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Abstract: Although the theoretical pavement structure design method (TPSDM) is widely used for
designing asphalt pavements in Japan, it still exhibits certain limitations, such as not considering
the variation in moduli of the base and subgrade layers due to water contents, freeze–thaw action,
and stress states. This study aims to enhance Japanese TPSDM’s accuracy by considering variations
in the resilient modulus of environmental impacts, pavement materials, pavement structure, and
traffic load actions to accurately calculate the mechanical responses and predict pavement fatigue life.
Firstly, the study develops a 3D Thermo-Hydro-Mechanical (THM) model using the finite element
method (FEM) to investigate temperature and moisture distributions of the pavement with time.
Then, based on the numerical results of the moisture, temperature, and stress state obtained from the
THM analysis, the constant resilient modulus of the base and subgrade layers in the Japanese TPSDM
is replaced with a resilient modulus that considers the stress state and the combined effects of water
content fluctuations and freeze–thaw action. Finally, the fatigue life of the pavement is calculated
based on the obtained mechanical response in THM analysis. The reliability and validity of the
proposed fatigue life prediction method are well verified by comparing the calculated with the actual
pavement fatigue life. Results indicate that the modifications improve the Japanese TPSDM by con-
sidering the environmental impacts, traffic load actions, pavement materials, and pavement structure,
thereby improving the accuracy of predicting the fatigue life of asphalt pavements, particularly in
cold regions.

Keywords: THM coupled model; resilient modulus; freeze–thaw; fatigue life prediction

1. Introduction

Asphalt pavement is a commonly used form of infrastructure exposed to various
environmental impacts and traffic load actions. Recently, there has been increasing concern
about the deepening of asphalt pavement damage. During the initial stage of service, most
of the damage is usually on the pavement surface. However, damage can occur in the
base and subgrade layers where the pavement has aged severely [1]. Therefore, accurately
predicting the fatigue life of asphalt pavement requires a comprehensive understanding of
its mechanical response to significant environmental impacts. This becomes especially cru-
cial in cold regions where temperature variations, moisture fluctuations, and freeze–thaw
action can significantly impact the performance and durability of asphalt pavements [2].
The Mechanistic-Empirical Pavement Design Guide (MEPDG) [3] in the United States
uses various models to simulate the pavement structure and its response to traffic load
actions, environmental impacts, and other factors that affect pavement performance. The
MEPDG considers factors such as pavement material properties, layer thicknesses, and
other design inputs to predict pavement distresses such as fatigue cracking and rutting [3].
The theoretical pavement structure design method (TPSDM), currently used in Japan, relies
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on mechanical-empirical standards to simply and quickly estimate the failure loading
number against rutting and fatigue cracking [4]. Nonetheless, it is essential to address the
limitations of the TPSDM compared to the MEPDG, particularly concerning pavement ma-
terial properties, environmental impacts, and design life aspects. Here, pavement material
properties involve mechanical characteristics, like resilient modulus, while environmental
impacts involve the influencing temperature variations, moisture fluctuations, and freeze–
thaw action on pavement performance. The design life involves considering the impact of
traffic loads on predicted fatigue life against cracking and rutting.

For the pavement material properties, the TPSDM assumes that the base course
and subgrade layers are linear elastic materials with constant moduli under equivalent
49-kN wheel load conditions throughout the year. However, these geomaterials exhibit
nonlinear elastic properties with strain levels exceeding 10−6, which can be estimated
by resilient modulus (Mr) [5,6]. Thus, in the pavement response analysis of the MEPDG,
the relationship between the stress state and resilient modulus is captured by using the
universal constitutive equation (Equation (1)), which establishes a connection between the
resilient modulus and various stress parameters, including bulk stress, octahedral shear
stress, and atmospheric pressure at a specific location within the pavement [3].

Mr = k1 · pa ·
(

θ

pa

)k2

·
(

τoct

pa
+ 1
)k3

(1)

where k1, k2, and k3 are regression constants; pa is atmospheric pressure; θ is bulk stress;
and τoct is octahedral shear stress.

In addition, the performance of flexible pavements is significantly affected by environ-
mental conditions [7–10]. External factors, such as precipitation, temperature, freeze–thaw
cycles, and groundwater level, play a crucial role in determining the extent to which the
environment can impact pavement performance. Internal factors, including the suscepti-
bility of geomaterials to moisture and freeze–thaw damage and the infiltration potential
of the pavement, also play a role in determining how the pavement will react to external
environmental conditions [11–13]. In the numerical simulation, the resilient modulus of
any element (including the base course layer and subgrade layer) is affected by the water
content and the physical state of the geomaterial (e.g., frozen state, recovering state, and
unfrozen state). According to the definitions of the MEPDG, the recovery period refers to
the thawed geomaterial that is gradually returning to its state before freezing occurs. Hence,
during this period, the resilient modulus is influenced by the number of days that have
elapsed since thawing started [3]. Considering these aspects, it is essential to reproduce
the external environmental impacts and explore their influences on the pavement materi-
als during the pavement design process. The MEPDG suggests an Enhanced Integrated
Climatic Model (EICM), which captures the change in water content and freeze–thaw
action [14]. Additionally, Ishikawa et al. [11] examined the impact of freeze–thaw action
and the concurrent seasonal fluctuations in water content, named as climate effect, on the
resilient deformation characteristics of base course materials, while Lin et al. [15] examined
the climate effect on the resilient modulus of subgrade soil to evaluate the mechanical
behavior of asphalt pavement in cold regions.

Rutting is a common form of pavement distress, particularly under the condition of
repeated traffic loads over time. To improve the reliability of predicting fatigue life, it
is essential to consider not only the direct effects of factors such as traffic repetition on
rutting but also the rate-hardening behavior of the pavement layers and the contribution
of non-subgrade layers to rutting [14,16]. Additionally, the effect of principal stress axis
rotation (PASR) is widely believed to significantly impact the mechanical performance of
pavement materials [17–20]. Lin et al. [16] introduced an adjustment parameter based on
the MEPDG rutting depth prediction model (Equation (2)) to modify the Japanese rutting
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failure criterion and proposed the ratio of axial strain, estimated with axial stress and shear
stress, as a quantitative measure to describe the increase in axial strain caused by PSAR.

εp(N) = β1k1

(
ε0

εr

)
e−(

ρ
N )

β

εv (2)

where εp(N) is the permanent strain for the layer/sub-layer; N is the number of traffic
repetitions; ε0, β, and ρ are material properties; εr is the resilient strain imposed in laboratory
testing to obtain material properties ε0, β, and ρ; εv is the average vertical resilient strain in
the layer, which is calculated by a multi-layer elastic pavement response model; β1 is the
calibration factor for the unbound granular and subgrade materials; and k1 is the global
calibration coefficient.

