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Preferential flow and soil strength degradation induced by desiccation cracks are important causes for expansive
clay slope instability. The cyclic opening and closing of desiccation cracks during drying-wetting processes
incessantly alters preferential flow paths and soil strength. Quantify the impact of desiccation crack dynamics on
slope hydrology and stability remains a major unresolved challenge. To bridge this gap, we developed the first
slope-scale hydro-mechanical model that couples weather-driven crack evolution with preferential flow while
incorporating the deterioration effect on soil strength. This unified approach is a major contribution to our
capacity to model the integration of hydrological processes and mechanical degradation of soil strength induced
by dynamic cracks. The hydrological part adopted a dynamic dual-permeability model (dynamic DPM) and was
validated by a physical slope model test. The dynamic DPM was then integrated into a set of numerical slope
stability analyses under one-year atmospheric conditions. The groundwater level, water balance, pore water
distribution, crack evolution and slope stability were investigated in the case of dynamic cracks and fixed cracks.
The hydrological results showed that the slope model with dynamic cracks retained more water and higher
groundwater level than that with fixed cracks. The narrowing of desiccation cracks slows down slope drainage
process, resulting in a rapid build-up of pore water pressure due to preferential flow, which emerges as an often
overlooked and significant factor contributing to slope instability. Conversely, fixed and well-connected cracks in
soils enhance water drainage and thus benefit slope stability. The mechanical results revealed that the irre-
versible deterioration effect induced by crack dynamics on soil strength persistently degrades long-term slope
stability. These findings provide new insights into failure mechanisms in cracked soil slopes, and show the
importance of the integration of dynamic crack properties into climate-resilient slope design. Also, our results
underscore the importance of understanding and quantifying the physical behavior of soil structures for soil
hydrological response and slope stability assessment.

1. Introduction

Desiccation cracks, resulting from soil shrinkage during drought or
drying-wetting cycles, are ubiquitously developed in expansive clays
(Tang et al., 2011; Xu et al., 2024; Yang et al., 2025). As shown in Fig. 1,
these cracks show cyclic opening and closure process under drying-
wetting cycles, serving as dual agents of preferential flow pathways
(Beven and Germann, 1982; Bradley et al., 2007; Greve et al., 2010; Luo
et al., 2025; Yuliana et al., 2025; Tang et al., 2024) and progressive soil
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strength degradation (Stirling et al., 2021; Take and Bolton, 2011; Xu
et al.,, 2021; Zhan et al., 2013). Such hydromechanical alteration is
widely acknowledged as a critical hydrological precursor to slope
instability and shallow landslides in expansive clays (Bogaard and
Greco, 2015; Caris and Van Asch, 1991; Gao et al., 2023; Greco et al.,
2023; Luo et al., 2021; Zhang et al., 2021a). With rising global tem-
peratures worsening both droughts and storms (Chaduvula et al., 2022;
Vahedifard et al., 2020), the coupling of preferential flow and crack
strength deterioration poses escalating threats to slope stability
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(Tichavsky et al., 2019), yet the hydro-mechanical effects of desiccation
crack dynamics on slope hydrology and stability remain poorly under-
stood and quantified.

The key to addressing the aforementioned gaps lies in developing an
advanced slope hydro-mechanical model. One major challenge is how to
develop a hydrological model capable of simulating the reciprocal in-
teractions between desiccation crack evolution and slope hydrology.
Previous efforts have been devoted to employ explicit crack models
(Chen et al., 2024; Gao et al., 2025; Khan et al., 2017; Pei et al., 2020; J
Zhang et al., 2020) and implicit crack models (Dusek et al., 2012; Han
et al., 2025; Hopp et al., 2020; Shao et al., 2015) to simulate hydro-
logical process in slopes with macropores (e.g. desiccation cracks).
Explicit models define crack geometry and properties in detail (Pei et al.,
20205 Reeves et al., 2014) and offer physical fidelity but face compu-
tational limitations at larger scales or for extensive crack networks
(Aguilar-Lopez et al., 2020; Luo et al., 2023a, 2023b). Advanced
nonlocal approaches such as phase-field methods (Zhuang et al., 2021,
2022) and peridynamics (Altay et al., 2024; Dorduncu et al., 2022a,
2022b, 2024) provide alternatives for crack modeling but require
complex implementation and parameterization for hydromechanical
coupling. Meanwhile, prevailing explicit crack models treat cracks as
isolated, disconnected and fixed line conduits, neglecting the desicca-
tion crack dynamics. Implicit crack models treat the soil as overlapping
regions representing the matrix and macropores (e.g. desiccation
cracks). These models implicitly represent soil cracks, obviating the
need to define the geometric and spatial characteristics of desiccation
cracks explicitly. The most well-known one is the classical dual-
permeability model (DPM) (Aguilar-Lopez et al.,, 2020; Gerke and
Maximilian Kohne, 2004; Gerke and van Genuchten, 1993; Larsbo and
Jarvis, 2003; Simanek et al., 2003), which has garnered widespread
acceptance due to its accessible parameters, reasonably satisfactory
predictions, and low computational burden (Jarvis et al., 2016).
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Nevertheless, classical DPMs assume fixed crack volumes and hydraulic
properties, also limiting their ability to capture crack dynamic processes
during drying-wetting cycles.

