establish measures to prevent reflec-
tion cracks, including the selection of appropriate materials, their locations, and the
desired thickness.

(3) Calculation of bending tensile stress at the bottom of the slab: Refer to the relevant
specifications to assess whether the load stress and temperature stress are within the
permissible limits of concrete’s flexural and tensile strength.

(4) Verification of maximum tensile stress at the bottom of the asphalt layer: Calculate
the temperature stress of the asphalt layer, considering a combination of temperature
warping stress and stress relaxation-induced temperature shrinkage stress. Also,
evaluate the maximum load stress at the critical point of the asphalt layer structure. If
the sum of these stresses is below or near the allowable tensile stress at the bottom of
the asphalt layer, the initially selected thickness can be considered as the calculated
thickness for the asphalt layer.

(5) If it is not possible to satisfy both steps (3) and (4) simultaneously, it is necessary to
reevaluate and adjust the thickness of the cement board and asphalt layer. Repeat the
above steps until all the requirements are met.
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During the milling and paving process of the composite pavement, the thickness
design of the asphalt layer can be adjusted based on the actual engineering conditions,
while still adhering to the principles depicted in Figure 2.

3. Derivation of Calculation Formula for Temperature Warping Stress
3.1. Calculation Model for Temperature Warping Stress

To analyze the impact of the board warping phenomenon on the bottom position of
the asphalt layer, the finite element method was employed in this study. This approach
facilitates the consideration of the foundation reaction and the self-weight constraint of the
board on warping stress [21,22]. When developing the temperature warping stress model,
the following assumptions were made:

(1) Each structural layer of the road surface was a uniformly distributed and isotropic
elastic body;

(2) Assuming that the temperature within the pavement structure remains constant
laterally, heat transfer occurs only in the vertical (depth) direction of the pavement;

(3) The structural layers of the road surface were in close contact and exhibited continuous
heat transfer.

The finite element model is employed to calculate the thermal stresses, and the specific
implementation steps are as follows: (1) Determine the material properties of each layer
in the pavement structure. (2) Assign various parameters for the materials, as shown in
Table 1. (3) Apply the material properties to the model and then discretize the model by
meshing. (4) Apply temperature loads according to the temperature gradient. The positive
temperature gradient is set up, meaning the surface temperature of the slab is higher than
the bottom, causing the edges of the slab to curl upwards, resulting in tensile stress at the
bottom of the slab. (5) Solve the model and extract the thermal warping stresses at position
1 on the bottom of the asphalt layer and the interlayer shear stresses.
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Table 1. Benchmark model parameters.

Length
(m)

Thickness
(m)

Elastic
Modulus

(MPa)

Poisson’s
Ratio

Density
(kg/m3)

Thermal
Conductivity

(J/m·h·◦C)

Specific
Heat

(J/kg·◦C)

Coefficient of
Thermal

Expansion (/◦C)

Asphalt layer 8.01 0.06 2000 0.20 2400 4680 924.9 0.00002
Cement concrete slab 4 + 2 0.28 30,000 0.15 2400 5616 911.7 0.00001

Cement stabilized macadam 8.01 0.18 2600 0.15 2350 5616 911.7 0.00001
Joint width 0.01

Interlayer state (Asphalt layer
+ cement concrete layer) The interlayer is smooth

Interlayer state (Cement
concrete layer + base course) The interlayer is completely continuous

Furthermore, relevant research [23] indicated that the distribution of cross-sectional
stress along the thickness in both three-dimensional and planar models showed good
consistency under temperature gradients. Any variations between the two models were
minimal and mainly existed in regions with high stress concentrations. Considering the
need for computational efficiency, this study adopted a planar model.

