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Abstract: Geotextile offers numerous benefits in improving pavement performance, including
drainage, barrier functionality, filtration, and reinforcement. Wicking geotextile, a novel variant in
this category, possesses the intrinsic ability to drain water autonomously from soils. This paper
details the development and application of a comprehensive multiphysics model that simulates the
performance of wicking geotextile within a pavement system under freezing climates. The model
considers the inputs of various environmental dynamics, including the impact of meteorological
factors, groundwater levels, ground heat, and drainage on the pavement system. The model was
firstly validated using field data from a long-term pavement performance (LTPP) road section in
the cold region. It was subsequently applied to assess the impacts of wicking geotextile if it was
installed on the road section. The model simulated the coupled temporal and spatial variations in
soil moisture content and temperature. The simulation results demonstrated that wicking geotextile
would create a suction zone around its installation location to draw water from surrounding soils,
therefore reducing the overall unfrozen water content in the pavement. The results also showed
that the installation of wicking geotextile would delay the initiation of frost heave and reduce its
magnitude in cold region pavement.

Keywords: wicking geotextile; multiphysics modeling; frost heave mitigation; cold region; pavement

1. Introduction

The base and subgrade materials under pavement usually exhibit varied water content.
The variation of moisture content may lead to adverse conditions such as shrinkage, heave,
settlement, and fissure on pavement [1–3]. In addition, excessive water in pavement layers
can result in a range of pavement distresses, including reduced strength and stiffness of ge-
omaterials, soil particle erosion, freeze-thaw cycles, and durability cracking in concrete [4].
Wicking geotextile, a recent advancement in geosynthetic materials, offers a promising
solution to these challenges in pavement structures [5]. Unlike traditional geotextiles,
which primarily serve separation, filtration, and reinforcement purposes but offer limited
efficacy in water drainage during unsaturated conditions, wicking geotextiles, composed
of hydrophilic and hygroscopic nylon fiber yarns, exhibit the capability to laterally drain
water in both saturated and unsaturated states [6–8]. The unique microstructure of wicking
geotextile, marked by deep grooves with small openings, facilitates a higher capillary force
and water transportation efficiency [8,9].

In practical engineering applications, geotextiles are typically installed within or at the
base course bottom, extending to road slope surfaces [10]. The extended geotextile ends are
exposed to the air to facilitate water evaporation, enhancing the driving force for drainage.
In the cross-plane direction, the geotextile impedes upward movement of capillary water,
protecting the overlying base course. In the in-plane direction, wicking geotextile absorbs
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both free and capillary water from surrounding soils and laterally transports it to the
extended end [11]. Laboratory tests have affirmed the superior drainage capabilities of
wicking geotextiles in reducing soil water content [12–15]. Field tests have also validated the
effectiveness of wicking geotextile in mitigating issues associated with water pumping [16],
expansive soil [5], and frost heave [8].

The detrimental effects of soil freeze-thaw cycles on pavement, a complex multiphysics
process of water transfer and phase transition, are pronounced in cold regions and con-
tribute significantly to pavement damages [11,17–19]. Under freezing temperature, frost
heave occurs in soil due to the growth of ice lens and volume expansion of water turning
into ice [20], resulting in cracks and uneven surfaces. The subsequent thawing of ice causes
local water enrichment, leading to localized soil strength reduction [21,22]. In addition, the
ice lens melting can contribute to soil porosity increments with loose structure, therefore
giving rise to pavement distresses by thaw settlement [23]. Effective drainage in cold
regions is crucial to mitigate the adverse effects of freeze-thaw cycles on soil. Given the
moisture control capabilities, wicking geotextile has shown great potential in enhancing
pavement performance in these regions, as evidenced in field applications and site moni-
toring [24,25]. However, the intricacies of the coupled water variation process in pavement
influenced by wicking geotextile remain relatively unexplored.

Numerical modeling serves as an effective tool for evaluating the interacted variations
of moisture, heat, and stress-strain in unfrozen and frozen soils. While several mod-
els have been proposed to investigate these coupled processes, classifiable into thermal-
hydro [26–30] models and thermal-hydro-mechanical [31–34] models, research integrating
wicking geotextile within multiphysics models remains scarce [10]. This study introduces
an advanced coupling model that assimilates various environmental dynamics, including
meteorological, geothermal, and hydrological factors, and incorporates wicking geotextile
to assess its impact on pavement under diverse environmental conditions. The highly
non-linear partial differential equations of the model are solved using COMSOL5.5 (finite
element solver). Initially, the model is validated with field data for a pavement case analysis
without wicking geotextile. Subsequently, the wicking geotextile is incorporated into the
same pavement case to simulate its effects on the frozen soil beneath the pavement.