A second challenge lies in the mechanical component of hydro-
mechanical slope stability models. Conventional slope stability models
often assume constant soil mechanical parameters (Chen et al., 2024;
Gao et al., 2025; Shao et al., 2018; Sun et al., 2019), overlooking soil
strength degradation from crack-induced fabric damage (e.g., bond
breakage and pore reorganization) during cyclic wetting-drying (Stirling
et al., 2021; Take and Bolton, 2011; Zhan et al., 2013). While nonlocal
operator methods show promise for crack propagation modeling
(Zhuang et al., 2021; Dorduncu et al., 2022a), their application to cyclic
strength degradation in unsaturated soils remains underdeveloped.
Empirical functions have been proposed to link bulk soil strength with
wetting-drying cycles (Gao et al., 2021; Xue et al., 2022), their appli-
cability is constrained by spatial heterogeneity of crack status and
varying wetting-drying paths under realistic atmospheric conditions.
Peridynamic frameworks for functionally graded materials (Dorduncu
et al., 2022b) and fatigue analysis (Altay et al., 2024) offer insights for
damage evolution modeling, yet lack integration with hydrological
processes. A simple and fundamental solution may involve developing a
function that links crack development status to soil mechanical param-
eters (Chen et al., 2025; Jamalinia et al., 2020). However, due to the
complex spatiotemporal dynamics of desiccation cracks in response to
moisture variations (Cheng et al., 2021; Tang et al., 2011; Tian et al.,
2022; Xu et al., 2022; Zeng et al., 2021), the absence of an effective
hydrological model capable of simulating crack dynamics critically
impedes the practical implementation of such functions.

This study aims to understand and quantify the effects of desiccation
crack dynamics on slope hydrology and stability. A dynamic dual-
permeability model (DPM) was developed by integrating crack-
permeability dynamic functions into conventional dual-permeability

Shrinking
Soil matrix

lSweHing
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flow

Fig. 1. Slope instability related to desiccation crack dynamics (left part) (the circular animated schematic was adapted from Tang et al. (2021)) and preferential flow

through desiccation cracks in cracked slope (right part).
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model. The dynamic DPM can simulate desiccation crack dynamics and
its influence on soil water flow under atmospheric forcing, and it was
then validated using data from a physical slope experiment. Subse-
quently, we established a hydro-mechanical framework that couples the
dynamic DPM with a strength degradation function linked to crack
development. Finally, through numerical experiments on a synthetic
slope under realistic atmospheric conditions, we systematically
compared the slope hydrology (groundwater level, water balance, pore
pressure distribution) and stability between dynamic and fixed crack
scenarios.

2. Theoretical model description

As illustrated in Fig. 2, modeling water movement in cracked soil
during drying-wetting cycles requires quantifying three key physical
processes: (i) water flow within the crack and matrix domains and the
water transfer between these domains during evaporation and infiltra-
tion; (ii) the coupled evolution of matrix pores and desiccation cracks

Wetting
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driven by soil shrink-swell behavior; and (iii) changes in hydraulic
conductivity within the matrix and crack domains resulting from the
pore-crack interaction. These interconnected processes impose mutual
constraints, necessitating the use of physically-based equations that are
both independent and capable of coupling.

To achieve this, this study employs the dual-permeability model
(DPM) with implicit crack characteristics. For fixed cracks, the classical/
rigid dual-permeability model (rigid DPM) is applied, effectively
capturing the processes described in (i). For dynamic desiccation cracks,
the rigid DPM is extended by incorporating functions represent crack
dynamics and changes in permeability within the two domains, forming
a dynamic dual-permeability model (dynamic DPM). This approach
enables the simultaneous description of processes (i), (ii) and (iii). Note
that this study does not consider the effects of changes in soil-water
retention properties, heat transfer, or water-vapor transmission on soil
structural dynamics.
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Fig. 2. Schematic diagram illustrating the three physical process related to the water movement in the cracked clay (*HC: Hydraulic conductivity) (I) Water flow and
transfer in and between the crack and matrix domains; (II) desiccation crack dynamics caused by soil shrink-swell behavior; (III) changes of hydraulic properties

caused by crack dynamics.
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2.1. Rigid dual-permeability model (rigid DPM) for preferential flow in
fixed cracks

In this work, the classical/rigid dual-permeability model (rigid DPM)
developed by Gerke and van Genuchten (1993) was adopted to simulate
preferential flow through soils with fixed cracks. As shown in Fig. 2, the
model delineates the soil into two interdependent continua, each char-
acterized by distinct volumetric ratios. This approach modifies Richards’
equations to describe fluid movement through both the soil matrix and
the preferential flow paths. The equation express of fluid flow within
each continuum as follows:

For the crack domain:

oh,

Clh) 5 = V- K W)V (. +2)] 7% )

For the matrix domain:

cm(h)%"‘:vme(h)V(hﬁz)H% @

Here, I, denotes the water transfer between domains:

Iy, = awKq(he — hm) 3
The balance of volumetric ratios is given by:

Wet+wn=1 @

The total water content ¢ and hydraulic conductivity K in the com-
posite medium are defined as:

0 =wl, +Wpbn 5)

K =wK,+w,Kn (6)

The notations are as follows: “c” and “m” are the abbreviation of the
crack and matrix domains, respectively, w is the volumetric ratio (—), h
is the pressure head (m), C is the specific water capacity d¢/dh (1/m), K
is the isotropic hydraulic conductivity (m/s), 2 is the elevation head (m),
I, is the inter-domain water exchange term (1/s), a, represents water
transfer coefficient (1/m2), K, is the interface hydraulic conductivity
(m/s). The total volumetric moisture content, 0, reflects the combined
moisture levels in both domains.