Different temperature gradients cause thermal contraction deformation in the concrete
slab, which alters the stress at position 1 on the bottom of the asphalt layer. Given that
this position is the most critical stress point within the pavement structure, The stress
was calculated at position 1 of the asphalt layer bottom under six temperature gradients:
−50 ◦C/m, −40 ◦C/m, −30 ◦C/m, 30 ◦C/m, 40 ◦C/m, and 50 ◦C/m. The calculation
results are shown in Figure 3.
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Based on Figure 3, it can be observed that, as the temperature gradient increased, the
warping stress also increased. This was because the temperature difference across the plate
increased with a higher temperature gradient, resulting in elevated temperature warping
stress. For the concrete slab, under the same temperature gradient, the effect of a negative
temperature gradient on its temperature warping stress was slightly smaller compared to a
positive temperature gradient. Previous research [3] has indicated that positive temperature
gradients in pavement structures were generally much larger than negative temperature
gradients. Therefore, the subsequent analysis focused on the influence of various structural
parameters on temperature stress when considering a temperature gradient of 50 ◦C/m [23].
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3.2. The Effect of Structural Parameters on Temperature Warping Stress

In previous research [23], several factors were identified as the main influencers of
temperature warping stress in asphalt layers, including the elastic modulus of the asphalt
layer (E1), the thickness of the asphalt layer (h1), the elastic modulus of the cement concrete
slab (E2), the thickness of the cement concrete slab (h2), the length of the cement concrete
slab (L), and the foundation reaction modulus (k). The stress indicators analyzed were the
temperature warping stress and interlayer shear stress at position 1, which is the bottom of
the asphalt layer under a temperature gradient.

(1) The influence of E1

As depicted in Figure 4, an increase in E1 led to a gradual increase in both temperature
stress and interlayer shear stress. Specifically, for each increment in modulus from 500 MPa,
the temperature warping stress approximately doubled. However, the increase in interlayer
shear stress was not significant. When E1 reached 4000 MPa, the shear stress was only
0.00651 MPa, and when E1 increased to 10,000 MPa, the shear stress was 0.0124 MPa.
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(2) The influence of h1

Figure 5 illustrates that, with an increase in h1, both the temperature warping stress
and interlayer shear stress exhibited a gradual decrease. Specifically, for every 4 cm
increment in h1, the reduction in warping stress under a temperature gradient ranged from
approximately 1.3% to 7.8%. On the other hand, the decrease in interlayer shear stress
was minimal, with the minimum interlayer shear stress recorded at 0.00299 MPa and the
maximum interlayer shear stress at 0.00358 MPa.
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(3) The influence of E2

In Figure 6, it is evident that the temperature warping stress and interlayer shear
stress gradually increased with an increase in E2. Specifically, under the influence of a
temperature gradient, for every 500 MPa increased in E2, the warping stress exhibited
an approximate 3% increment. On the other hand, the increase in interlayer shear stress
was minimal, with the minimum interlayer shear stress recorded at 0.00233 MPa and the
maximum interlayer shear stress at 0.00412 MPa.
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Figure 6. Temperature stress at different E2 values.

(4) The influence of h2

According to the findings presented in Figure 7, it is observed that an increase in
h2 corresponded to a gradual increase in both temperature warping stress and interlayer
shear stress. When subjected to a temperature gradient, each 0.02 m increment in h2 led
to an approximate increase of 1.7–6.1% in the warping stress. However, the impact on the
interlayer shear stress was negligible, with the minimum value recorded at 0.00248 MPa
and the maximum at 0.00478 MPa.
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(6) The influence of k 
As shown in Figure 9, an increment in k caused a gradual decrease in the 
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(5) The influence of L
As shown in Figure 8, as L increased, the temperature warping stress was found to

gradually decrease. Under the effect of a temperature gradient, L increased from 3.8 m to
5.2 m, and the decrease in the temperature warping stress was noted to be about 1.4%. The
interlayer shear stress remained basically unchanged, always at 0.00348 MPa.
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Figure 8. Temperature stress at different L values.

(6) The influence of k
As shown in Figure 9, an increment in k caused a gradual decrease in the temperature

warping stress. Under the effect of a temperature gradient, the decrease in the temperature
warping stress was about 10–15% for every doubling of k. The decrease in the interlayer
shear stress was negligible, with a minimum interlayer shear stress of 0.00335 MPa and a
maximum interlayer shear stress of 0.00348 MPa.
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3.3. Formula for Calculating Temperature Warping Stress 
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3.3. Formula for Calculating Temperature Warping Stress

In Equation (9), Nt is as shown in Equations (11) and (12):

Nt = αcE1Tgh1h2 φN (11)

φN = Ag(E1/E2)g(h1)g(h2)g(k) (12)

where αc depicts the shrinkage coefficient, taken as 0.00001; Tg is the temperature gradient,
taken as 50 ◦C/m; φN represents the correction factor for the axial force of the section;
A, g(E1/E2), g(h1), g(h2), g(k) is the fitted parameter or formula.

