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Abstract: Subgrade soils with high swelling tendency, such as expansive soil, pose significant
risks to low-volume pavements. The fluctuation of moisture levels due to rainfall and
subsequent evaporation causes significant volumetric changes in such soils, resulting in heave
and settlement of the overlying pavement. Furthermore, desiccation cracks form as a result of
pore water evaporation. Hence, estimating the deformation induced on pavements within the
framework of unsaturated soil mechanics is crucial for its long-term durability. In this study, a
finite element numerical model utilizing unsaturated dual-permeability theory is employed to
analyze the deformation behaviour of low-volume flexible pavements supported by expansive
subgrade soil. The unsaturated soil parameters, including the soil-water retention curve
(SWRC), suction stress curve (SSC), and hydraulic conductivity function (HCF), were
experimentally determined and integrated into the model. The study focuses on the influence
of preferential flow induced by desiccation cracks on the heave and settlement characteristics
of the subgrade soil, which are examined through detailed numerical simulations. The results
indicate a notable variation in the pore water pressure profile of the subgrade when desiccation
cracks are considered, leading to heave and settlement during both rainfall and dry seasons.

Introduction

Large deposits of swelling clay soils or expansive soils are found in Regina (Canada), close to
one-fourth of the land in United States, nearly 20% of the land area in India, approximately 150
million acres in China, throughout western Australia, and in several other African and European
countries. Such soils are often classified by civil engineers as problematic due to their tendency
to undergo volume changes in response to seasonal moisture fluctuations. These changes,
driven by water absorption during rainfall and moisture loss through evaporation, result in
repeated swelling and shrinkage cycles. These deformations can induce stress as high as 1500
kPa, which is sufficient to cause significant permanent damage to the overlying light loaded
structures including low-volume pavements [1]. FHWA NHI-05-037 (2006) [2] outlines that
moisture fluctuations in the subgrade can lead to several types of distress in flexible pavements,
including heave, differential settlement, rutting, roughness, distortion, and cracking.
Additionally, high saturation levels in subgrade for prolonged period may reduce the subgrade

1



modulus by up to 50%, thereby shortening the operational life of the pavement [3]. Despite the
development of techniques and extensive research to minimize these distresses, significant
financial resources continue to be spent each year for the repair and maintenance of flexible
pavements built on expansive soil subgrades [4]. This is because most of these researches are
focussed on preventing moisture infiltration into the subgrade in heavy rainfall periods and
ignore the drastic damages caused due to evaporation. With global warming becoming a huge
problem, it is predicted that there will be prolonged periods of high temperatures in the coming
years.

As previously mentioned, subgrade shrinkage resulting from moisture loss leads to the
formation of cracks, commonly known as desiccation cracks. Following repeated swell-shrink
cycles, a stable crack network forms, creating pathways that allow for the rapid infiltration of
rainwater into the subgrade. This process, often referred to as preferential flow, accelerates the
movement of water, air, and other fluids. Fig. 1 presents a schematic representation of water
flux occurring within the pavement.
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Figure 1: Schematic representation of water flux in a cracked expansive subgrade soil

This study applies the concept of unsaturated dual-permeability modelling to a finite element
numerical model to predict the deformation behaviour of low-volume flexible pavements
resting on expansive subgrade soil. The unsaturated parameters of the expansive soil - soil-
water retention curve (SWRC), suction stress curve (SSC), and hydraulic conductivity function
(HCF) were determined experimentally and incorporated into the numerical model. The study
investigates in detail the impact of preferential flow through desiccation cracks on the heave-
settlement behaviour of the subgrade soil through numerical analysis. A detailed description of
the methodology, experimental study, and numerical modelling is provided in the following
sections.

Unsaturated dual-permeability model

Unsaturated dual-permeability approach offers an effective modelling structure to analyze the
flow through fractured medium. In this method, the pore structure in the cracked soil is treated
as two distinct, yet interacting domains: micropores (soil aggregate pores) that represent flow
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through the intrinsic voids; and macropores (cracks) that facilitate preferential flow through a
much higher hydraulic conductivity than the micropores. This method provides a significant
improvement over the traditional single-domain models, by using distinct Richard’s equation
for the dual-domains and incorporating an inter-domain transfer function, that allows
simultaneous flow and moisture transfer between the domains. In the recent years, this method
is widely used to model flow through fractured soils and rocks by several researchers ([5], [6],
and [7]).