The a,, can be calculated as

_Prw

="y @]
where g represents a dimensionless shape factor that is determined by
the soil matrix configuration. It has been standardized to a value of 3 as
per Aguilar-Lopez et al. (2020), y,, denotes a dimensionless scaling co-
efficient recommended to be 0.4 (Gerke et al., 2007), and a serves as a
scaling factor, correlating roughly to half of the matrix’s width (m),
which can be determined experimentally.

The dual-permeability model further incorporates an improved K,
function revised by Gerke et al. (2013), which expressed as

min{Ky(h.),Kc(he)}  he>hp
Ko, = ®
min{Ky (hm) , Kc(hm) } h. < hp

This equation models fluid movement from regions of higher hy-
draulic head to those of lower, governed by the less permeable domain
at a given moment (Aguilar-Lopez et al., 2020).

The hydraulic properties (soil-water retention and hydraulic con-
ductivity functions) of each domain are described based on the Mualem-
van Genuchten function (Mualem, 1976; van Genuchten, 1980) as

79_0" —
b

S(h) 1+ (|ah))" ™" ©)

Engineering Geology 357 (2025) 108377

Kn (Se.m) = KK+ (Se.m) = I<m,sse.m0'5 {1 - (1 - Se‘mHM/(HM71> )("M*l)/"m }2
(10)

_ 2
K. (Se.c) = KK, (Se.c) = I<c,5Se.c0vL5 [1 - (1 - Se.c"6/<"€71) )<"{ e } an

where 6;(—) and 6, (—) are the saturated and residual volumetric
moisture content, respectively; a(1/m) and n(—) are fitting parameters;
K, (—) represents the relative hydraulic conductivity. Note that the K,
and K. are fixed in rigid DPM.

For the dual-permeability model, the flux partitioning is given by the
relation:

i = Wi + Wpin 12)

where i. and i, are the effective domain-specific boundary fluxes (m/s).

Under rainfall conditions, the initial effective boundary flux for both
soil domains is set to be equal to rainfall intensity (r) (Dusek et al.,
2008), and the boundary fluxes can be expressed as

ii=r 13)

im =T 14)

With ongoing rainfall, the infiltration capacity of the matrix domain
may fall below the rainfall intensity r, resulting in ponding. At this
moment, the boundary condition changes to a pressure head boundary.
When ponding initiates in the matrix domain, the surface runoff shifts
into the crack domain, prompting an increase in flux i; as follow:

i = (r'wmim)/wc (15)

If the water stored within the cracks surpasses its retention capacity,
surface ponding occurs in the crack domain as well.

To model the evaporation from each domain during dry periods, the
study employs the Wilson-Forchheimer-Darcy model (Wilson et al.,
1997) to estimate the actual evaporation rate, which is expressed as:

B 7Sng
AE/ FE=ex <§(1 — ha)r,,R(273.15 + Ts)> "

where, AE represents the actual evaporation; PE denotes the measured
potential evaporation; S is the matric suction of the soil surface (kPa).
The constant g refers to gravitational acceleration (m/s%); w, has a value
of 0.018 kg/mol and is the molecular mass of water; ¢ is a dimensionless
empirical parameter, with a recommended value of 0.7; h, signifies the
relative humidity of the overlying air; y,, is the unit mass of water,
equivalent to 9.807 kN/m?; R is the universal gas constant, valued at
8.314 J/(mol-K); Ts (°C) indicates the temperature of soil surface.

2.2. Dynamic dual-permeability model (dynamic DPM) for preferential
flow in desiccation cracks

During the opening and closing process of desiccation cracks, the
proportion (or volume) and hydraulic conductivity of each domain vary
with moisture content of the matrix domain. Therefore, the key problem
of developing a dynamic DPM is how to describe the changes of w,, wp,
K., and K, responding to the matrix moisture content. Building on the
rigid DPM, a physically-based soil shrinking-swelling model and two
dual-domain infiltration functions proposed by Stewart et al. (2016b);
(Stewart et al., 2016a) were incorporated to form a dynamic DPM. The
dynamic DPM can well describe the variation of porosity, volumetric
ratio and hydraulic conductivity of the matrix and crack domains, which
mainly includes four core equations as follows.

1
(pmam'.x (Se-,m) = (d)max - ¢min) <P P i

W) + Dunin a7
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+1
Km.s (Se,m) = Km.max (pﬁ) (18)
]- - Se mq
We (s&m) = (¢max - ¢min) <1+qu> + We min (19)
1-85,.7\
K., (Se,m) = K max (Tﬁ;) + Ke min (20)

where ¢ .ix iS the matrix porosity; ¢pax> @min, P and q are shrinking-
swelling parameters (Luo et al., 2023a); Kmmax is the maximum satu-
rated hydraulic conductivity of the matrix domain (at Se ;n = 1); K¢ max iS
the maximum saturated hydraulic conductivity of the crack domain (at
Sem ~ 0); Wemin is the minimum crack proportion due to incomplete
crack closure process, approximately be 0.01 (2015; Coppola et al.,
2012, 2015; Luo et al., 2023a); K¢ min is the minimum saturated hy-
draulic conductivity of the crack domain corresponds to the w, min (at S,
m~1).