2. Theoretical Background

The soil temperature and water content variation response to different environmental
factors (e.g., ambient temperature, precipitation, solar radiation, etc.) are highly coupled
processes in either frozen or unfrozen unsaturated soils. Following energy and mass
conservation principles, two partial differential equations (PDE) govern the proposed
model and form the theoretical basis of it, from where the water transport and thermal
transfer in soil is described.

The transfer of heat in soil is evaluated by Fourier’s equation:

Ca
∂T
∂t

= ∇(λ∇T) (1)

where Ca represents the apparent volumetric heat capacity in J/(m3·K), T represents the
temperature in K, t represents time, and λ represents thermal conductivity in W(m·K). In
Equation (1), Ca and λ are phases-ratio dependent. To reduce computation nonlinearity,
the apparent heat capacity Ca [35] is taken in the model to consider the energy absorption
and release during phase transition by:

Ca = Csθs + Cwθw + Ciθi + Cv(n − θw − θi)− L f ρi
dθi
dT

(2)

where subscripts i, s, w, and v denote ice, soil solid, unfrozen water, and air phase separately;
θ is volumetric content of different phases; C is heat capacity of different phases in J/(m3·K);
Lf is latent heat in J/kg; and ρi represents density of ice in kg/m3. λ is evaluated by
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Equation (3) considering the impact of solid soil, liquid moisture, ice, and air on heat
transport [28,36,37]:

λ = λθs
s λθw

w λ
θi
i λθa

a (3)

where the subscripts have same meanings as those of heat capacity in Equation (2).
The mass migration in the partially saturated porous media is evaluated by a modified

Richards’ equation:

∂θw

∂t
+

ρi
ρw

∂θi
∂t

= ∇(KLh∇h + KLhi + KLT∇T) (4)

where ρw denotes the water density in kg/m3, KLh and KLT are the hydraulic conductivity
related to pore pressure and temperature gradient in m/s, h denotes the matric suction in
m (water pressure unit), and i denotes the unit vector along gravity direction.

The soil-water characteristics curve (SWCC) by Van Genuchten [38] is utilized to
describe the relationship between unfrozen water content and suction for either unfrozen
or frozen soil [39,40]. The hydraulic conductivity in Equation (4) is calculated through Van
Genuchten’s equations as suggested by [28]:

Se =
θ − θr

θs − θr
=

(
1 + |αh|n

)−m (5)

KLh = KsSl
e

[
1 −

(
1 − S

1
m
e

)m]
(6)

KLT = KLh

(
hGwT

γ0

dγ

dT

)
(7)

K f Lh = 10−ΩQKLh (8)

where Se represents the effective saturation, θr and θs denote the residual and saturated
water content in percentage, α, m, n, and l are material-specified constants specific to the
material as determined by the SWCC, Ks is the saturated hydraulic conductivity measured
in m/s, γ signifies the surface tension of soil water in gs2 varying with temperature and
calculated as γ = 75.6 − 0.145T − 2.38 × 10−4T2 (T is in degC), K f Lh refers to the hydraulic
conductivity linked to the pore pressure head in frozen soil in m/s accounting for the
obstructive effect of ice on moisture movement, Ω is an impedance factor contingent on the
type of material, and Q represents the ratio of θi to θi + θs − θr. Equation (4) determines the
volumetric ice content using empirical formulas [41,42]:

B(T) =
θi
θw

=

 ρw
ρi

(∣∣∣ T
Tf

∣∣∣b − 1
) (

T < Tf
)

0
(
T ≥ Tf

) (9)

θi = B(T) ∗ θw (10)

where B represents the ratio of volumetric ice content to unfrozen water content, T denotes
the temperature measured in K, Tf stands for the freezing point in K, and b signifies
empirical coefficients related to the soil type with specified values of 0.56 for clay, 0.47 for
silt, and 0.61 for sand and gravel.