This study aims to improve the TPSDM by incorporating various factors and elements
to account for environmental impacts, traffic load actions, pavement materials, and pave-
ment structure changes. Firstly, to study the temperature and moisture distributions of the
pavement with time a three-dimensional (3D) Thermo-Hydro-Mechanical (THM) coupled
model is developed by using the Finite Element Method (FEM). Subsequently, based on the
moisture, temperature, and stress state obtained from THM analysis the constant elastic
modulus of the base and subgrade layer in the TPSDM is replaced with the resilient modu-
lus that considers the stress state and the combined effects of water content fluctuations
and freeze–thaw action. Finally, the mechanical response of the pavement is obtained
and the fatigue life of the pavement is calculated. This proposed analytical procedure
is named the Mechanistic-Empirical Pavement Structure Coupled Analysis (MEPSCA).
This study proposes the seamless integration of these advancements when considering
the environmental impacts, such as thaw-weakening and moisture fluctuations, into the
pavement performance evaluation in terms of transportation geotechnics. Additionally,
this study tackles the issue of significant differences between actual performance life and
design life, ultimately providing a more comprehensive pavement design method.

2. Overview of Proposed Design Method

The proposed design method represents a significant change in how pavement design
is performed compared to the TPSDM. As shown in Figure 1, site conditions (traffic,
environmental impacts, pavement materials properties, and structure) and construction
conditions are first considered when proposing a new pavement trial design. The trial
design is then evaluated for adequacy by predicting the fatigue life against key distresses.

Firstly, this study presents a 3D coupled model of THM processes using COMSOL
Multiphysics [21], as shown in Figure 2. Based on a nonlinear elastic model and convergence
analysis, the mechanical field is developed within the proposed coupled model. The
thermal and hydraulic fields are established by the PDEs (partial differential equations).
Secondly, this study uses ODEs (ordinary differential equations) to characterize the physical
state of geomaterials and quantify the number of days passed during the recovery period
on the element scale. Furthermore, modeling the geomaterials with a stress-dependent
modulus is a typical coupling problem that involves a circular dependence among resilient
modulus, matric suction, temperature, stress, and deformation. This circular dependence
can be solved in the WF-PDEs (weak form partial differential equations) to define the
stress-dependent modulus. Lastly, in a multi-layer elastic model, the structural response
results (including stress and strain) can be generated by utilizing the resilient modulus,
which is influenced by the stress state and environmental impacts. Based on empirical
models, the structural response results (including stress and strain) can then estimate the
expected allowable loading number against rutting and fatigue cracking. The method of
modifying the rutting failure criterion by incorporating the MEPDG model and the PASR
effect enhances the practicality of the rutting model. To validate the proposed method,
this study conducts a comparative analysis to compare its predictions with those obtained
using established pavement design methods. Additionally, field validation is conducted to
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confirm the effectiveness of the method in real-world scenarios by monitoring pavement
moisture content and temperature changes, as well as actual fatigue life and modulus.
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3. Numerical Simulations for Evaluating the Environmental Impacts
3.1. Numerical Simulation Assumptions

To establish the THM model, several fundamental assumptions are made, as follows:

1. The soil skeleton structure remains unchanged during freezing and thawing without
considering frost heave and osmotic pressure for pure water.

2. The depression of the freezing point is assumed to be small.
3. The thermal expansion characteristics of pavement materials are not considered.
4. The pavement materials perform elastic behavior. Each layer is composed of homoge-

neous and isotropic material.
5. The layers are perfectly bound at their interfaces, and the conditions for continuity at

the interfaces are satisfied.
6. The influence of volumetric pressure on the hydraulic and thermal fields is not

considered.

3.2. Governing Equations and Basic Physical Parameters

Since soils of the base course and subgrade layers of pavement structures are com-
monly in unsaturated conditions, the unsaturated–saturated seepage flow should be ap-
propriately considered in the hydraulic field. The mass conservation equation can be
formulated as Equation (3) [22].

CH
∂uw

∂t
+

ρi
ρw

n
∂Si
∂t

= ∇(kw∇h) + fw (3)
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where CH is the specific moisture capacity of soil; uw is the pore-water pressure; kw is the
coefficient of water permeability; h is the total hydraulic potential head which is the sum of
the pore-water pressure head and elevation head; n is porosity; ρw and ρi are the density
of water and ice, respectively; Si is the degree of saturation for ice; t is time; and fw is the
sink/source term of mass.

The energy conservation equation used in the thermal analysis is as Equation (4) [23]:

CTa
∂T
∂t

+ Lρin
∂Si
∂t

+∇ · (λT∇T) + CTw∇ · (vwT) = fe (4)

where CTa is the apparent heat capacity of soil; L is the latent heat of fusion of water; λT is
the thermal conductivity of soil; and CTw is the volumetric heat capacity of water and vw is
the flux vector of water; fe is the sink/source term of energy; and T is temperature.

Generalized Hooke’s law can describe the stress–strain relationship of elastic materials,
as shown in Equations (5) and (6) [24].

{σ} = [D]({ε} − {ε0})+{σ 0} (5)

[D] =
E

(1 + µ)(1− 2µ)



1− µ µ µ 0 0 0
µ 1− µ µ 0 0 0
µ µ 1− µ 0 0 0
0 0 0 1−2µ

2 0 0
0 0 0 0 1−2µ

2 0
0 0 0 0 0 1−2µ

2


(6)

where {σ} is the stress tensor; {ε} is the elastic strain tensor; {σ 0} is the initial stress;
{ε0} is the initial strain; [D] is the stiffness matrix; E is the elastic modulus; and µ is
Poisson’s ratio.

Regarding the relative permeability of water, the van Genuchten (VG) model is
adopted, as shown in Equations (7)–(9) [25].

kw = kwrks (7)

kwr = (Se)
1/2
[

1−
(

1− S
1
m
e

)m]2

(8)

Se =
Sr − Srr

Srs − Srr
=
[
1 + (αψ)λ

]−m
(9)

where ks is the permeability of saturated soil; kwr is relative hydraulic conductivity; Se is
the effective degree of saturation; Sr is the degree of saturation; Srr is the residual degree of
saturation; Srs is the saturated degree of saturation; α, m, λ are VG model fitting parameters;
m = 1− 1/λ; and ψ is matric suction.

The method for calculating the effective heat conductivity of the solid–fluid system as
the weighted geometric mean of the conductivities of the fluid and the porous matrix is
shown in Equation (10) [26].

λT = (λs)
1−n(λi)

n−θw(λw)
θw (10)

where λs is the heat conductivity of soil particles; λi is the heat conductivity of ice; λw is
the heat conductivity of water; and θw is volumetric water content.

Similarly, the heat capacity of soil is the sum of the volumetric heat capacity of each
component weighted by the respective volume, as shown in Equation (11) [27].

CTa = (1− n)CTp + nSwCTw + nSiCTi (11)
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where CTp is the volumetric heat capacity of soil particles and CTi is the volumetric heat
capacity of ice.

The pressure head decrease obtained during the freezing process can be written as
Equation (12) [28]:

ψ = ψ(T) = uw0 +
Lρw

T0
(T − T0) (12)

Then, the Soil Water Characteristic Curve (SWCC) of VG model can be combined with
the Clapeyron equation to estimate the effective degree of saturation for liquid water in
unsaturated soil subjected to freeze–thaw action, as shown in Equation (13) [28].