The study diverges from rigid DPM by amending Eqs. (10) and (11)
to incorporate the dynamics of K, s and K., related to matrix pore and
crack shrink-swell behavior. Additionally, the K (S.), is set to 1 in Eq.
(11), ensuring that K. is a function of crack aperture rather than the
saturation degree of that domain (S, ), thus preventing unfeasibly low
K. under dry conditions or prolonged desiccation.

K (Sem) = Kins (Sem)Kr (Sem)
p+tl - rn1) 1 (1) 72
= Km‘max (m) Se‘mos [1 _ (1 _ Se,m"m/( 1) ) Nm ]
21

(@)

Warm lamp
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® Voldmetric water content sensor 150§
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2
1—S8em?
K. =K (Se,m) = Kc.max (l—i-pS:":,ﬂ> + Ke min (22)

For more details on the validation and sensitive analysis of the dy-
namic DPM, please refer to our prior works (Luo et al., 2023a, 2023b).

3. Description of the physical slope model test

In our earlier work (Luo et al., 2023a), the aforementioned dynamic
DPM was validated through soil column experiments dominated by
vertical infiltration. However, its applicability to slopes with significant
lateral preferential flow remains untested. To address this gap, we
conducted novel rainfall-evaporation experiments on a pre-desiccated
slope model featuring stabilized crack networks (developed over 6
months). This setup enabled validation of dynamic DPM under lateral
flow regimes. The 1.5 m x 0.5 m x 0.25 m slope (15° incline) used
compacted expansive clay, with instrumentation monitoring crack dy-
namics, pore pressure, and boundary flows (Fig. 3). Gentle slope ge-
ometry ensured hydrology was dominated by desiccation cracks rather
than mechanical failure. Further details, including soil properties and
measurement methods, can be found in our recent work (Luo et al.,
2025).

The first-stage experiment ran from March 12 (11:21) to June 20,
2024 (15:00), completing ten drying-wetting cycles. The primary
objective of this stage was to develop a stable desiccation crack network
penetrating the entire slope depth (as shown in Fig. 3c), which is a
crucial prerequisite for applying the dynamic DPM (Luo et al., 2023a;
Luo et al., 2023b). Following the first-stage experiment, a five-hour
rainfall event was applied, with an intensity of approximately 30 mm/
h and a total rainfall of 150 mm. A subsequent three-day evaporation

Wetting

Plexiglass flume

Slope model

- Surface runoff flume HD3

Perforated drainage plate €

Drainage collection flume

# - Electronic balance measuring outflow

®T5(15cm)
® T6 (22 cm)

,

Fig. 3. Experimental configuration of instrumented expansive clay slope: (a) Components of the model test system; (b) slope model during drying period; (c) hy-

drological sensors deployment.
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phase maintained an average rate of 0.2 mm/h. Then, another five-hour
rainfall event with the same intensity (30 mm/h) and total rainfall (150
mm) was applied. Finally, two-day natural evaporation period with
average evaporation rate of 0.05 mm/h was applied.

Fig. 4 presents how rainfall, evaporation, temperature and humidity
changed over the experiment period.

4. Model verification

As shown in Fig. 5, a 2D numerical slope model consistency with the
physical slope experiment was established in COMSOL to validate the
proposed theoretical model. Both the rigid DPM and dynamic DPM were
incorporated for comparative analysis. The numerical slope model was
divided into a crack domain and a matrix domain, both sharing the same
mesh structure, boundary conditions and initial conditions. These two
domains also shared identical mesh nodes, with boundary flow distri-
bution governed by Eq. (15) and water exchange determined by Eq. (8).
The upper boundary of the model was defined as a rainfall-ponding-
evaporation boundary, consistent with the experimental boundary
conditions. The left boundary was set as a seepage boundary, while the
bottom and right boundaries were designated as impermeable bound-
aries. To better capture the frequent variations in climatic boundary
conditions, the surface layer mesh was refined. This layer consisted of 15
layers of triangular elements, with thickness ranging from approxi-
mately 0.04 cm to 0.3 cm. Underlying this layer, a coarsened free-
triangle grid (mean element size = 1.8 cm) was implemented. The
total number of mesh elements is 1496, with an average element area of
2.75 cm?. The initial conditions were derived from the measured matric
suction before the experiment began, with an average value of approx-
imately —60 kPa. To ensure numerical robustness, mesh independence
was confirmed through sensitivity tests with average element sizes of
0.83 cm? and 7.15 cm?. Adaptive time-step method was used with free
step size control. Convergence was controlled by relative and absolute
tolerances of 0.01 and 1 x 107> kPa, respectively. The absolute toler-
ance factor was kept at 1.0 to ensure consistent thresholds across
varying pressure magnitudes.

The rigid DPM requires 12 parameters to be determined, whereas the

Engineering Geology 357 (2025) 108377

dynamic DPM requires 17 parameters. These parameters are obtained
through experiments and empirical values and can be categorized into
three main aspects:

(i) Water transfer coefficient (a,): As shown in Fig. 6, the mean
soil matrix width measured in the slope model test is approxi-
mately 44 mm. As defined in Eq. (7), the characteristic length a is
set to be 22 mm, and a,, is calculated as 2479 1/m?.