In Equation (9), Mt is as shown in Equations (13) and (14):

Mt = αcE1Tgh1
2h2 φM (13)

φM = B f (E1/E2) f (h1) f (h2) f (k) (14)

where φM is the section bending moment correction factor; B, f (E1/E2), f (h1), f (h2), f (k)
is the fitted parameter or formula.

Using the Levenberg–Marquardt algorithm, a program was written to fit a total of
22 parameters after 185 iterations. The correlation coefficient between the simulated and
measured values was determined to be 0.99013, indicating a strong correlation. Further-
more, the root mean square error was calculated to be 0.08838, indicating a small deviation
between the fitted values and the actual values. The fitted value for σt0 can be found in
Equations (15)–(19).

σt0 =

(
Nt

h1
+

6Mt

h2
1

)
(15)

Nt = αcE1Tgh1h2 Ag
(

E1
E2

)
g(h1)g(h2)g(k)

= 0.00001 × 50E1h1h2 Ag
(

E1
E2

)
g(h1)g(h2)g(k)

(16)



Appl. Sci. 2025, 15, 1691 12 of 25



A = 0.8119
g(E 1/E2) = 0.9344 + 0.8849e0.9449(E1/E2)

g(h1) = 0.9162 + 0.9037e0.9874h1

g(h2) = 0.8119h2
1.1796

g(k) = 0.8119k−0.0726

(17)

where A is a constant parameter; g(E1/E2) represents the influence of the ratio between the
asphalt layer modulus and the cement slab modulus on Nt; g(h1) represents the influence
of the thickness of the asphalt layer on Nt; g(h2) represents the influence of the thickness
of the cement slab on Nt; g(k) represents the influence of the subgrade reaction modulus
on Nt.

Mt = αcE1Tgh1
2h2B f (E1/E2) f (h1) f (h2) f (k)

= 0.00001 × 50E1h1
2h2B f (E1/E2) f (h1) f (h2) f (k)

(18)



B = 0.8887
f (E 1/ E2) = 1.0147 + 0.8679e0.8304(E1/E2)

f (h1) = 0.9589 + 0.9291e0.9691h1

f (h2) = 0.8887h2
0.9844

f (k) = 0.8887k−0.2117

(19)

where B is a constant parameter; f (E1/E2) represents the influence of the ratio between the
asphalt layer modulus and the cement slab modulus on Mt; f (h1) represents the influence
of the thickness of the asphalt layer on Mt; f (h2) represents the influence of the thickness
of the cement slab on Mt; f (k) represents the influence of the subgrade reaction modulus
on Mt.

4. Derivation of Calculation Formula for Load Stress
4.1. Calculation Model for Load Stress

A three-dimensional model is employed to simulate the pavement structure in this
study, wherein the load transfer between joints is represented by spring stiffness. The
three-dimensional finite element model is set up with ABAQUS, and the C3D8R element
is used. The pavement structure layer material is assumed to be isotropic; X, Y, and Z
are the driving direction, depth direction, and cross-section direction, respectively. The
parameters of the benchmark model are given in Table 2. In what follows, when the different
parameters of Table 2 are changed, the corresponding factor can be changed on the basis of
the benchmark model. The methodology for simulating the springs and calculating the
stiffness can be found in the author’s publication titled “Load Transfer Efficiency Analysis
and Void Evaluation of Composite Pavement Cement Concrete Laboratory” [24]. The
schematic diagram of joint stiffness and cement concrete slab nodes are shown in Table 3
and Figure 10, respectively.

Table 2. Benchmark model parameters (load).