Se =

[
1 +

(
α(uw0 +

Lρw

T0
(T − T0))

)λ
]−m

(13)

where T0 is nominal freezing temperature and uw0 is pore-water pressure (suction)
before freezing.

3.3. Analytical Procedures

To evaluate the variation of resilient modulus of asphalt pavement depending on the
weather conditions in cold regions, a 3D coupled THM FE analysis is conducted following
the analytical flow chart shown in Figure 3.
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Among them, modeling the base course layer and subgrade soil with a stress-dependent
modulus involves a circular interdependence between the resilient modulus, stress states,
and deformation. Therefore, the convergence analysis of Mr is necessary to determine
the reliable layer-resilient modulus under a 49-kN wheel load [16]. This convergence
analysis can be achieved by creating two additional Dependent Variables (DVs) in the
WF-PDE to define the stress-dependent modulus. These two DVs will be defined in weak
expressions and solved simultaneously with the other three defined DVs (i.e., displacement
components) [29].

3.4. Numerical Model and Boundary Conditions

The Tomakomai test pavement FE model consists of the asphalt mixture layer (As
layer), base course layer (C-40), anti-frost layer (C-80), and subgrade layer. Figure 4 shows
the size, boundary conditions, and finite element mesh.
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Figure 5. The pavement structure of Bibi test pavement. 
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In addition, to study the pavement performance and fatigue life the Civil Engineering
Research Institute for Cold Region (CERI) designed and constructed eight test pavements
in Bibi, Hokkaido [30]. Figure 5 illustrates the structures and length of each test pavement.
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3.5. Estimation of Precipitation

The precipitation, as the main reason driving changes in the hydraulic field, is esti-
mated through Equations (14) and (15) [31].

Pin = (Prain + SMWE) (14)

SMWE =
ρsnow

ρw
∆d (15)

where Prain is rainfall; SMWE is snow-melt water equivalent; ρsnow is snow density; and
∆d is the value of decreasing snow depth per day.

As for the snow density, Zhu et al. [32] summarized different models for predicting
the snow density and proposed the SY08 (Shinme et al.) [33]-E86 (Endo) [34] combination
model for calculating snow density in Hokkaido, Japan.

3.6. Modeling Upper and Lower Surface Thermal Boundaries

The temperature of the pavement-soil system is determined by a complex balance
that occurs at the interface between the pavement and the air. In this case, the main
factors affecting the pavement thermal regime include solar radiation, emitted radiations,
convection, and turbulence. This study incorporates these factors when setting the upper
surface thermal boundary. It is noted that this study adopted various meteorological data
from the Automated Meteorological Data Acquisition System (AMeDAS) [35].

The total solar radiation (Q) received at the surface, shown in Equation (16), is the
sum of direct and diffuse radiation [36].

qs = αsQ (16)

where qs is the net short-wave radiation received and αs is the absorptivity of the pavement
surface to solar radiation, taken as 0.9 in the case of the asphalt mixture or 0.5 in the case of
snow cover [36].

A perfect radiator emits radiation (qer), and the intensity is proportional to the
fourth power of its temperature (T) as predicted by the Stefan–Boltzmann equation
(Equation (17)) [37]:

qer = ςεs

(
T4

s − T4
a

)
(17)

where ς is the Stefan–Boltzmann constant (5.67 × 10−8 W/m2 K4); εs is surface emissivity,
taken as 0.9 in case of the asphalt mixture [37]; and Ts and Ta are the temperatures of the
surface and the atmosphere, respectively.

Heat extraction by convection (qc) is a function of the temperature difference between
the ground surface and the atmosphere, as expressed in Equation (18) [37].

qc = hc(Ts − Ta) (18)

where hc is the convective heat transfer coefficient.
Zarling and Braley [38] have proposed the following dimensional relationship

(Equation (19)) to determine the convective heat transfer coefficient for a smooth surface as
a function of wind speed:

hc = 5.678 + 1.056U (19)

where U is wind speed.
The energy flux through the snow (qsn) when there is snow cover on the ground is

estimated using Equation (20) [39].

qsn = −λsn
(Ts − Ta)

dsn
(20)
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where λsn is the thermal conductivity of snow cover, taken as 0.255 W/m·◦C [40] and dsn is
snow depth.

On the other hand, this study assumes that the heat flow from inside the earth is
negligible. Then, the temperature (Tz) at the depth of the lower surface thermal boundary
(z) can be calculated as Equation (21) [36]:

Tz = Tm + A · exp
(
−z
√

π

αu pd

)
· sin

(
2πt
pd

+ ϕ− z
√

π

αu pd

)
(21)

where Tm is the mean annual ground surface temperature; A is the ground surface tem-
perature amplitude; ϕ is the initial phase; pd is the period (365 days); z is the depth of the
lower surface thermal boundary, set as 3 m in this study; and αu is the thermal diffusivity,
5.17 × 10–2 m2/day [36].

3.7. Material Input Parameters

The material input parameters used in this study are listed in Table 1. For all layers,
the soil parameters are determined reasonably simply and robustly from laboratory tests.
The parameters in Equations (7)–(9) were obtained through parameter fitting and based
on the water retention and permeability test data [41,42]. The thermal conductivity and
volumetric heat capacity are based on the thermal properties test [43]. The dry density of
soil, porosity, and Poisson’s ratio are based on the field surveys. The value of constants
k1 to k4 and Fclim in Equation (23) are determined through regression analysis on resilient
modulus test results of C-40 and Tomakomai soil [16].

Table 1. Material input parameters in THM analysis [16,35,41–43].

Parameters Unit As Layer Base Course
Layer

Anti-Frost
Layer

Subgrade
Layer

Thermal conductivity (λT) W/m·◦C 1.45 2.51 2.13 1.61
Dry density of soil (ρd) kg/m3 2400 1800 1800 1200

Saturated degree of saturation (Srs) % 100 100 100 100
Residual degree of saturation (Srr) % 20 32.30 32.30 25.41

Poisson’s ratio (µ) - 0.35 0.35 0.35 0.4
van Genuchten fitting parameter (α) 1/kPa 2.33 12.17 12.17 0.985
van Genuchten fitting parameter (λ) - 1.94 1.56 1.56 1.71

Permeability of saturated soil (ks) m/s 1.5 × 10−4 1.0 × 10−3 1.0 × 10−3 1.72 × 10−7

Volumetric heat capacity of soil
particles (CTp) J/m3·◦C 1.8 × 106 1.8 × 106 1.8 × 106 0.86 × 106

Porosity (n) - 0.07 0.24 0.24 0.55
Regression constants (k1) - - 3.042 3.042 0.526
Regression constants (k2) - - 0.886 0.886 1.293
Regression constants (k3) - - −1.696 −1.696 −2.650
Regression constants (k4) - - 1.076 1.076 1.008