(ii) Soil shrink-swell parameters: For the dynamic DPM, the

shrink-swell parameters mainly refer to the four shrinkage curve

parameters in Eq. (17), which were calibrated against the
measured soil shrinkage curves under similar dry density condi-
tions as the model experiment (Fig. 7a). Subsequently, the vari-
ation of crack ratio versus matrix saturation degree was obtained
using Eq. (19). For the rigid DPM, as the effects of soil matrix
swelling are not considered, w, was fixed based on the initial

surface crack ratio observed before the experiment, set at 0.3.

Hydraulic property parameters for both rigid and dynamic

DPMs: These include the soil-water retention curve (SWRC) and

hydraulic conductivity. For the matrix domain, SWRC parameters

were obtained through pressure plate experiments using seven

equilibrium matric suctions (0, 10, 30, 50, 100, 150, 200, 300,

and 500 kPa). The distributed soil samples (20 mm x 61.4 mm)

with void ratio of 1.10 (py=1.3 g/cm?, matching the model slope)

were saturated using the vacuum pumping method before being

placed in the pressure vessel. The fitted SWRC curve using Eq. (9)

is shown in Fig. 7b. For the crack domain, assuming no solid

material within the cracks, the saturated water content (6, s) and

the residual water content (6. ) of that domain was set to be 0.99

and 0.01, respectively, based on Aguilar-Lopez et al. (2020).

Since the SWRC of the crack domain cannot be experimentally

determined, the remaining parameters (a = 1.5 and n. = 3) were

assigned to mimic the behavior of coarse-textured soils. This
follows the Poiseuille law, implying minimal capillary effects on
water flow through cracks.

(iii)
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Fig. 4. Boundary environmental records



Y. Luo et al.

Initial status

i
o A

g A
R A RN RINNR)
B AR A RN RRSEEs
> U\ DRSS b
NNSNOSEERD
SOKSES
FOOREERS
Kok

vaY, K TS
RSOOSR
RSERRRAREAS T flux
+ EDOOOCKECK Q‘ g::s"" No
: SAXXXALD

| Seepage / ’
; Water
Eboundary transfer
> 4 undd Y
\Jeu)o(a“on
—
: _oondinS
. Seepage gaintd" v -
. boundary e al
I ek

Fig. 5. Set-up of the numerical model and parameterization.

The maximum saturated hydraulic conductivity of matrix domain
(Kmmax) was measured under dry density of 1.3 g/cm3 using constant-
head method in which the hydraulic head gradient was kept at 15
kPa. The Kpnmax Was measured to be 2.6 x 107 my/s. Regarding the
K. max, it was calculated using Hagen-Poiseuille equation (SNOW, 1965)
based on the maximum crack aperture.

wg

K. = T2v (23)
where wj refers to the observable crack aperture from experimental or
field measurements (m), and v is the water kinematic viscosity (m?/s).
From slope model test (Luo et al., 2025), the wjnax was measured to be
3.8 mm. Then, as shown in Fig. 7c, the hydraulic conductivity curves of
the matrix and crack domains in both rigid and dynamic DPMs were
derived using Egs. (10)-(11) and Egs. (21)-(22), respectively.

The summary of parameters is listed in Table 1.

Fig. 8 compares the measured surface crack ratio at different slope
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Fig. 6. Determination of the half matrix width through statistical histogram.

locations with the simulated results from the dynamic DPM and Table. 2
gives the statistical error measures. The results indicate that the
observed crack ratio sharply decreases to near zero during rainfall and
gradually increases during drying. Due to the higher evaporation in-
tensity in the first drying phase compared to the second, the crack ratio
exhibits a more significant increase in the first drying phase. Overall, the
dynamic DPM closely matches the measured crack ratio in both trend
and magnitude. However, a slight underestimation is observed for the
crack ratio in the mid-slope region during drying. It can be attributed to
higher localized evaporation from intensive lamp heating (see Fig. 3) not
fully captured by the uniform boundary approximation. Fig. 9 presents a
comparison of the measured volumetric water content and matric suc-
tion at different depths of the slope toe and mid-slope with the simula-
tion results from both the dynamic DPM and rigid DPM. Table. 3 gives
the statistical error measures involving the volumetric water content
and matric suction. The trends show that the volumetric water content
follows a similar pattern to the crack ratio, while matric suction exhibits
an inverse relationship. Overall, the dynamic DPM provides accurate
predictions for both matric suction and volumetric water content,
whereas the rigid DPM significantly overestimates matric suction and
underestimates volumetric water content. Fig. 10 further compares the
measured and simulated lateral discharge rates of the slope. The results
indicate that the observed discharge rate exhibits a sharp increase fol-
lowed by a gradual decline during both rainfall events, which aligns well
with the simulated discharge rate from the dynamic DPM. This finding
suggests that during the later stages of rainfall, as cracks gradually close,
the slope’s discharge capacity is also suppressed. Although some de-
viations exist between the simulated and measured discharge rates, the
discrepancy remains acceptable. In contrast, the rigid DPM greatly
overestimates slope discharge—exceeding the actual value by more than
20 times (not shown in Fig. 11 due to excessive deviation). This also
explains why the rigid DPM underestimates volumetric water content
across the slope.