Length (m) Width (m) Thickness (m) Elastic Modulus (MPa) Poisson’s Ratio

Asphalt layer 8.01 3 0.06 2000 0.20
Cement concrete slab 4 + 2 3 0.28 30,000 0.15

Cement stabilized macadam 8.01 3 0.18 2600 0.15
Joint width 0.01

Interlayer state (Asphalt
layer + cement concrete layer) The interlayer is smooth

Interlayer state (Cement concrete
layer + base course) The interlayer is completely continuous
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Table 3. Joint stiffness at different points of the slab.

Point Spring Stiffness at Cement
Concrete Slab Corner

Spring Stiffness in Cement
Concrete Slab Center

Spring Stiffness at Cement
Concrete SLAB Edge

Stiffness ( N × m−1 ) 1.5 × 107 3.0 × 107 6.0 × 107
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4.2. The Effect of Structural Parameters on Load Stress

In previous studies [24], it has been demonstrated that the primary factors influencing
load stress in asphalt layers include the elastic modulus E1, the asphalt layer thickness h1,
the cement concrete slab elastic modulus E2, the cement concrete slab thickness h2, the
length and width of cement concrete slab L * B, the foundation reaction modulus k, and the
joint width δ. The analysis stress index encompasses the bending tensile stresses σx and σz,
at position 1 at the bottom of the asphalt layer, as well as the interlayer tensile stress σy.

(1) The influence of E1

As shown in Figure 11, increasing the elastic modulus E1 leads to a gradual rise in the
values of σx, σy, and σz. Specifically, when E1 increases from 500 MPa, each doubling of
the modulus results in a 20–40% increase in σx, a 6–8% increase in σz, and a 7% increase
in σy. Previous studies [25,26] have identified a direct correlation between a decrease
in temperature and an increase in E1, with higher moduli contributing to greater load
stresses. Additionally, cooling adversely affects the distribution of both temperature and
load stresses in composite pavements.
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(3) The influence of 𝐸ଶ 

As shown in Figure 13, an increase in 𝐸ଶ leads to a gradual decrease in 𝜎௫ and 𝜎௭, 
while 𝜎௬ increases. For every 5000 MPa increase in the modulus of the cement board, 𝜎௫ 
increases by 6–10%, 𝜎௭ increases by 4–6%, and 𝜎௬ decreases by approximately 1%. 
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(2) The influence of h1

As depicted in Figure 12, increasing the thickness h1 of the asphalt layer results in a
decrease in the values of σx, σz, and σy. When h1 increases to 12 cm, the reductions in σz

and σy become more pronounced, reaching 50% and 30%, respectively.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 14 of 25 
 

 

Figure 11. Load stress at different 𝐸ଵ values. 

(2) The influence of ℎଵ 

As depicted in Figure 12, increasing the thickness ℎଵ of the asphalt layer results in a 
decrease in the values of 𝜎௫, 𝜎௭, and 𝜎௬. When ℎଵ increases to 12 cm, the reductions in 𝜎௭ 
and 𝜎௬ become more pronounced, reaching 50% and 30%, respectively. 

0 2 4 6 8 10 12 14 16 18 20 22
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

σ p
s0

(M
Pa

)

h1(cm)

 σx

 σy

 σz

 

Figure 12. Load stress at different ℎଵ values. 

(3) The influence of 𝐸ଶ 
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Figure 12. Load stress at different h1 values.

(3) The influence of E2

As shown in Figure 13, an increase in E2 leads to a gradual decrease in σx and σz, while
σy increases. For every 5000 MPa increase in the modulus of the cement board, σx increases
by 6–10%, σz increases by 4–6%, and σy decreases by approximately 1%.
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(5) The influence of L * B 

As shown in Figure 15, increasing L * B results in a gradual decrease in 𝜎௫, 𝜎௭, and 𝜎௬. Specifically, 𝜎௫ decreases by 15–20%, 𝜎௭ decreases by 2–7%, and 𝜎௬ decreases by 1.5–
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instance, the Weixu Expressway employs cement concrete slabs with dimensions of 4.0 
m in length and 3.0 m in width, a design that minimizes load stress and prolongs the 
service life of the composite pavement by allowing vehicles to pass over cracks more 
effectively. 

Figure 13. Load stress at different E2 values.