Regression constants (Fclim) - - 0.749 0.749 0.948

3.8. Verification of the Thermo-Hydro Field of Model

Figure 6 compares ground temperature changes at different depths obtained through
FE simulation and measurement data. From Figure 6, it is revealed that the fluctuation in
ground temperature becomes remarkable at the shallow part of pavement structure. This
indicates that the closer to the ground, the more significant the environmental impacts on
the ground temperature. From comparing the ground temperature and freezing duration
between simulation results and measurement data, it is recognized that the annual change
in the ground temperatures obtained from the proposed FE simulation is almost consistent
with the measured results, irrespective of the ground depth.
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Figure 7 compares the variation of frost-penetration depth with time between the
measurement data and the simulation results. Here, the frost-penetration depths of both
measurements and simulations were estimated by the linear interpolation of ground tem-
peratures at the adjacent depths at a position of 0 ◦C isotherm. The frost-penetration
depth reached the anti-frost layer in 2009 and decreased dramatically as the temperature
rose, starting in March. It is seen that the FE simulation poorly reproduces the measured
frost-penetration depth as compared to the ground temperature. A reason for this is that
when the ground temperature becomes close to 0 ◦C the linear interpolation is not precise.
Meanwhile, Figure 8 shows the changes in the frost penetration depth under three other
conditions: dry conditions, saturated conditions, and static water content distribution
(water content distribution controlled by groundwater level). It can be seen from Figure 8
that there is little change in the frost penetration depth between the static water content
distribution and the dynamic water content distribution. However, in dry conditions, the
change in frost penetration depth is more significant due to the smaller heat capacity and
no latent heat effect. If water content distribution is not considered, the frost penetration
depth will be overestimated during the cooling process and underestimated during the
warming process. The comparison results in the thermal field indicate that the proposed
FE simulation is reliable for estimating the thermal field of the asphalt pavement.

Furthermore, as shown in Figure 8, there is a noticeable trend of the degree of satura-
tion of the base course layer rapidly decreasing after late December 2009. This is due to the
freezing of pore water at a ground temperature lower than the freezing temperature. Dur-
ing the thawing season in March, the water accumulated by frost heave during winter and
snowmelt water contribute to high moisture levels in the pavement structure. This change
in water content, observed from the regular season to the thawing season, significantly
affects the mechanical behavior of the base course and subgrade layers. The comparison
results in Figure 8 in the hydraulic field demonstrate the high reliability of the proposed
finite element simulation to evaluate the infiltration behavior of the asphalt pavement.
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4. Resilient Modulus Estimation of Pavement Considering the Environmental Impacts

It is widely acknowledged that environmental impacts such as temperature and mois-
ture directly affect pavement material behavior and pavement performance. However,
the effect of moisture on asphalt mixtures is insignificant compared to geomaterials. On
the other hand, temperature affects both the asphalt and unbound layers significantly.
Consequently, it is essential to assess the resilient pavement modulus in response to envi-
ronmental impacts following the acquisition of temperature and water content data in the
preceding section.
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4.1. Evaluation of Temperature-Dependent Resilient Modulus of the Asphalt Layer

Zhang et al. [44] proposed a reasonable method for predicting the elastic modulus of
the As layer at different temperatures based on the elastic modulus of the asphalt mixture
obtained from laboratory element tests, as shown in Equation (22).

E1 = a× arctan (bT1 + c) + d (22)

where E1 is the elastic modulus of the As layer; a, b, c, d are regression constants; and
T1 is the average temperature of the As layer. When T1 < 10 ◦C, the relationships between
the elastic modulus of the As layer (E1) obtained from FWD (Falling Weight Deflection)
tests and the temperature of the As layer (T1, daily average or during FWD test) are shown
in Figure 9.
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To complement the measured data of E1 at higher T1, the E1-T1 relationships obtained
from 4PBF (Four-Point Bending Fatigue) tests are added when T1 ≥ 10 ◦C. In addition,
the regression analysis using Equation (22) is conducted on the E1-T1 relationships. The
regression results are shown in Figure 9. Here, by averaging the temperatures measured at
two monitoring points with different depths shown in Figure 9, the temperature of the As
layer (T1) was calculated at a depth of 6 cm under the ground surface. It is noted that the
regression result was obtained by fitting the relationship between the elastic modulus of the
As layer and the temperature during the FWD test or 4PBF test separately. It is recognized
that Equation (22) can reflect the relationships between the elastic modulus of the As layer
and the temperature during tests. Accordingly, through the daily average temperature of
the As layer, the change in the daily average elastic modulus of the As layer with time can
be estimated.

4.2. Effects of Soil Moisture Variations and Freeze–Thaw Action on Resilient Modulus

Moisture and temperature are the two environmentally driven variables that can
significantly impact the resilient modulus of geomaterials. However, moisture has two
distinct effects: it can influence the state of stress through suction or pore water pressure,
and it can affect the soil structure by destroying cementation between particles. In freezing
temperatures, the water in the soil freezes, causing the resilient modulus to increase to
values higher than before freezing. This process may also create ice lenses, resulting in



Sustainability 2023, 15, 13614 14 of 29

areas of significantly reduced strength in the pavement upon thawing. Only considering
constant modulus will lead to inaccuracy and large variability [45]. Therefore, in this study,
evaluating the resilient modulus of the base and subgrade layers affected by moisture
fluctuations and freeze–thaw action is necessary.

Lin et al. [15] proposed a simple model to estimate the climate effect on the resilient
modulus by considering the synergistic effects between water content and freeze–thaw
action, as shown in Equation (23).

Mr = Fclim · k1 pa

(
σii
pa

)Fclim ·k2
(

τoct

pa
+ 1
)Fclim ·k3

(
ψ

σnet
+ 1
)Fclim ·k4

(23)

where Fclim is the climatic factor; k1, k2, k3, k4 are regression constants; σii is bulk stress
(kPa), defined as σ1 + σ2 + σ3; σnet is net mean stress (kPa), defined as (σii/3− ua); and
ua is pore air pressure, set as 0 kPa in this study.

Meanwhile, the influence of loading frequency needs to be considered when using
the results of laboratory element tests, as the loading frequency used in the FWD test is
50 Hz [46], while the loading frequencies in Ishikawa et al. [11] and Lin et al. [15] are 10 Hz
and 0.2 Hz, respectively. Equations (24)–(26) were proposed to describe the loading rate
effect on the resilient modulus [47].

E( f )
E(0.5 Hz)

= 1 + F(ψ) ∗ log( f ) (24)

F(ψ) = 0.06153− 0.02043× 0.68826ψ (25)

E(50 Hz) = (
E(50 Hz)
E(0.5 Hz)

/
E( f )

E(0.5 Hz)
)E( f ) = (

1 + F(ψ)× log(50)
1 + F(ψ)× log( f )

)E( f ) (26)

where f is the loading frequency; E (0.5Hz) is the resilient modulus obtained at f = 0.5 Hz;
E( f ) is the predicted resilient modulus at any frequency ( f ); and F(ψ) is referred to as the
frequency effect, which is affected by matric suction (ψ) [15]. Through Equation (26), derived
from Equations (24) and (25), the resilient modulus of base course layer, E2 (10 Hz) obtained
from Ishikawa et al. [11] and the resilient modulus of subgrade soil, E3 (0.2 Hz) obtained
from Lin et al. [15] were converted to the resilient modulus (E2(50 Hz) and E3 (50 Hz)) of
FWD test.