5. Numerical experiments considering slope stability

The previous study has demonstrated the effectiveness and accuracy
of the dynamic DPM in simulating desiccation crack dynamics and
associated slope hydrology. However, due to the scale effects of the
small-scale model test and the limited test duration, the impact of crack
dynamics on slope stability remains insignificant. Therefore, this section
focuses on developing a hydro-mechanical model based on the dynamic
DPM to investigate the influence of desiccation crack dynamics on slope
hydrology and stability under real slope-scale conditions and actual



Y. Luo et al.

Engineering Geology 357 (2025) 108377

(a) 05 Measured point
/ | — Fitting curve using Eq. (17)
4 Crack ratio Eq. (19)
\ ~ 04
'@ L e
9 N
) & 03 B
gg > k Ol Sem)
33 B % B /
Q@ S B
® o Pnax=0-52  ¢,,,=0.22
0.1 p=2+0.35 @=8+0.57
i b -
0.0 1 1 IL 1 ] | |
0.2 04 0.6 0.8 1.0
Saturation degree (S, )

10 s Measured point (b) lE’ 10° (c) -E 102 é’
€ i SWRC of the matrix doamin i Comeeesscasscsssncacsccnnasd =
S 08 - . 2 v & 2
e v —— SWRC of the crack domain s I Matrix-rigid DPM 4 100 =
<] - © iy : ¢ o= ©
o 3 10° | —— Matrix-dynamic DPM 3 =
5 06 -] e, 4 ., 2
S 8 EN 37 8

) i) = L
ﬁ 0.4 i = F --=-Crack-dynamic DPM 3 197 3
& — Measured point S0 E <~ -~ Crack-rigid DPM 3 g
502 Fitted SWRC > - g = 2
° £ == - = 10_10 g
> X - P 3 x
= e 0000 Teeds = g
0.0 o = S 7 = =
! | L | | | L | L | - 108 1 | 1 | 1 | 1 | 1 1013 (6]

0 10 20 30 40 50 0 10 20 30 40 50

Suction head (m)

Suction head (m)

Fig. 7. Determination of soil shrink-swell parameters and hydraulic properties. (a) Laboratory shrinkage test and obtained shrinkage curve; (b) soil-water retention
curve for the two models; (¢) hydraulic conductivity functions for the two models.

atmospheric boundaries.

5.1. Hydro-mechanical slope stability model with dynamic DPM

Following Shao et al. (2015); (Shao et al., 2018), we adopted the
local factor safety method (LFS) (Lu et al., 2012) to evaluate the slope
stability. The local factor safety Fips is defined as the “ratio of the
Coulomb stress at the current state of stress to the Coulomb stress of the
potential failure state under the Mohr- Coulomb criterion”. Then,
application of the Mohr-Coulomb failure criterion gives the Fi s at each
node in the slope numerical model as follow
7 cosgp -, . ,
Fips =—=—"——[c + (¢} +d;)tan¢y /2]
T 0'1 — 03

(24)

6 =0—ypw (25)
where 7" is the critical Coulomb shear strength; 7 is the actual shear
stress; ¢ is the effective cohesion (kPa); ¢’ is the effective friction angle;
o1’ and o3  are the spatially varying first and third principal effective
stress, respectively. ¢ is defined as normal stress (¢) minus pore water
pressure (py); y is the matric suction coefficient, which equals to the soil
saturation degree (Se). By substituting the pore water pressure and
saturation degree simulated by the dynamic DPM into Eq. (25), a hydro-
mechanically coupled slope stability model that accounts for desiccation
crack dynamics can be established.

To describe the deterioration effect of desiccation cracks on soil
strength parameters, we made the following two assumptions:

(i) The overall soil shear strength and corresponding strength pa-
rameters (¢ and ¢') are proportionally to the crack and matrix
domains.

T =WcT, + WnTn (26)

¢ = WcC, +WpC,, 27)

¢/ = Wc¢,c +Wm¢;n (28)
where 7, is the soil shear strength. Note that the 7, ¢, and qﬁ'c are set as
zero to describe the negative contribution of the crack domain on the
overall soil strength.

(i) The deterioration effect caused by desiccation cracks on the
overall soil strength is unrecoverable when the cracks are closed
due to rewetting. In other words, the overall strength parameters
will decrease after soil cracking and will not recover after crack
closure.

Fig. 11 illustrates the flowchart of coupling rigid DPM and dynamic
DPM with the soil mechanical model. We specifically included the
coupling process of a single-domain model (SDM) in the flowchart to
better display the entire coupling process. As can be seen, for conven-
tional SDM, the calculated pore water pressure is directly incorporated
into the soil mechanical model using Eq. (25). For the rigid DPM and
dynamic DPM, the pore water pressure used in Eq. (25) is a weighted
value calculated from the matrix and crack domains (such as Eq. (5)).
With regard to the matric suction coefficient, only the saturation degree
of the matrix domain is considered, as the crack domain rarely con-
tributes to overall soil strength through matric suction.

