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ABSTRACT The stiftness of base layers significantly influences the mechanical response and failure mode of asphalt pavement
structures. To investigate the mechanical behavior of the asphalt layer and enhance its structural performance, this study systematically
analyzed the compression-shear behavior within the asphalt layer and developed a novel modulus gradient design. A viscoelastic-plastic
constitutive model was derived for asphalt mixtures. Subsequently, a thermomechanically coupled model specific to composite

pavements was established. This model facilitated the extraction of the temperature field within the asphalt layer under environmental
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conditions, enabling the direct characterization of its modulus gradient field owing to the high-temperature dependence of asphalt.
Comprehensive coupled thermomechanical analyses were performed to elucidate the mechanical behavior of composite pavements under
combined thermal and loading stresses. Results revealed a distinct temperature gradient within the asphalt layer in response to ambient
conditions. This temperature gradient inherently induced time- and space-dependent modulus gradients in the asphalt material. The
analysis clearly identified the critical compression-shear mechanical behavior exhibited by the asphalt layer in the composite pavement
under thermomechanical coupling, indicating that the shear stress within the asphalt layer atop the rigid base warrants paramount
consideration during structural design. This study demonstrates that minimizing the shear stress within the asphalt layer can be achieved
under two key conditions: (1) when the base modulus closely approaches the modulus of the asphalt layer and (2) when the asphalt layer
modulus gradually increases with depth. These findings strongly support the necessity of incorporating a modulus transition layer
between the asphalt layer and rigid base. This transition layer effectively mediates the modulus disparity between the softer asphalt and
rigid base, thereby reducing the shear stress concentrations within the asphalt. To optimize this modulus transition design, a response
surface methodology (RSM) was employed, with the optimization objective set to minimize the maximum shear stress occurring within
the asphalt layers (surface and transition). RSM optimization yielded the following optimal modulus transition structure parameters: a
4 c¢m thick upper asphalt surface layer, an 8-cm thick transition layer, and a transition layer modulus requirement of twice the modulus of
the asphalt surface layer. Implementing this optimized design significantly reduced the shear stress levels. Specifically, the maximum
shear stress in the upper surface layer was reduced by 14.3%, and the maximum shear stress in the transition layer was reduced by 20.5%
compared to equivalent locations in the composite pavement without a modulus transition layer. This study provides an in-depth
understanding of the thermomechanical behavior, particularly the compression-shear response, of composite pavement asphalt layers and
successfully introduces a targeted modulus transition layer design strategy. The optimized modulus-gradient structure offers a practical
solution for mitigating critical shear stresses, ultimately contributing to enhanced durability. These findings provide fundamental insights
for understanding the structural mechanics and guiding the development of asphalt mixtures for rigid base pavements.

KEY WORDS road engineering; compression—shear stress; viscoelastic-plastic constitutive; rigid—flexible composite pavement;

modulus transition structure
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Table 3 Thermal parameters of pavement materials

Cement-stabilized

Parameter Asphalt concrete  Portland cement concrete graded crushed stone Cement—stabilized soil ~ Subgrade
Thermal conductivity, &/(J-m™-h™-°C™) 4900 6200 4420 4200 5600
Density, D/(kg-m™) 2300 2400 2200 1900 1800
Heat capacity, C/(J-kg™'-°C™") 924 780 910 890 1040
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Fig.7 Schematic of the thermomechanical coupling process
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Table 4 Finite element model parameters é 34t
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Fig.14 Dynamic modulus distribution in the asphalt layer at different times
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Table 5 Temperature field parameters

No.2 No.3 No4 No.5 No.6 No.7 No.8 No9 No.l10 No.ll No.12 No.13 No.14 No.l15

Parameter No.1
Temperature gradient/("C-cm™') -1.67 -0.83 0 083 167 -1.67
Top surface temperature/ °C 10 5 0 -5 -10
Bottom surface temperature/'C —10 -5 0 5 10
Average temperature/ °C 0 0 0 0 0

25

-08 0 083 167 -1.67 -0.83 0 0.83 1.67
30 25 20 15 60 55 50 45 40
20 25 30 35 40 45 50 55 60
25 25 25 25 50 50 50 50 50
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Table 6 Response-surface experimental design

No A. hypper fem B. hyansition /cM C. Modulus ratio No. A. hypper /em B. hyansition /€M C. Modulus ratio
R1 4 4 6 R10 6 8 2

R2 8 4 6 R11 6 4 10

R3 4 8 6 R12 6 8 10

R4 8 8 6 RI13 6 6 6

RS 4 6 2 R14 6 6 6

R6 8 6 2 R15 6 6 6

R7 4 6 10 R16 6 6 6

R8 8 6 10 R17 6 6 6

R9 6 4 2

7 i A

Table 7 Response surface test data

No. Upper layer shear Transition layer Maximum shear No. Upper layer Transition layer Maximum shear
stress/MPa shear stress/MPa stress/MPa shear stress/MPa shear stress/MPa stress/MPa
1 0.38 0.53 0.53 10 0.40 0.39 0.40
2 0.41 0.41 0.41 11 0.39 0.66 0.66
3 0.35 0.46 0.46 12 0.40 0.57 0.57
4 0.42 0.36 0.42 13 0.39 0.47 0.47
5 0.38 0.36 0.38 14 0.39 0.47 0.47
6 0.42 0.40 0.42 15 0.39 0.47 0.47
7 0.38 0.70 0.70 16 0.39 0.47 0.47
8 0.42 0.53 0.53 17 0.39 0.47 0.47

9 0.38 0.34 0.38
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Table 8 Pavement structure parameters and shear stress data of control group

Total asphalt layer Upper layer Lower layer Upper layer shear Lower layer shear Maximum shear
thickness/cm thickness/cm thickness/cm stress/MPa stress/MPa stress/MPa
8 4 4 0.41 0.41 0.41
10 4 6 0.42 0.43 0.43
10 6 4 0.42 0.42 0.42
12 4 8 0.42 0.44 0.44
12 6 6 0.44 0.44 0.44
12 8 4 0.44 0.42 0.44
14 6 8 0.44 0.45 0.45
14 8 6 0.45 0.44 0.45
16 8 8 0.45 0.45 0.45

Asphalt surface

Rigid base

Control group

N Upper asphalt layer

Upper asphalt layer '
Lower asphalt layer Asphalt surface ;

Transition layer Positive modulus

gradient

Rigid base

Test group

21 BmEs R E R

Fig.21 Schematic of pavement structure
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Fig.22 Comparison of shear stress in an asphalt layer: (a) upper layer shear stress, (b) lower layer/transition layer shear stress, and (c) maximum shear
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Table 9 Table of Analysis of Variance
Source Sum of squares df Mean square F—value P—value
Model 0.137 9 0.0152 864.16 <0.0001 significant
Athypper 0.0094 1 0.0094 536.02 <0.0001
B:hyansition 0.0023 1 0.0023 133.23 <0.0001
C: Modulus ratio 0.1012 1 0.1012 5747.02 <0.0001
AB 0.0016 1 0.0016 88.6 <0.0001
AC 0.0117 1 0.0117 663.58 <0.0001
BC 0.0028 1 0.0028 161.32 <0.0001
A 0.0002 1 0.0002 10.18 0.0153
B’ 0.0005 1 0.0005 25.74 0.0014
c 0.0075 1 0.0075 426.3 <0.0001
Residual 0.0001 7 0
Lack of fit 0.0001 3 0
Pure error 0 4 0
Cor total 0.1371 16
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