To help visualize possible changes in resilient modulus caused by changes in the
physical state with time, a time-depth diagram for a typical pavement structure is presented
in Figure 10. Here, the frozen state (blue, denoted MrF) is one where the soil temperature
is lower than freezing temperature, while the recovering state (red, denoted MrR) is one
where the soil temperature is higher than freezing temperature after freezing. Another
state is the unfrozen state (orange, denoted MrU). Notably, the coexistence of these four
physical states is possible within a given layer.

The following description outlines a methodology for estimating physical states,
demonstrating the calculation of adjustment factors for each element in all three cases. For
the behavior of base and subgrade layers, the absolute modulus of frozen geomaterials
is obtained according to the on-site FWD test. Though the resilient modulus estimated
by Equation (23) can evaluate the minimum resilient modulus during just thawing state,
there is a possibility that with time passing the reduced resilient modulus recovers to an
unfrozen state. Therefore, for recovering geomaterials, the resilient modulus exhibits a
time-dependent increase that ranges from the just thawing state (Mrmin) to the unfrozen
state (MrU). This increase can be quantified by the recovery ratio (RR) on a scale from 0
to 1, as shown in Equation (27) [14]. Accordingly, the configuration method of climatic
factors (Fclim) during the recovery period in numerical simulation can be obtained, as shown
in Equation (28).

RR =
TR,s

TR
(27)
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Fclim = (F clim,min + RR(1− Fclim,min)
)

(28)

where TR,s is the number of days elapsed from thawing started in numerical simulation;
TR is the number of days required for a given geomaterial from thawed state to unfrozen
state [14]; and Fclim,min is the minimum of climatic factor during just thawing state.
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However, when the temperature exceeds the freezing temperature, the physical state
of a geomaterial cannot be determined solely based on temperature, as it may exist in an
unfrozen or thawed state. Consequently, in this study, Equations (29)–(34) and five interme-
diate variables (IVs) were employed to ascertain the recovery state of soil elements and the
number of days elapsed since thawing started (TR,s). Figure 11 illustrates the correlation
between temperature and various intermediate variables during simulation. Initially, the
IV0 is defined, followed by obtaining IV2 through two integrations (Equations (29)–(31)).
This latter variable is employed to describe the physical condition of each element, as
shown in Equation (32). Notably, when IV2 is greater than zero and the temperature is also
above freezing temperature the element is in a recovering state. Conversely, when IV2 is
equal to zero and the temperature is above freezing temperature the element remains in
an unfrozen state. Finally, when the temperature drops below freezing temperature the
element transitions into a frozen state.

IV0 =

{
1, T ≤ T0
0, T > T0

(29)

IV1 =
∫

IV0dt (30)

IV2=

{
0, T ≤ T0
IV1, T > T0

(31)


T ≤ T0 , Frozenstate
IV2 > 0 ∧ T > T0, Recovering state
IV2 = 0 ∧ T > T0, Unfrozen state

(32)
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To precisely quantify the number of days elapsed in the recovery period (excluding
the frozen period) of each element, the normalization of IV2 to obtain IV3 is undertaken
(Equation (33)), followed by the integration of the latter to derive TR,s, as shown in Equation (34).

IV3=

{
0, IV2 ≤ 0
1, IV2 > 0

(33)

TR,s =
∫

IV3dt (34)

In summary, the expressions for the resilient modulus of the base and subgrade
layers as a function of climatic factors and loading frequency can be derived, as shown in
Equations (35) and (36).

E2(50 Hz)

=



MrF = 1120 MPa

MrU = E(50Hz)
E(10Hz) k1 pa

(
σii
pa

)k2
(

τoct
pa

+ 1
)k3
(

ψ
σnet

+ 1
)k4

Mrmin = E(50Hz)
E(10Hz) Fclim, min·k1 pa

(
σii
pa

)Fclim, min ·k2
(

τoct
pa

+ 1
)Fclim, min ·k3

(
ψ

σnet
+ 1
)Fclim, min ·k4

MrR = E(50Hz)
E(10Hz) Fclim · k1 pa

(
σii
pa

)Fclim ·k2
(

τoct
pa

+ 1
)Fclim ·k3

(
ψ

σnet
+ 1
)Fclim ·k4

(35)

E3(50 Hz)

=



MrF = 200 MPa

MrU = E(50Hz)
E(0.2Hz) k1 pa

(
σii
pa

)k2
(

τoct
pa

+ 1
)k3
(

ψ
σnet

+ 1
)k4

Mrmin = E(50Hz)
E(0.2Hz) Fclim, min·k1 pa

(
σii
pa

)Fclim, min ·k2
(

τoct
pa

+ 1
)Fclim, min ·k3

(
ψ

σnet
+ 1
)Fclim, min ·k4

MrR = E(50Hz)
E(0.2Hz) Fclim · k1 pa

(
σii
pa

)Fclim ·k2
(

τoct
pa

+ 1
)Fclim ·k3

(
ψ

σnet
+ 1
)Fclim ·k4

(36)

4.3. Verification of the Mechanical Field of Model

To analyze the impact of weather conditions on the resilient modulus, five specific
weather conditions shown in Table 2 have been selected for separate evaluation. This
analysis involves studying the distribution of the resilient modulus under each weather
condition. Additionally, comparative analysis considers specific on-site testing dates for
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different projects. Furthermore, the Bibi test pavement’s service period from 1990 to 2004
resulted in most of the measured results being within this period.

Table 2. Selection of weather conditions.

Regular Season
-Sunny Day

Regular Season
-Rainy Day Freezing Season Partial Thawing

Season Thawing Season

10 May 2009 20 July 2009 7 February 2010 22 February 2010 4 March 2010

Situation
description No rainfall Rainfall reaches

the maximum

Frost-penetration
depth reaches the

maximum

A typical
Sandwich-Structure

Snowmelt water
reaches the
maximum

The distributions of resilient modulus within the pavement in different seasons are
plotted in Figure 12. It is evident that the As layer exhibits a varying resilient modulus
distribution with depth, which is mainly attributed to temperature. In winter, the surface
temperature is lower than the internal temperature, while in the regular and thawing
seasons the surface temperature is higher than the internal temperature. From Figure 12, it
can be found that the resilient modulus increases as the depth increases due to the bulk
stress of soils increasing, and the octahedral shear stress is weakened along with the depth.
Under the center of wheel loads, the resilient modulus at the surface of the base course
layer changes significantly due to the stress concentration in this area. It can also be found
that in the thawing season and rainy days, higher water content dramatically reduces the
resilient modulus of the base course layer and subgrade layer, and freezing action improves
the resilient modulus of the base course layer. Moreover, the resilient modulus above the
groundwater level increases with increasing the matric suction away from the groundwater
level. The resilient modulus below the groundwater level increases with increasing bulk
stress as the matric suction keeps zero.