Gerke and Van Genutchen (1993) [8] provided the coupled Richard’s equation between the
macrodomain (denoted by subscript ‘M’) and microdomain (denoted by subscript ‘m’) to solve
the flow in an unsaturated dual-permeability medium. Van Genutchen (1980) [9] model is used
to describe the key unsaturated soil parameters: Soil Water Retention Curve (SWRC) and the
relative hydraulic conductivity as follows,
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where 6, 6, 0, are the volumetric water content, saturated volumetric water content and
residual volumetric water content, S, is the effective saturation, @ (1/m), n, m are fitting
parameters, K, [m/s] is the saturated hydraulic conductivity and K, is the relative hydraulic
conductivity.

Coupled shrinkage and desiccation crack model

The model formulated by Stewart et al. (2016a) [10] is employed in the present study. The total
porosity of the soil at any water content is the combination of a) desiccation crack porosity ¢ .,
b) settlement porosity ¢,.; and c) matrix porosity @,,qtrix» Where @ . and @,; correspond to
macropores porosity ¢, and @,qtrix cOrrespond to micropores porosity ¢,,. This model is
based on the presumption that the crack network has attained a stable state after several wet-
dry cycles.

A set of equations that relate SSC parameters and effective saturation to the porosity of each
domain was given by Stewart et al. (2016a) [10] as follows:
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where @4, is the micropore porosity corresponding to full saturated state and ¢,,;, is the
micropore porosity corresponding to complete dried state, 75 is the volume change parameter,
and p, q are the fitting parameters of SSC.

The influence of swell-shrink behaviour of the multi-pore system on the hydraulic conductivity
of the soil is described using a transient HCF for each domain [11] as follows:
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where K. max is the saturated hydraulic conductivity of desiccation crack at @,,in, K mayx is the
saturated hydraulic conductivity of micropore at @, K, 4. is the relative hydraulic
conductivity of desiccation crack (taken as 1) and K, ,, is the relative hydraulic conductivity of
micropore (given by Eq. 2).

Heave and settlement prediction

According to the model discussed in the previous section, the vertical shrinkage due to the
uniform settlement of the individual soil blocks leads to a single pore domain of porosity ¢g;.
The shrinkage in vertical direction (AH) is proportional to the total volumetric strain (AV /V)
through a volume change parameter, r; which is equal to 3 for an isotropic shrinkage [12,13].
Hence, the vertical deformation of a soil of n layers (AH) at any water content from an initial
state can be described as,

AH = Z (Hi ((pset,i( Se,m) - (pset,f(se,m) ) (5)
i=1

where H; is the height of the ih soil layer, @, ; is the initial settlement porosity and @, f is the
final settlement porosity.

Experimental Study

The highly swelling natural expansive soil used in the present numerical study was collected
from a depth of 1 meter below the surface level in Trichy, India. From the preliminary laboratory
investigation, the soil is classified as CH soil with a liquid limit of 57.2% and plastic limit of
20.43%. The free swell index of the soil was determined to be 280% (IS 2720-40 [14]),
indicating that its expansive index is very high. The hydraulic characteristics of the expansive
soil were determined on statically compacted specimens prepared at a dry density (1.65 g/cc)
corresponding to OMC-2% (16.5%). Two measurement techniques were used to determine the
drying SWRC data across low and high suction ranges. The axis translation technique, employed
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for the low suction range (50-400 kPa), was carried out using a GDS unsaturated triaxial setup.
For the high suction range (103-10° kPa), the dew-point potentiometer technique was used
with a WP4C potentiometer. Detailed descriptions of specimen preparation and testing
procedures for both methods can be found in Roy and Rajesh (2018) [15] and Jadar and Rajesh
(2024) [16]. The experimental data were fitted to the Van Genuchten (1980) model, as shown
in Eq. 1. Given the highly expansive nature of the soil, it is important to note that the specimens
underwent volume changes during drying, which altered their initial state while measuring the
SWRC. This volume change behaviour upon drying (SSC) was determined through a separate
set of experiments, following the procedure outlined in Jadar and Rajesh (2024) [16], and was
fitted using Eq. 3. Fig. 2a and 2b shows the fitted SWRC and SSC curves with the experimental
data points. By combining this with the fitted SWRC in the gravimetric water content-suction
(wg-¥) plane, the SWRC in the volumetric water content-suction (0-W) plane was derived.