(4) The influence of h2

Figure 14 demonstrates that, as the thickness h2 of the cement concrete slab increases,
there is a gradual decrease in the values of σx, σz, and σy, albeit not significantly. Specifically,
for every 2 cm increase in h2, σx decreases by approximately 6–10%, σz decreases by 3–6%,
and σy decreases by 1–4%.
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(5) The influence of L * B
As shown in Figure 15, increasing L * B results in a gradual decrease in σx, σz, and σy.

Specifically, σx decreases by 15–20%, σz decreases by 2–7%, and σy decreases by 1.5–1.9%.
Smaller dimensions of L * B in cement concrete slabs reduce load fatigue stress. For instance,
the Weixu Expressway employs cement concrete slabs with dimensions of 4.0 m in length
and 3.0 m in width, a design that minimizes load stress and prolongs the service life of the
composite pavement by allowing vehicles to pass over cracks more effectively.
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(7) The influence of 𝛿 
Figure 17 illustrates that, as 𝛿  increases, 𝜎௫  and 𝜎௭  increase gradually, while 𝜎௬ 

decreases. For every 5 mm increment in 𝛿, 𝜎௫ increases by 20%, 𝜎௭ increases by 11%, and 𝜎௬ decreases by 10%. A larger joint width helps reduce interlayer tensile stress, although 
it may negatively affect the bending tensile stress at the bottom of the asphalt layer. 
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(6) The influence of k
As shown in Figure 16, an increase in k leads to a gradual decrease in σx, σz, and

σy. Specifically, σx decreases by 6–18%, σz decreases by 8–9%, and σy decreases by 4–8%.
Therefore, a higher value of k is beneficial for reducing the load stress experienced by the
asphalt layer.
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(7) The influence of δ

Figure 17 illustrates that, as δ increases, σx and σz increase gradually, while σy decreases.
For every 5 mm increment in δ, σx increases by 20%, σz increases by 11%, and σy decreases by
10%. A larger joint width helps reduce interlayer tensile stress, although it may negatively
affect the bending tensile stress at the bottom of the asphalt layer.
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4.3. Formula for Calculating Load Stress

In Equation (10), Np is as shown in Equations (20) and (21):

Np = Ph1 φPN (20)

φPN = Ag(E1/E2)g(h1)g(h2)g(k)g(δ) (21)

where P is the standard axile load, taken as 100 kN; φPN is the correction factor for the axial
force of the section; A, g(E1/E2), g(h1), g(h2), g(k), g(δ) is the fitted parameter or formula.

In Equation (10), Mp is as shown in Equations (22) and (23):

Mp = Ph1
2 φPM (22)

φPM = B f (E1/E2) f (h1) f (h2) f (k) f (δ) (23)

where φPM is the section bending moment correction factor; B, f (E1/E2), f (h1), f (h2), f (k),
g(δ) is the fitted parameter or formula.

σt0 uses the same calculation method, and a program was written to fit a total of 26
parameters after 188 iterations. With a correlation coefficient of 0.86626 and a root mean
square error of 0.0816, the program’s ability to meet engineering calculation requirements
in most cases is confirmed. Equations (24)–(28) provide the expression for σps0.

σps0 =

(
Np

h1
+

6Mp

h2
1

)
(24)

Np = Ph1 Ag(E1/E2)g(h1)g(h2)g(k)g(δ) (25)

A = 0.1141
g(E 1/ E2) = 0.1056 + 0.1075e0.1021(E1/E2)

g(h1) = 0.1067 + 0.1063e0.0995h1

g(h2) = 0.1114 + 0.1020h2

g(k) = 0.1141k0.0997

g(δ) = 0.1003δ + 0.1137

(26)

where A is a constant parameter; g(E1/E2) represents the influence of the ratio between the
asphalt layer modulus and the cement slab modulus on Np; g(h1) represents the influence
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of the thickness of the asphalt layer on Np; g(h2) represents the influence of the thickness
of the cement slab on Np; g(k) represents the influence of the subgrade reaction modulus
on Np; g(δ) represents the influence of the joint width on Np.