To verify the efficiency and effectiveness of the developed MEPSCA, an investigation
was conducted to study the reduced bearing capacity of the base and subgrade layers
during the thawing season in cold regions. Figure 13 displays the distribution of the degree
of saturation and resilient modulus of the As layer, base layer, and anti-frost layer without
a wheel load as of 22 February 2010, when thawing had progressed after freezing, as the
previous analysis results determined. The depth in Figure 13 indicates the distance from
the ground surface. While the As and base layers have thawed, the base layer has only
thawed near the upper area, with the rest still frozen. The degree of saturation near the
thawed base layer has increased, resulting in decreased resilient modulus near the upper
area of the base layer. This is because when rainwater or snowmelt flows into the base layer,
the frozen area has lower permeability than the thawed area, resulting in stagnant water
at the upper boundary of the frozen area. These results partially reflect the importance
of evaluating the environmental impacts on the fatigue life of pavement structures in
cold regions.

The resilient modulus estimated through FE simulation is compared with the measured
resilient modulus in Figure 14. Although the MEPSCA can provide the resilient modulus
of each element, to make a reasonable comparison with the measured value it is necessary
to use the average method to evaluate the overall resilient modulus of the pavement. The
volume average resilient modulus within a range of 1.5 m on both sides of the load center
is calculated in the FE simulation, which is consistent with the deflection recorded by the
FWD test within a range of 1.5 m around the load center [11].
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Based on Figure 14, it can be seen that the resilient modulus of the base course layer
is greatly affected by the frost-penetration depth during the freezing season. Due to the
influence of weather conditions in the thawing season, the resilient modulus decreases
dramatically, which may significantly impact the fatigue life of the pavement. On the other
hand, the resilient modulus of the subgrade layer resilient modulus is notably influenced
by changes in water content. Overall, the simulation method proposed in this study can
effectively capture the variation of pavement resilient modulus over time.



Sustainability 2023, 15, 13614 19 of 29

Sustainability 2023, 15, x FOR PEER REVIEW 19 of 30 
 

importance of evaluating the environmental impacts on the fatigue life of pavement struc-

tures in cold regions. 

 

Figure 13. Distribution of the resilient modulus and degree of saturation during the freezing and 

thawing process ((a) resilient modulus; (b) degree of saturation). 

The resilient modulus estimated through FE simulation is compared with the meas-

ured resilient modulus in Figure 14. Although the MEPSCA can provide the resilient mod-

ulus of each element, to make a reasonable comparison with the measured value it is nec-

essary to use the average method to evaluate the overall resilient modulus of the pave-

ment. The volume average resilient modulus within a range of 1.5 m on both sides of the 

load center is calculated in the FE simulation, which is consistent with the deflection rec-

orded by the FWD test within a range of 1.5 m around the load center [11]. 

Figure 13. Distribution of the resilient modulus and degree of saturation during the freezing and
thawing process ((a) resilient modulus; (b) degree of saturation).

Sustainability 2023, 15, x FOR PEER REVIEW 20 of 30 
 

2009/1
2/1

5

2010/1
/1

5

2010/2
/1

5

2010/3
/1

5
0

200

400

600

800

1000

1200

1400

1600

R
es

il
ie

nt
 m

od
ul

us
 o

f 
ba

se
 la

ye
r/

M
P

a

Date

 Simulated result

 Measured result

 
2009/1

2/1
5

2010/0
1/0

5

2010/0
1/2

6

2010/0
2/1

6

2010/0
3/0

9
0

50

100

150

200

250

300

350

400

R
es

il
ie

nt
 m

od
ul

us
 o

f 
su

bg
ra

de
 la

ye
r 

(M
P

a)

Date

 Simulated result

 Measured result

 

Figure 14. Simulated and measured resilient modulus. 

Based on Figure 14, it can be seen that the resilient modulus of the base course layer 

is greatly affected by the frost-penetration depth during the freezing season. Due to the 

influence of weather conditions in the thawing season, the resilient modulus decreases 

dramatically, which may significantly impact the fatigue life of the pavement. On the 

other hand, the resilient modulus of the subgrade layer resilient modulus is notably influ-

enced by changes in water content. Overall, the simulation method proposed in this study 

can effectively capture the variation of pavement resilient modulus over time. 

To further validate the fatigue life prediction of the Bibi test pavement, the resilient 

modulus of the pavement will be simulated and verified using two different methods, 

including the MEPDG and MEPSCA. The implementation of the MEPDG method is car-

ried out through the AASHTOWare Pavement ME Design [48]. Validating the simulation 

results of the resilient modulus is crucial because it is a critical parameter in predicting the 

fatigue life of the pavement. Accuracy (ACC) is defined to evaluate the difference between 

measured and simulated results from the MEPDG or MEPSCA. Equation (37) specifies 

this term, and a greater accuracy value indicates a better match between the measured and 

simulated results. 

𝐴𝐶𝐶 =
∑ (1 − |

𝑢𝑖  −  𝑧𝑖
𝑢𝑖

|)𝑁
𝑖=1

𝑁
 (37) 

where 𝑢𝑖 is the measured resilient modulus of i-th measurement; 𝑧𝑖 is the simulated re-

silient modulus of i-th measurement; and N is the number of measurements. 

After examining the comparison results presented in Figures 15 and 16, it appears 

that both the MEPSCA and MEPDG can predict the resilient modulus of the pavement 

well. However, the MEPSCA method seems to calculate a daily representative resilient 

modulus, which can offer more precise and applicable results than a monthly representa-

tive value. This is because daily calculations can account for more extreme impacts of 

freezing–thawing and changes in water content on the resilient modulus, which can sig-

nificantly influence the performance of pavement structures. In addition, the accuracy of 

the daily calculations exceeds 0.8, which indicates that the MEPSCA is a reliable method 

for predicting the resilient modulus. 

Figure 14. Simulated and measured resilient modulus.

To further validate the fatigue life prediction of the Bibi test pavement, the resilient
modulus of the pavement will be simulated and verified using two different methods,
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including the MEPDG and MEPSCA. The implementation of the MEPDG method is carried
out through the AASHTOWare Pavement ME Design [48]. Validating the simulation
results of the resilient modulus is crucial because it is a critical parameter in predicting the
fatigue life of the pavement. Accuracy (ACC) is defined to evaluate the difference between
measured and simulated results from the MEPDG or MEPSCA. Equation (37) specifies this
term, and a greater accuracy value indicates a better match between the measured and
simulated results.

ACC =
∑N

i=1

(
1−

∣∣∣ ui − zi
ui

∣∣∣)
N

(37)

where ui is the measured resilient modulus of i-th measurement; zi is the simulated resilient
modulus of i-th measurement; and N is the number of measurements.

After examining the comparison results presented in Figures 15 and 16, it appears that
both the MEPSCA and MEPDG can predict the resilient modulus of the pavement well.
However, the MEPSCA method seems to calculate a daily representative resilient modulus,
which can offer more precise and applicable results than a monthly representative value.
This is because daily calculations can account for more extreme impacts of freezing–thawing
and changes in water content on the resilient modulus, which can significantly influence
the performance of pavement structures. In addition, the accuracy of the daily calculations
exceeds 0.8, which indicates that the MEPSCA is a reliable method for predicting the
resilient modulus.