5.2. Design of numerical experiments

Dual-permeability and slope stability were also simulated and
coupled within the finite element solver COMSOL Multiphysics 5.6 (Luo
etal., 2023a; Shao et al., 2015). As shown in Fig. 12B, this study adopted
a conceptual slope model with slope angle of 23°, which is 6 m high and
15 m long, consisting of a shrink-swell soil layer with 2.0 m thick and
underlying low-permeable soil layer without cracks. The calculation
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Table 1
The summary of hydrological parameters in rigid and dynamic dual-
permeability models.

Symbol  Parameter description Unit Value Source
rigid dynamic
DPM DPM
Matrix saturated
Oms volumetric moisture -) 0.368 Measured
content
Matrix residual
Omr volumetric moisture -) 0.01 Measured
content
-G hten SWRC 1
am van-Genuchten R s 0.5 Eq. (22) Measured
parameter (matrix m)
Nm domain) -) 1.4 Measured
Matrix hydraulic (m/
Kin.max conductivity maximum 9 2.62 x 10°° Measured
(pre-shrinkage)
Crack saturated
Ocs volumetric moisture -) 0.99 Assigned
content
Crack residual
Ocr volumetric moisture -) 0.01 Assigned
content
e van-Genuchten SWRC a/ 15 Assigned
parameter (crack m)
ne domain) -) 3 Assigned
Crack hydraulic m/
Ke max conductivity maximum 9 5.9 Caculated
(maximum aperture)
Crack hydraulic
2.62
Kemin conductivity minimum (I:;/ NA 1%,;( Assigned
(minimum aperture)
Matrix-crack domain (m/
Eq. (8 lated
Ka hydraulic conductivity s) q- (&) Caculate
Inter-domain water a/
aw transfer coefficient m?) 2564 Caculated
Porosity maximum
— NA 0.52 M d
Pmax (matrix domain) o) casure
Porosity minimum
. — NA .22 M
Pmin (matrix domain) O 0 easured
P Shape parameters of the =) NA 2 Measured
q soil shrinkage curve =) NA 8 Measured
Fixed k ti
We 1xed crack proportion =) 0.3 NA NA  Measured

for the rigid DPM

domain was set as 42 m by 25 m, which is wider than the slope model to
minimize the boundary effects.

In hydrological simulations, the left and bottom sides of the model
were defined as no-flux boundaries, while the right side encompasses a
seepage boundary condition for the upper soil layer and a specified
pressure head boundary for the lower soil layer. The upper surface
boundaries were assigned a combined type of boundary conditions to
represent rainfall, ponding, evaporation and seepage processes. In slope
stability simulations, the left and right sides were designated as roller
boundaries (allowing only vertical deformation), the bottom side was
fixed (no deformation), and the upper surface was set as a free defor-
mation boundary. A mesh structure with a dense size of 0.42 m was
employed to capture transient boundary hydrological conditions. A
coarser free-triangle mesh was used in the lower part of the model. The
total number of mesh elements is 3565, with an average element area of
0.27 m?. Numerical robustness was ensured through: (1) Mesh inde-
pendence confirmed by sensitivity tests with average element sizes of
0.72 m? and 1.5 m% (2) Adaptive time-stepping with free step size
control (initial At = 0.001 day); (3) Convergence criteria of relative
tolerance 0.01 and absolute tolerance 1 x 10~° kPa, with absolute
tolerance factor fixed at 0.1 for pressure magnitude consistency. The
initial condition for dynamic DPM and rigid DPM was obtained by
running dynamic DPM under a rainfall intensity of 0.5 mm/day for a
duration of 10 years to establish a stable initial distribution of pore
water pressure (Fig. 12B). Then, the two models were subsequently
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subjected to one-year realistic atmospheric boundary conditions as
illustrated in Fig. 12C following Luo et al. (2023b). The rigid DPM and
dynamic DPM both utilize identical two-dimensional size, boundary
conditions, mesh configurations and initial conditions.

In hydrological simulations, we compared the differences in
groundwater level, water balance and pore water pressure distribution
between dynamic DPM and rigid DPM. Then, building on the pore water
pressure calculated by the two models, we compared the differences in
slope stability among models under conditions of neglecting crack
deterioration effect (dynamic DPM-1 and rigid DPM-1), considering
reversible crack deterioration effect (dynamic DPM-2 and rigid DPM-2)
and considering irreversible crack deterioration effect (dynamic DPM-
3).

5.3. Parameterization

The implementation of the hydro-mechanical slope model requires
both hydrological and mechanical parameters. The hydrological pa-
rameters all from Table 1. The mechanical parameters are primarily
based on those outlined by Shao et al. (2015), with a slight modification:
the soil shear strength parameters employed herein are higher compared
to those in the referenced study to accommodate and observe the
deteriorative effects on soil strength induced by long-term crack dy-
namics. Considering that the upper soil layer has undergone prolonged
wetting-drying cycles and their soil strength may be degraded by the
desiccation cracks, the lower layer was assigned with higher strength
parameters than the upper one. Furthermore, it should be noted that
elastic mechanical parameters were selected for this study, primarily
due to the gentle slope inclination, which minimizes the likelihood of
large and rapid plastic deformation (Zhang et al., 2021a). A summary of
all mechanical parameters in each experiment is provided in Table 4.