Mp = Ph1
2B f (E1/E2) f (h1) f (h2) f (k) f (δ) (27)

B = 0.4456
f (E 1/ E2) = −0.3264 + 0.3437e0.6974(E1/E2)

f (h1) = 0.3310 + 0.3057e0.0201h1

f (h2) = 0.4456 + h2
−0.1213

f (k) = 0.4456k−0.1555

f (δ) = 0.1060δ + 0.4439

(28)

where B is a constant parameter; f (E1/E2) represents the influence of the ratio between the
asphalt layer modulus and the cement slab modulus on Mp; f (h1) represents the influence
of the thickness of the asphalt layer on Mp; f (h2) represents the influence of the thickness
of the cement slab on Mp; f (k) represents the influence of the subgrade reaction modulus
on Mp; g(δ) represents the influence of the joint width on Mp.

4.4. Load Stress Analysis of Composite Pavement Considering Stress Absorption Layer

While it has been acknowledged in engineering that the incorporation of stress-
absorbing layers can enhance the crack resistance of road surfaces [27,28], quantitatively
characterizing this structural performance remains challenging. In this study, a three-
dimensional finite element model is utilized, incorporating a stress-absorbing layer modu-
lus of 600 MPa. The analysis focuses on varying h1 and the thickness of the stress-absorbing
layer h3. Subsequently, the maximum tensile stress σ1, equivalent stress σe, and maximum
shear stress τmax of the asphalt layer when h1 = 2 cm, 4 cm, 6 cm, 12 cm, 16 cm, and 20 cm
and h3 = 0 cm, 1 cm, 1.5 cm, 2 cm, and 3 cm are calculated. The calculation results are
shown in Figure 18.
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Based on the findings depicted in Figure 18, the following observations can be made:

(1) Setting a stress-absorbing layer can significantly reduce load stress. Setting a 1 cm
stress-absorbing layer reduces σ1 by 69.7% and σe by 34.1% compared to the absence
of a stress-absorbing layer, and τmax reduced by 30.9%.

(2) Increasing h3 can effectively mitigate load stress. When h3 is less than 2 cm, the load
stress decreases as thickness increases. However, once h3 is greater than 2 cm, the load
stress remains relatively unchanged.

(3) The greater the value of h1, the smaller the impact of the increase in h3 on load stress.

Hence, the establishment of an appropriate thickness stress-absorbing layer is consid-
ered an effective approach for delaying the occurrence of reflection cracks. The research by
Wu [29] proposed that the stress-absorbing layer cannot be treated as a single structural
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layer and can be considered as a whole with the asphalt layer. The equivalent equation is
given as follows:

Ec =

(
E1/3

1 h1 + E1/3
3 h3

h1 + h3

)3

(29)

where Ec is the equivalent elastic modulus.
The aforementioned equation demonstrates that the equivalent elastic modulus is

comparatively lower than that of the asphalt layer, while the tensile strength is higher. This
disparity elucidates the ability of the stress-absorbing layer to impede or postpone cracking;
however, it also underscores the limitation of excessive thickness in such a layer. As a result,
while calculating the pavement structure when thinking about adding a stress-absorbing
layer, the equivalent modulus conversion can be completed first and then the pavement
structure design.

5. Engineering Examples
5.1. Engineering Status Survey

This study encompasses the design of composite pavement structure thickness for
the Weixu Expressway in Henan Province, aiming to validate the efficacy of this approach.
Following over a decade of usage, the surface layer of Weixu Expressway has exhibited
various deteriorations, prompting the Highway Management Group to undertake extensive
repairs on specific sections of the expressway. In order to ascertain the strength of the
preexisting cement concrete slab, an on-site drilling operation yielded a cement concrete
specimen measuring 150 mm in diameter and 28 cm in height. Figure 19 illustrates the
condition of the specimen, while Table 4 presents the corresponding test outcomes.
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Table 4. Compressive strength and flexural tensile strength of cement concrete specimens.