Sustainability 2023, 15, x FOR PEER REVIEW 21 of 30 
 

19
93

/0
8/

01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

200

400

600

800

1000

1200

R
es

il
ie

n
t 

m
o

d
u

lu
s 

o
f 

b
a
se

 l
a
y

e
r/

M
P

a

Date

 Simulated result-MEPSCA

 Simulated result-MEPDG

 Measured result
(a)

ACC(MEPSCA)=0.80

ACC(MEPDG)=0.86

 
19

93
/0

8/
01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

200

400

600

800

1000

1200

R
es

il
ie

n
t 

m
o
d

u
lu

s 
o
f 

b
as

e 
la

y
er

/M
P

a

Date

 Simulated result-MEPSCA

 Simulated result-MEPDG

 Measured result
(b)

ACC(MEPSCA)=0.90

ACC(MEPDG)=0.76

 

19
93

/0
8/

01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

200

400

600

800

1000

1200

R
es

il
ie

n
t 

m
o
d

u
lu

s 
o
f 

b
as

e 
la

y
er

/M
P

a

Date

 Simulated result-MEPSCA

 Simulated result-MEPDG

 Measured result
(c)

ACC(MEPSCA)=0.86

ACC(MEPDG)=0.86

 19
93

/0
8/

01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

200

400

600

800

1000

1200

R
es

il
ie

n
t 

m
o
d

u
lu

s 
o
f 

b
a
se

 l
a
y
e
r/

M
P

a

Date

 Simulated result-MEPSCA

 Simulated result-MEPDG

 Measured result
(d)

ACC(MEPSCA)=0.80

ACC(MEPDG)=0.62

 

Figure 15. Simulated and measured resilient modulus of base course layer ((a). section A; (b). section 

B; (c). section C; (d). section D). 

19
93

/0
8/

01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

10

20

30

40

50

60

70

80

90

100

110

120

R
es

il
ie

n
t 

m
o
d

u
lu

s 
o
f 

su
b

g
ra

d
e 

la
y
er

 (
M

P
a)

Date

 Simulated result-MEPSCA

 Simulated result-MEPSCA

 Measured result 

ACC(MEPSCA)=0.91

ACC(MEPDG)=0.75

(a)

 
19

93
/0

8/
01

19
93

/1
0/

01

19
93

/1
2/

01

19
94

/0
2/

01

19
94

/0
4/

01

19
94

/0
6/

01

19
94

/0
8/

01

19
94

/1
0/

01

0

10

20

30

40

50

60

70

80

90

100

110

120

R
es

il
ie

n
t 

m
o

d
u

lu
s 

o
f 

su
b

g
ra

d
e 

la
y

er
 (

M
P

a)

Date

 Simulated result-MEPSCA

 Simulated result-MEPDG

 Measured result

ACC(MEPSCA)=0.95

ACC(MEPDG)=0.75
(b)

 

Figure 15. Simulated and measured resilient modulus of base course layer ((a). section A; (b). section B;
(c). section C; (d). section D).
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5. Fatigue Life Evaluation Considering the Environmental Impacts
5.1. Predicted Fatigue Life with TPSDM and MEPSCA

Field examinations and evaluations of most pavements found that fatigue cracking
and rutting are the most significant pavement distresses [49,50]. The TPSDM utilizes
Equations (38)–(48) to establish criteria for pavement failure caused by rutting and fatigue
cracking [4]. These criteria are then used to calculate the allowable numbers of equivalent
49-kN wheel loads for rutting (Nfs) and fatigue cracking (Nfa). The design process employs
a TPSDM method that utilizes a simplified three-layered model consisting of the As, base
course, and subgrade layers, as illustrated in Figure 17.

N f s = βs1·
{

1.365× 10−9·εa
−4.477·βs2

}
(38)

βs1 = 2134 (39)

βs2 = 0.819 (40)
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N f a = βa1 · Ca ·
{

6.167× 10−5 · ε−3.291·βa2
t · E−0.854·βa3

1

}
(41)

Ca = 10M (42)

M = 4.84×
(

VFA
100

− 0.69
)

(43)

βa1 = Ka × βa1 (44)

Ka =

{
1

8.27×10−11+7.83·e−0.11Ha , Ha < 18 cm
1, Ha ≥ 18 cm

(45)

βa1 = 5.229× 104 (46)

βa2 = 1.314 (47)

βa3 = 3.018 (48)

where βs1, βs2, βa1, βa2, and βa3 are the compensation rates for failure criteria based on the
actual situation of Japanese pavement; Ca is the material parameter; M is a factor that relates
the VFA to Ca; VFA is Voids Filled with Asphalt; Ka is a correction factor, which relates to
the thickness of asphalt mixture, Ha; εa is the compressive strain on the top surface of the
subgrade layer; and εt is the tensile strain on the lower surface of the As layer.
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5.1. Predicted Fatigue Life with TPSDM and MEPSCA 
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Figure 17. Three-layered model for allowable loading number calculation.

In the TPSDM, the monthly representative E1 and constant E2 and E3 are used to cal-
culate the allowable loading number under monthly temperature conditions [4]. However,
in contrast, the MEPSCA employs the resilient modulus that varies with environmental
impacts and stress states to determine the daily allowable loading number. As a result,
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the failure loading number, N f s,i and N f a,i are calculated using Equations (49) and (50),
respectively, the primary difference being that k represents either months or days.

Da,s =
k

∑
i=1

Ni
N f a,i

(49)

N f ,d =
1

Da,s
(50)

where k is the number of environmental conditions, taken as 12 months in the TPSDM and
365 days in the MEPSCA.

5.2. MEPDG Rutting Predicting Model

To overcome the limitations of the Japanese rutting failure criterion explained in the
introduction, Lin et al. [16] modified the failure criteria of the TPSDM (Equations (51) and (52)),
referring to the MEPDG rutting depth prediction model. Similarly, this study introduced a
daily adjustment parameter (βm) to modify the MEPCA model, resulting in the development
of the MEPSCA-MEPDG model.

N f s = βm·βs1·
{

1.365× 10−9·εa
−4.477·βs2

}
(51)

βm = A2 +
A1 − A2

1 + (εa/x0)
p (52)

where A1, A2 are lower and upper limits of βm, equal to 0.00493 and 0.67672, respectively;
x0 is the fitting parameter, equal to 0.03; and p is fitting parameter, equal to 2.61871.