0.55

= Fitting parameters
0.40 B FLE parame;%rg 1 @,max 0.504
Soboooooma S, | b omin | 0.263
N n 1423 050 F m~ _ _

0.35 - a = ! 0297 -~ p 28.38
B:u \ g S q 4.86
= 030f A £ 3
5 o 0451 -
5 025 b z -
= bl z >
g 5 040f
o020t . 2 i
5 u
£ o1s) = £ B
151 . \ =
2 S 035F \
z 010f 4 GDS data points e u .
) = WP4C data points Sim A e 1d . N

0.05 - - Fitte A .30 u xperimental data points -

2 Fitted SWRC at Xp P -
- - — Fitted SSC =
0.00 B S e
. . L . L " 025 1 L . . . . .
107" 10° 10! 10° 10° 104 10° 100 0.35 0.30 0.25 0.20 0.15 0.10 0.05 0.00

Suction (kPa) Gravimetric water content, w,

Figure 2: a) SWRC in gravimetric plane and b) SSC

Numerical modeling

The numerical analyses were performed in a commercial finite element program COMSOL
Multiphysics (version 6.1). Since desiccation cracks predominantly occur within the surficial
soil layers, the influence of overburden stress is considered insignificant. Consequently, the
numerical analyses disregard the effects of mechanical stress and is formulated as a purely
hydraulic model. Here, the pavement layers are not explicitly modelled since the scope of this
study is on the expansive subgrade, which governs the heave and settlement due to moisture
fluctuations. Since the effective drainage characteristics in the pavement system prevents direct
moisture infiltration, the pavement surface is considered to be impermeable in the numerical
model. In this study, a 5 m-wide section of a low-volume flexible pavement lane constructed
over a 5 m layer of expansive soil from the Trichy region is numerically modelled. The surficial
layer of 2 m is considered to develop desiccation cracks during drying and is modelled using
the dual-permeability framework. Additionally, to evaluate the influence of desiccation cracks
on pavement heave and settlement, a comparative model without a cracked layer is also
analyzed.



The initial groundwater table (GWT) is set at the base of the model. To replicate field conditions,
the initial pore water pressure distribution is established by applying an evaporation rate of 5
x 109 m/s over a one-year period. The flux boundary condition at the permeable surface
incorporates recorded rainfall (Fig. 3) and actual evaporation data for the Trichy region over a
365-day period from January 1, 2023, to December 31, 2023. Fig. 4a shows the schematic
details of the finite element model with all the boundary conditions and Fig. 4b shows the final
meshed numerical model. The model parameters for both the matrix domain are derived from
experimental investigations, as summarized in Table 1.
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Figure 4: a) Schematic representation of numerical model and b) Meshed finite element model

Results and discussion
Variation of crack volume

Fig. 5a illustrates the temporal variation of desiccation crack porosity (¢,.) at two observatory
points, P1 and P2. The rainfall pattern, depicted in Figure 5a, highlights two distinct seasonal
periods: the dry season (0-241 days) with minimal rainfall and the wet season (241-334 days)
characterized by heavy rainfall. During the dry season, ¢ . exhibits a notable increase,
indicating the expansion of crack volume due to moisture loss.



The variation at P1 is almost same as that of P2, despite the absence of direct evaporation from
the subgrade through the pavement surface. The increase in ¢, at P1 can be attributed to the
interconnected desiccation crack network, which provides a preferential pathway for moisture
migration towards the permeable surface from the subgrade. Even though the initial porosity
at P1 is relatively small, the interconnection of cracks facilitates significant moisture transport.
In contrast, during the wet season, the cracks begin to close as rainfall infiltrates the soil,
causing @ 4. to decrease. By the end of the wet season, ¢ . approaches zero, signifying the
closure of cracks due to increased soil moisture content.