The proposed model integrates various environmental effects. For the thermal aspect,
it considers effects including solar short-wave radiation, upward longwave radiation, air
temperature, wind speed, relative humidity, and ground heat flux, which are factored in
using Neumann boundary conditions. In the hydraulic domain, the model incorporates the
effects of precipitation, evaporation on geotextile, and changes in groundwater elevation,
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which are addressed through either Neumann or Dirichlet boundary conditions. The
absorption of shortwave solar radiation on the structure surface can be described by [43]:

qs = (1 − albedo) ∗ S (11)

where qs denotes the short-wave absorption of the solar radiation, the albedo refers to
the solar reflectivity, and S represents the solar radiation in W/m2. The total long-wave
radiation, which encompasses both outgoing radiation and counter-radiation, is evaluated
by the Stefan–Boltzmann law [44]:

ql = ϵσT4
s − ϵaσT4

sky (12)

Tsky =
(

0.754 + 0.0044Tdp

)0.25
∗ Tamb (13)

Tdp = Tamb −
100 − RH

5
(14)

where total ql represents the long-wave radiation, ϵ signifies the emission coefficient, and
ϵa denotes the absorption coefficient of pavement. For simplicity in analysis, it is assumed
that ϵ = ϵa. The Stefan-Boltzmann constant, σ, is equal to 5.68 ∗ 10−8 W ∗ m−2 ∗ K−4, Ts is
the pavement surface temperature measured in K, Tsky is the effective ambient temperature
above the structure in K, Tdp represents the dewpoint temperature in K at which air becomes
saturated when cooled, and RH is relative humidity in percentage. Tamb is the ambient air
temperature in K. Additionally, as mentioned in Equation (13), the effect of the ambient
air temperature, along with wind speed, is also revealed in the convective heat flux on
structure surface via Newton’s law of cooling [45]:

n·(λ∇T) = hc(Tamb − T) (15){
hc = 5.6 + 4 ∗ vwind f or vwind ≤ 5 m/s
hc = 7.2 + 4 ∗ v0.78

wind f or vwind > 5 m/s
(16)

where n represents the normal unit vector perpendicular to the boundary surface, λc
denotes the thermal conductivity in W/(m·K), T indicates the temperature at boundaries in
K, and hc is the convection heat transfer coefficient in W/(m2·K). The ground heat flux is
calculated by:

qg = n·λbotom∇Tbottom (17)

where λbotom and ∇Tbottom are the thermal conductivity in W/(m·K) and temperature
gradient in K/m of the material right at bottom boundary, respectively.

In the hydraulic field, Horton’s empirical equation [46] is used to evaluate the infil-
tration capacity as well as infiltration rate via Neumann boundary condition. The GWT
is usually located at the interface where the positive and negative pore water pressure is
separated with zero water pressure on. Hence, Dirichlet boundary condition is added on
the bottom boundary to represent the effect of the equivalent GWT change. The drainage
effects of wicking geotextile can be simulated via assigning either Neumann boundary [10]
or Dirichlet boundary [7], depending on the geometry assumptions and solving stability.
In current studies, a Dirichlet boundary condition is utilized to simulate the evaporation
effect on the extended geotextile end.

3. Model Validation

To validate the model, a case analysis is performed for the LTPP section 46-0804.
The site measured subgrade gradation, water content, and temperature data, all of which
indicated that the soil below the section is frost susceptible. In addition, the SMP database
has well-documented site-measured time series data of climate, temperature, and moisture
content of this section, hence its selection for the case analysis. The case study first verifies
the proposed model for the pavement without geotextile, then it simulates the installation
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of geotextile in the same pavement system to study the effect of the wicking geotextile. The
filed data are collected from SMP database. The geometry of the pavement is shown in
Figure 1, which includes a three-layer structure in a two-dimensional form. The detailed
layer information is summarized in Table 1.
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Figure 1. Geometry of the three-layer pavement system without geotextile.

Table 1. Layer information.

Layer # Material Thickness (m)

3 Asphalt concrete: hot mixed, hot laid AC, dense graded 0.180
2 Unbound (granular) base: crushed stone 0.305
1 Subgrade (untreated): fine-grained soils: silty clay 1.515

The analysis includes boundary conditions for various environmental factors, assess-
ing the impacts of air temperature, solar short-wave radiation, precipitation, wind velocity,
relative humidity, geothermal temperature gradient, and groundwater table elevation. To
model the energy transfer between the atmosphere and the pavement surface, the upper
three boundaries (boundaries one to three, as shown in Figure 1) are subjected to fluxes
from short-wave radiation, long-wave radiation, and air convection. The temperature
gradient at the lower boundary is calculated using temperature measurements taken near a
depth of two meters, as shown in Figure 2c. This measurement facilitates the calculation
of time-varying geothermal flux. The geothermal influence is incorporated by applying
a Neumann boundary condition at boundary seven using this flux. Considering the low
rainfall intensity and relative high soil permeability, the infiltration capacity is presumed to
always exceed rainfall intensity, implying that water flux due to precipitation is the same as
the rainfall intensity in the analyzed case. This precipitation flux is applied to boundaries
three, five, and six. The GWT effects are simulated by assigning pressure head (Dirichlet
boundary) to boundary seven. The right boundary (boundary four in Figure 1) is assumed
to be both thermally and hydraulically insulated.