The MEPSCA-MEPDG model is compared to the TPSDM and MEPSCA models, and
the results are presented in Figure 18. As shown in Figure 18, the MEPSCA-MEPDG model
can predict significantly smaller Nfs than the other two models. It is worth noting that the
MEPSCA-MEPDG model has demonstrated its advantages over the other two models in
predicting Nfs. However, there are still some deviations compared to the actual Nfs, which
suggests that other factors that need to be identified may affect the mechanical response.
It is important to continue refining and improving the model to minimize the deviations
between predicted and actual results.
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5.3. Principal Stress Axis Rotation

The stress history of each pavement element varies based on its position, as shown
in Figure 19. As the wheel loads approach the element under consideration, the principal
stresses act obliquely, resulting in positive shear stress. This shear stress intensifies as the
load approaches a specific point where the effect of oblique loading decreases and becomes
zero when the load is directly above the element. Upon moving away from the element,
the shear stress turns negative and increases as the principal stresses become oblique,
decreasing as the load moves further away. In addition, the vertical stresses increase until
the wheel load is above the element and decrease as it moves away from it.
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To investigate the permanent strain amplification caused by principal stress axis
rotation, Lin et al. conducted tests using a multi-ring shear apparatus and subsequently
modified the proposed model using Equations (53) and (54) [16]. Based on the findings, the
present study further modified the MEPCA-MEPDG model by incorporating daily axial
strain ratios, resulting in the development of the MEPSCA-MEPDG-PASR model.

(Rs)ave = exp(βPASR

(
τyz
)

max
(σz)max

) (53)

N f s = βm·βs1·
{

1.365× 10−9·εa
−4.477·βs2

}
/(Rs)ave (54)

where (Rs)ave is the ratio of axial strain; (σz)max is maximum vertical stress at surface of
subgrade layer;

(
τyz
)

max is the maximum shear stress at surface of subgrade layer; and
βPSAR is the material constant.

Figure 20 illustrates the correction effect of the MEPSCA model, highlighting the
significant amplification effect of the PASR effect on the mechanical response of pavements.
It indicates that the MEPSCA-MEPDG-PASR model can predict values much closer to the
actual fatigue life, thus affirming its reliability for predicting fatigue life. The PASR effect
has demonstrated its potential to improve the accuracy of the proposed model.
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5.4. Variation of Fatigue Life Prediction

The three fatigue life prediction models mentioned earlier consider environmen-
tal impacts, the MEPDG rutting model, and the PASR effect of modifying the current
Japanese theoretical pavement structure design method. To enhance the clarity and com-
prehensiveness of the discussion on fatigue life prediction models for pavement struc-
tures, this section will summarize the various models developed previously. Additionally,
Figures 21 and 22 illustrate the values of Nfs and Nfa for the Bibi test pavement under
these models, along with the reduction rate of fatigue life (RNf) and the absolute errors of
the various prediction models. Figures 21 and 22 provide a visual representation of the
performance of the different models in predicting the fatigue life of pavement structures.
RNf is used to represent the ratio of three modified models predicting fatigue life to the
TPSDM predicting fatigue life, as defined in Equation (55). All RNf values are less than 1,
indicating that environmental impacts, the MEPDG rutting prediction model, and PASR
effects will reduce the fatigue life of the pavement. As fatigue cracking failure was not
observed in sections C and D during their service life, there is no actual measured Nfa for
these two sections in the comparison results. Moreover, according to the results predicted
by MEPDG, fatigue cracking failure did not occur in sections C and D. Nonetheless, the
Nfa obtained from other sections provides valuable insights into the performance of the
different fatigue life prediction models.

RN f =
N f s (Modi f ied model)

N f s (TPSDM)
(55)

In the fatigue life against rutting calculation results, RNf for the MEPSCA, MEPSCA-
MEPDG, and MEPSCA-MEPDG-PASR models are around 58.3%, 9.2%, and 4.6%, re-
spectively. The Nfs decreased by 41.7% when accounting for the environmental impacts.
Furthermore, applying the MEPDG rutting prediction model further reduces the Nfs by
49.1%. Finally, considering the PASR effect results in an additional decrease of 4.6% in
the Nfs. In the fatigue life against fatigue cracking calculation results, RNf caused by the
environmental impacts is around 56.8%. In other words, the environmental impact on
pavement materials decreases Nfa by about 43.2%. These results suggest that these pre-
diction models enhance the applicability and effectiveness of TPSDM by accounting for
environmental impacts and traffic load actions on pavement materials.
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Figure 21. Comparison of Nfs for different sections under various fatigue life prediction models. 
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6. Conclusions

This study aims to explore the mechanical response and fatigue life prediction of
asphalt pavement in cold regions through THM coupling simulation. Through the analysis
of experimental data and the comparison of numerical simulation results, the following
conclusions can be drawn:
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I. The proposed THM simulation method can accurately reproduce the changes in
temperature and water content of asphalt pavement, which is the prerequisite
for accurately predicting the resilient modulus. The study also analyzed the en-
vironmental impacts that cause changes in the thermal and hydraulic fields of
pavements and proposed corresponding methods to determine the physical state
of each pavement element. These findings demonstrate the potential of THM
simulation methods in better understanding physical processes.

II. Based on relevant experimental results, the relationship between resilient modulus,
environmental impacts, physical state, and stress state can be established. The
application of ODEs and weak-form PDEs can effectively address the challenge of
geomaterials physical state changes and the cyclic dependency between resilient
modulus, environmental impacts, and stress states. From the distribution of the
resilient modulus in the selected typical five seasons, it can be found that the
As layer shows a resilient modulus distribution varying with depth, which is
mainly due to the ground temperature. For the base course layer, resilient modulus
increases as the depth increase due to the bulk stress of soils increasing, and the
octahedral shear stress is weakened along with the depth. Under the center of
wheel loads, the resilient modulus at the surface of the base course layer changes
significantly due to the stress concentration in this area.

III. Combining the time history curve of the resilient modulus, freeze–thaw action,
and fluctuation in water content significantly impacts the resilient modulus. On
rainy days and during the thawing season, the sudden increase in water content
leads to a significant decrease in the resilient modulus inside the pavement. During
partial thawing seasons, due to the decrease in permeability in the frozen area, a
sandwich structure with reduced resilient modulus will be formed on the surface
of the frozen area, which may seriously affect the fatigue life of pavements. On the
other hand, the resilient modulus in the pavement increases significantly in the
freezing season.

IV. By replacing the constant elastic modulus of the pavement materials in the TPSDM
with the resilient modulus related to the stress state and environmental impacts,
the fatigue life of pavements against rutting and fatigue cracking is calculated.
The results show that water fluctuations and freeze–thaw action will significantly
reduce the fatigue life of the pavement in cold regions by reducing the resilient
modulus of geomaterials. In addition, introducing the PASR effect and the MEPDG
rutting prediction model, the addition of daily axial strain ratio ((Rs)ave), and
daily adjustment parameter βm to the rutting failure criterion further improve the
prediction accuracy and applicability of the modified model.

This study highlights the importance of understanding the mechanical response and
fatigue life prediction of asphalt pavement in cold regions through THM coupling simula-
tion. The findings of this study can be used to improve the design of asphalt pavements in
cold regions and to prevent issues of over-design and under-design. The proposed method
provides a framework for continuous improvement, and it is recommended to conduct
further and more comprehensive research to improve the model, including exploring the
impact of frost heave and thaw settlement on pavement fatigue life.
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