Table 1: Model parameters for the numerical model

Model Parameter Symbol (unit) Crack domain | Matrix domain
SWRC fitting parameters a(l/m) 1.5 0.0433
n(-) 2 1.423
m(-) 0.5 0.297
Os(-) 0.99 0.505
or(-) 0.01 0.056
SSC fitting parameters p(-) - 28.38
q(-) - 4.86
Pmax (-) - 0.504
@min (-) - 0.263
Saturated hydraulic conductivity (m/s) Kimmax (M/s) 20.44 8x10-°
Interporosity flow coefficient aws (1/m?) 10 (Luo etal. 2023)
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Figure 5: a) Desiccation crack porosity variation with time and b) Desiccation crack porosity

with depth along A-A section

The spatial variation of ¢ 4. long the depth (A-A plane) is presented in Fig. 5b. The results reveal
that crack opening and closure are not uniform across the depth. For instance, at the end of the




dry season, the crack porosity near the base of the surficial layer is significantly lower compared
to the top, highlighting the non-uniform nature of desiccation cracking across the soil profile.

Effective saturation profile

Fig. 6a and 6b compare the effective saturation (S,) profiles along the A-A plane for models
without and with a desiccation crack layer, respectively. In the model without a desiccation
crack layer, as shown in Fig. 6a, the low saturated hydraulic conductivity of the matrix domain
restricts moisture movement within the subgrade. Consequently, no significant variation in
effective saturation is observed across the seasons, with the subgrade remaining relatively
stable in its moisture distribution. Conversely, in the model with a desiccation crack layer, the
preferential flow of water through the cracks induces substantial variation in the S, profile (Fig.
6b). At the pavement surface, effective saturation decreases drastically from 0.92 to 0.66 during
the dry season, reflecting substantial moisture loss. Following the onset of rainfall in the wet
season, S, recovers, reaching 0.93 by the end of the simulation. This demonstrates a complete
dry-wet cycle, despite the absence of direct moisture exchange between the pavement surface
and the subgrade. Moreover, the effects of desiccation cracks are not confined to the top 2 m of
the cracked surficial layer. The results show that moisture variation extends at least 1 m below
this layer. This highlights the role of desiccation cracks in accelerating moisture movement into
the stable subgrade layers beneath, emphasizing the interconnected impact of cracks on
subsurface hydrology.
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Figure 6: Effective saturation profile at section A-A of the model a) without crack layer and b)
with crack layer

Heave and Settlement

The vertical deformation was calculated using Eq. 5 and is presented in Fig. 7a and 7b for
models without and with a surficial crack layer, respectively along B-B plane. In the absence of
desiccation cracks, the subgrade exhibits minimal deformation. A maximum settlement of 6 mm
occurs during the dry season, followed by a heave of 8 mm in the wet season. This indicates a
relatively stable subgrade with only minor seasonal variations in vertical deformation. In
contrast, the presence of desiccation cracks leads to substantial deformation in the subgrade.
The dry season results in a maximum settlement of 35 mm—nearly six times greater than that
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observed in the model without cracks. During the wet season, significant heaving occurs, with
a maximum value of approximately 30 mm.
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Figure 7: Vertical deformation profile at section B-B for the model a) without crack layer and
b) with crack layer

Conclusion

This research utilized a numerical modelling approach to analyze the deformation behaviour of
low-volume flexible pavements resting on expansive subgrade soils. The study investigated the
impact of desiccation cracks and preferential flow on the heave and settlement behaviour of
subgrade soils, offering critical insights into the interaction between hydraulic processes and
deformation in cracked expansive subgrade.

The dynamics of crack volume revealed that desiccation cracks exhibit significant seasonal
variation. During the dry season, moisture loss results in an increase in crack porosity, while
the wet season reduces it, leading to partial or complete crack closure. This depth-dependent
variation indicates that the crack network provides preferential pathways for moisture
movement, even in regions where direct evaporation is restricted.

The influence of desiccation cracks on vertical deformation was evident in the comparison
between models with and without cracks. Without cracks, the subgrade exhibited minimal
settlement and heave, whereas the cracked model showed higher settlement and significant
heave during wetting.
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