For the model verification case, a 220-day analysis was conducted starting from
1 September 2000 and ending 15 March 2001. The temporal variation of air temperature,
precipitation, solar short-wave radiation, wind speed, and relative humidity are shown in
Figure 2.

Table 2 presents the simulation’s needed parameters, including the parameters of
geotextile, pavement surface material, and soil layers. These parameters are found or
calculated using site measured data from the LTPP database and literature [7,34,47]. The
SWCC and hydraulic conductivity variation with suction of base, subgrade, and wicking
geotextile are presented in Figure 3 with data from [7].
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Figure 2. Temporal changes in climatic and environmental factors from 1 September 2000 to 15 March
2001: (a) air temperature and precipitation, (b) solar short-wave radiation and wind velocity, and
(c) relative humidity and temperature gradient related to geothermal heat.

Table 2. Constant parameters of calculation example.

Symbol Value (Unit) Description

Ci 1.9 × 106 [J/(m3*K)] Volumetric heat capacity of ice
Cn 2.0 × 106 [J/(m3*K)] Volumetric heat capacity of solid
Cv 1.2 × 103 [J/(m3*K)] Volumetric heat capacity of air
Cw 4.2 × 106 [J/(m3*K)] Volumetric heat capacity of liquid
Cpp 2.3 × 106 [J/(m3*K)] Heat capacity of pavement surface layer
λp 1.1 [W/(m*K)] Heat conductivity of pavement surface layer
Lf 3.3 × 105 [J/kg] Freezing latent heat
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Table 2. Cont.

Symbol Value (Unit) Description

L0 3.3 × 108 [J/m3] Volumetric freezing latent heat
γ0 71.9 [g/s2] Surface tension of soil water at 25◦ Celsius
ρi 931 [kg/m3] Density of ice
ρn 2700 [kg/m3] Density of soil mass
ρw 1000 [kg/m3] Density of water
g 9.8 [m/s2] Acceleration due to gravity

Ks1 1.3 × 10−3 [m/s] Saturated hydraulic conductivity of base
Ks2 1.1 × 10−7 [m/s] Saturated hydraulic conductivity of subgrade

Ksw 0.001 [m/s] Saturated hydraulic conductivity
of geotextile

θs1 0.36 Saturated volumetric moisture content
of base

θs2 0.50 Saturated volumetric moisture content
of subgrade

θsw 0.33 Saturated volumetric moisture content
of geotextile

θr1 0.075 Residual volumetric moisture content of base

θr2 0.01 Residual volumetric moisture content
of subgrade

θrw 0.04 Residual volumetric moisture content
of geotextile

ϵa 0.95 Absorption coefficient on pavement surface
ϵ 0.95 Emission coefficient on pavement surface

albedo 0.22 Solar reflectivity
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of base, subgrade, and wicking geotextile.

The temperature, water content, and frost depth variation with depth and time are
calculated by the proposed model. The results are compared with site-monitored data as
shown in Figures 4–6, which shows closely matched values. This validates the model’s
performance to simulate the thermal and hydraulic filed response of soil to environmental
dynamics for the analyzed case. More detailed information about model validations can be
found in [19].
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4. The Effects of Wicking Geotextile on Frost Heave Mitigation

Based on the verified case, a model with wicking geotextile is then simulated. Iden-
tified boundary conditions, layer parameters, and model settings are simulated as the
validation case study is utilized. In this model, the geotextile is simplified as a domain layer
that is three centimeters thick, as shown in Figure 7. A 6.6 m length geotextile is assumed
to be buried at a depth −1.5 m from the pavement surface and on the interface between
the base and the subgrade layer. Referring to [7], to simulate the drainage effect of the
evaporation on the wicking geotextile end, a constant pressure head of 200 kPa boundary
is added on the right end of the geotextile layer (a Dirichlet line boundary). Figure 8 shows
the simulated suction and water flow direction comparison between pavement with and
without geotextile, where results of time at the start of simulation (first day) and after a
rainfall event (twenty-fifth day) are presented. The black arrows in Figure 8 point out the
direction of water flow. As shown in Figure 8, the wicking geotextile can influence the
suction distribution apparently. Figure 8b,d show obvious higher suction in zones along
the geotextile, reflecting the pumping effects. The arrow direction indicates the water in
surrounding soils are absorbed and flow toward the wicking geotextile. The zoomed-in
figure displays the simulated unfrozen water migration direction inside of the geotextile,
where the unfrozen water transport horizontally and drained out to the right side.
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Figure 8. Simulated suction (pressure in m water) distribution and water flow direction on: (a) first
day without geotextile, (b) first day with geotextile, (c) twentieth day without geotextile, and (d) twen-
tieth day with geotextile.