Number Maximum Tensile Force
(kN)

Compressive Strength
(MPa)

Flexural Tensile Strength
(MPa)

P-1 526.9 36.81 4.5
P-2 500.4 34.96 4.5
P-3 366.6 25.61 4.0
P-4 538.9 37.65 4.5
P-5 529.1 36.97 4.5
P-6 400.5 27.98 4.0

During the design phase of the Weixu Expressway in 2008, the specified compressive
strength of the cement concrete was 6.0 MPa, while the flexural tensile strength was
52.5 MPa. However, based on the obtained core sample, the compressive strength of the
cement concrete is measured at 36 MPa, and the flexural tensile strength is recorded as
4.5 MPa. The design institute has put forth two design options for consideration. Scheme 1
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entails milling the original asphalt surface layer and laying a new 6 cm asphalt concrete
+ 2 cm stress-absorbing layer. Scheme 2 entails milling the original asphalt surface layer
and laying a new 4 cm asphalt concrete + 2 cm stress-absorbing layer. The asphalt concrete
material chosen has a σs of 2.87 MPa. The Expressway Group supports Scheme 2 given the
project’s economic considerations; however, structural design calculations are needed for
both schemes.

5.2. Calculation of Cracking at the Bottom of Cement Concrete Slabs

The cumulative number of actions Ne of the design lane standard load can be calcu-
lated, as shown in Equation (30):

Ne =
N1 ×

[
(1 + gr)

t − 1
]
× 365

gr
× η = 1.33 × 107 (30)

where N1 is the number of daily actions of the design axile load, taken as 5000 times; gr

is the annual average growth rate of traffic volume; t is the expected service life, taken as
20 years; η is the lateral distribution coefficient of the vehicle wheel track, taken as 0.22.

According to the specifications [15] (the meaning of symbols can be found in reference
specifications), two schemes for checking the cracking of cement concrete slab bottom were
carried out, and the calculation results are demonstrated in Table 5 (See Supplementary
Materials for details):

Table 5. Checking calculation of cracking at the bottom of cement concrete slabs.

Symbol Unit Scheme 1 Scheme 2

Dc MN·m 54.27 54.27
rg m 0.99 0.99
σps MPa 1.41 1.41
σp MPa 2.70 2.70
ζa — 1.45 1.45

σpsa MPa 1.25 1.29
σpma MPa 2.39 2.47

k f — 2.55 2.55
kr — 0.87 0.87
kc — 1.15 1.15
σpr MPa 3.19 3.29
σpm MPa 2.39 2.47
σtr MPa 0.18 0.26
σtm MPa 0.80 0.92
γr — 1.22 1.22

According to Equations (1) and (2), the verification Scheme 1 is as follows:

γr
(
σpr + σtr

)
= 1.22 × (3.19 + 0.18) = 4.11 MPa ≤ fr = 4.5 MPa (31)

γr
(
σpm + σtm

)
= 1.22 × (2.39 + 0.80) = 3.89 MPa ≤ fr = 4.5 MPa (32)

According to Equations (1) and (2), the verification Scheme 2 is as follows:

γr
(
σpr + σtr

)
= 1.22 × (3.29 + 0.26) = 4.33 MPa ≤ fr = 4.5 MPa (33)

γr
(
σpm + σtm

)
= 1.22 × (2.47 + 0.92) = 4.14 MPa ≤ fr = 4.5 MPa (34)

In summary, both Schemes 1 and 2 have successfully met the requirements in terms of
the calculation of bending tensile stress at the bottom of the plate.
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5.3. Calculation of Cracking at the Bottom of Asphalt Layer

Utilizing Equations (15)–(19) and (24)–(28), and Ref. [4], two schemes were employed
to evaluate the potential cracking of the bottom layer of the asphalt. The resulting calcula-
tions are demonstrated in Table 6 (See Supplementary Materials for details):

Table 6. Calculation of cracking at the bottom of asphalt layer.

Symbol Unit Scheme 1 Scheme 2

σt0 MPa 0.682 0.687
σx⌈T⌉ MPa 0.053 0.063
σps0 MPa 0.313 0.417
k1t — 0.7 0.7
σs MPa 2.87 2.87
Aa — 1.0 1.0
Ac — 1.0 1.0
Ks — 3.321 3.321

According to Equation (7), verification Scheme 1 is as follows:

0.313 MPa <
2.87
3.321

− 0.7 × (0.682 + 0.053) = 0.350 MPa (35)

Qualified verification.
According to Equation (7), verification Scheme 2 is as follows:

0.417 MPa ≥ 2.87
3.321

− 0.7 × (0.687 + 0.063) = 0.340 MPa (36)

Unqualified verification.
In summary, both schemes satisfy the requirements for checking the cracking at the

bottom of the cement board according to the specifications; however, when evaluating
fatigue cracking at the bottom of the asphalt layer, only the asphalt layer thickness in
Scheme 1 meets the necessary criteria.

Consequently, based on the design criterion that the comprehensive stress (comprising
temperature stress and load stress) at the bottom of the asphalt layer should be lower
than the tensile strength of the asphalt mixture, the proposed design method has been
implemented in the structural design of the Weixu Expressway.

In addition, the effective thickness method [7], an international approach, was em-
ployed to design the overlay plan for the Weixu Expressway. The original cement concrete
thickness of the Weixu Expressway measures 28 cm, and the corresponding conversion
coefficient obtained from the provided table is 0.7. The conversion coefficient for the base
layer is 0.3. Therefore, the effective thickness (h) is 25 cm. The cumulative number of
standard load actions on the designed lane of Weixu Expressway during its design service
life is 1.33 × 107, the rebound modulus of the soil foundation is 40 MPa, and according to
Table 1, the total thickness is determined to be 31 cm, so the thickness of the asphalt layer is
6 cm. Hence, the effective thickness method yields a calculated layer thickness of 6 cm for
the overlay plan. However, considering that this thickness obtained for the asphalt layer is
relatively low, Scheme 2 should be chosen. With an increased asphalt layer thickness of
8 cm, the pavement structure would be safer and align with the recommended approach
mentioned earlier.

To summarize, when traditional cement board cracking is employed as the design
indicator, the thickness of the asphalt layer fails to meet the requirements for fatigue
cracking at the bottom of the asphalt layer. As a result, it is advisable to consider increasing
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the maximum tensile stress at the bottom joint of the asphalt layer as a calculation indicator
in the design of composite pavement structures.

6. Conclusions
(1) The influence of the asphalt layer elastic modulus E1, the asphalt layer thickness h1,

the cement concrete slab elastic modulus E2, the thickness of the cement concrete
slab h2, the length of cement concrete slab L, and the foundation reaction modulus k
on temperature warping stress is analyzed, and the calculation formula is fitted for
temperature warping stress.

(2) The influence of the asphalt layer elastic modulus E1, the asphalt layer thickness h1,
the cement concrete slab elastic modulus E2, the thickness the of cement concrete slab
h2, the length and width of the cement concrete slab L * B, the foundation reaction
modulus k, and the joint width δ is analyzed, and the asphalt layers σx and σz at the
bottom, the interlayer tensile stress σy, and the load stress calculation formula is fitted.

(3) This study examined the influence of a stress absorption layer on enhancing the
performance of pavement in terms of cracking prevention. Additionally, a formula was
developed to calculate the equivalent modulus of the pavement structure, considering
the presence of the stress absorption layer. Research suggests that setting a 1 cm
stress-absorbing layer is more effective than the maximum tensile stress at the bottom
of an asphalt layer without a stress-absorbing layer σ1 reduced by 69.7%, equivalent
stress σe decreased by 34.1%, and maximum shear stress τmax decreased by 30.9%.

(4) This study improved the existing design method for composite pavement structures
and developed a design method for determining the thickness of the asphalt layer in
composite pavement. This method uses the bending tensile stress at the bottom of the
slab as the primary control parameter in pavement structural design, while the maxi-
mum tensile stress at the joint at the bottom of the asphalt layer serves as a validation
parameter. By applying this method to the Weixu Expressway, this study evaluated its
effectiveness. The results indicate that both schemes meet the fatigue cracking criteria
for the bottom of the cement concrete slab (based on existing standards). However,
only Scheme 1 satisfies the cracking criteria for the bottom of the asphalt layer (based
on the new method). Consequently, this study recommends Scheme 1 (6 cm AC + 2 cm
stress-absorbing layer) as the optimal pavement structure design. However, it should
be noted that this study’s proposed new pavement structure design method still has
some limitations, particularly in the analysis and discussion of fracture mechanics
parameters. Addressing these limitations will be a focus of future research.
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