Figure 9 shows the moisture content variation comparison between the pavement with
and without geotextile. According to results of Figure 9, the wicking geotextile effectively
decreases water content from the start of the simulation at both 0.33 m depth and 0.79 m
depth. The obvious drop of water content around the 70th day at 0.33 m and the 100th
day at 0.79 m are induced by water freezing. Note that Figures 5 and 9 merely present
unfrozen water content and the TDR sensor only recorded unfrozen water content in
the LTPP database. The expanded volumetric content is defined as the total volumetric
water content (summation of volumetric unfrozen water content and ice content) during
freezing minus the porosity of the soil. Assuming the frost heave occurred when the total
volumetric water content exceeds the porosity, frost heave can be evaluated by integration
of the expanded volumetric content along vertical direction. Based on the model-simulated
volumetric unfrozen and frozen water content, the frost heave along the pavement center
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line is estimated and compared in Figure 10. As indicated in Figure 10, the geotextile delays
the time of frost heave initiation and mitigates the magnitude of frost heave with time.
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Figure 10. Frost heave (along pavement axis of symmetry) without geotextile installation and with
geotextile installation.

According to the simulated results, it is interesting to note that geotextile has inap-
preciable effect on frost depth. Figure 11 shows the freezing conditions on the 80th day.
It classifies the pavement into a frozen zone (with red color) and an unfrozen zone (with
blue color) based on the freezing temperature of pore soil water. As seen in Figure 11,
the wicking geotextile has barely any impact on frost depth distribution in pavement
and ground. Although the wicking geotextile removes the soil water from the subgrade
(Figure 9) and decreases the heat capacity, the induced larger volumetric air content de-
creases the soil thermal conductivity at the same time. As a result, the ground freezing
speed does not change greatly, and frost depth is not significantly influenced. This conclu-
sion can also be supported by Figure 12, which displays the frost depth vs. time, with and
without geotextile.
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The simulated temperature variations over time, both with and without the geotex-
tile, are compared at various depths of each pavement layer. As depicted in Figure 13,
the simulations reveal that the wicking geotextile exerts a negligible influence on tem-
perature fluctuations over time. This observation aligns with the findings presented in
Figures 11 and 12. A marginal decrease in temperature was noted between the 62nd and
the 112nd days in the presence of the geotextile. This slight temperature reduction is
likely attributable to the diminished release of latent heat, which is a consequence of water
drainage facilitated by the geotextile.
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5. Conclusions

An advanced coupled model was developed to analyze pavements subjected to freez-
ing climates. The model captures the coupled thermo-hydro processes within unsaturated
frozen soils under pavement structure, and also accounts for environmental factors, in-
cluding short-wave radiation, upward longwave radiation, air temperature, wind speed,
relative humidity, ground heat flux, precipitation, ground water table (GWT), and evapora-
tion. The accuracy of the model is validated by comparing the simulated temperature and
moisture profiles with field data collected on the LTTP road section. The results confirmed
its accuracy to provide comprehensive simulations of pavement structural responses to
cold region climate considering unsaturated frozen soils.

The validated model was further applied to analyze the effects of wicking geotextile.
The simulation results revealed that the wicking geotextile facilitated water absorption
and drainage, and consequently changed water content (or suction) distributions in the
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surrounding soils. In addition, the simulation results indicate that wicking geotextile
delayed the onset of frost heave as well as reduced the magnitude of frost heave. While
wicking geotextile reduces the liquid water contents and hence reduces the overall heat
capacity, the simulation does not show apparent change of frost depth in the pavement. This
might be due to the lower thermal conductivity induced by the replacement of water with
air in the soil. Overall, the various effects of wicking geotextile on cold region pavements
are simulated under various environmental dynamics using the comprehensive numerical
model. This model provides a tool to temporally and spatially quantify the thermal-
hydraulic processes induced by the wicking geotextile. The results of the simulations can
serve as the bases for a more thorough and constructive guide for construction practices.
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