6. Simulation results
6.1. Slope hydrology

6.1.1. Groundwater level and water balance

Our hydrological simulation results demonstrate that under atmo-
spheric rainfall-evaporation conditions, desiccation cracks in the dy-
namic DPM overall lead to shallower groundwater level (Fig. 13A) and
more water storage (Fig. 13C) compared to that of the rigid DPM with
fixed cracks. This result seems to be counter-intuitive, but it becomes
clear when we analyze the water balance of the boundary flow
(Fig. 13B). Due to fixed cracks with larger preferred infiltration paths,
the simulated cumulative preferential inflow and matrix inflow in the
rigid DPM is 1.47 m? (10.6 %) higher than that of the dynamic DPM
(Fig. 13b1-b2). However, as the fixed cracks concurrently result in high
drainage capacity, the cumulative preferential outflow, near the slope
toe and from the right boundary, is 17.6 m? higher than that of dynamic
cracks (Fig. 13b5, b6, b11, b12). It means almost all up-boundary inflow
in the rigid DPM is drained out through fixed preferential paths, and
therefore, the dynamic DPM with decreasing crack connectivity retains
more water in the slope (Fig. 13C). This phenomenon was also observed
in the slope model test.

6.1.2. Pore water pressure and crack dynamics

The distribution of total pore water pressure further directly dem-
onstrates the higher pore water pressure in the dynamic DPM with
respect to the rigid DPM (Fig. 14). Particularly, during the heavy rainfall
on the 197th day, dynamic DPM forms continuous wetting zones near
the slope surface and at the two-layer interface, which connects to the
groundwater around the slope toe. Conversely, the rigid DPM only forms
small part of wetting zones around the slope toe. Following long-term
drought (on the 280th day), the overall distribution of pore water
pressure simulated in the desiccation cracks remains higher than that in
the fixed cracks.
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Table 2
Statistical evaluation of prediction accuracy for crack ratio simulated by dy-
namic DPM.

Evaluation metrics Upper slope Mid-slope Slope toe
RMSE 1.95 3.28 1.41
Nash-Sutcliffe efficiency (NSE) 0.92 0.81 0.96

The higher pore water pressure in the dynamic DPM is not only
ascribed to its higher water storage but also comes from the desiccation
crack dynamics. Fig. 15 A shows that the crack ratio (or crack propor-
tion) in the dynamic DPM varies in time and space with the rainfall-
evaporation cycles (Fig. 15a-a3), while the crack ratio in the rigid
DPM is fixed at 10 % throughout the entire slope (Fig. 15a4). Especially
during the heavy rainfall on the 197th day, due to matrix swelling
induced by water infiltration, the average crack ratio simulated by the
dynamic DPM is less than 1 %. Fig. 15 B shows pore water pressure in the
crack domain and the water exchange rate during the 197th day (rain-
storm). A positive water exchange rate indicates the movement of water
from the crack domain to the matrix domain, whereas a negative value
signifies the reverse flow. PWP represents pore water pressure. Under
the same water inflow, crack domain in the dynamic DPM is rapidly
filled due to shrinking water storage space, resulting in higher pore
water pressure (Fig. 15b1) with respect to the rigid DPM (Fig. 15b2). The
higher pore water pressure in the dynamic DPM contributes to faster
water exchange from the crack domain (positive value) to the matrix
domain (Fig. 15b3-b4) instead of being discharged through the right
boundary, and therefore, forming larger wetting zones than that of the
rigid DPM (Fig. 14).

6.2. Slope stability

The effective stress of the soil is defined as the total stress minus the
pore water pressure (see Eq. (25)). Generally, regions with low effective
stress in a slope are more prone to instability. Fig. 16A shows that the
area of low effective stress simulated by the dynamic DPM is larger than
that of the rigid DPM. Particularly on the 197th day, the average dif-
ference of effective stress between dynamic DPM and rigid DPM reaches
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—10 kPa. However, after prolonged drought (e.g., on the 364th day),
this difference significantly decreases.

This outcome has direct implications for slope stability. For instance,
when disregarding crack deterioration effects (Fig. 17a), dynamic DPM
demonstrates substantially larger areas of slope instability (Fs < 1) and
potential instability (Fs < 1.2) compared to the rigid DPM throughout
the simulation period. It is consistent with the simulation result of
effective stress distribution. Interestingly, when considering reversible
crack deterioration effects, although areas with F; < 1 and Fs < 1.2
during rainy season simulated by the dynamic DPM are still larger than
those of the rigid DPM, areas with Fs < 1.2 during dry periods in the rigid
DPM exceed those in the dynamic DPM (Fig. 17b). This outcome arises
because, during drying periods, the difference in effective stress between
the two models is minimal, making strength parameters the dominant
factor influencing stability. In the rigid DPM, the fixed crack proportion
(we = 0.1) results in an average 10 % reduction in soil strength
throughout the simulation, whereas the maximum average reduction
predicted by the dynamic DPM is only 3.8 %. Furthermore, when
considering irreversible crack deterioration effects (dynamic DPM-3 in
Fig. 17c¢), the areas of Fs < 1 and Fg < 1.2 are largest in dynamic DPM-3,
followed by those in dynamic DPM-2 (considering reversible crack
deterioration effects) and dynamic DPM-1 (neglecting crack deteriora-
tion effects). This result is not surprising when examining changes in
strength parameters (e.g., cohesion). As shown in Fig. 18, in dynamic
DPM-3, even as the crack ratio decreases during rainfall, the irreversible
crack deterioration effect maintains overall soil cohesion at levels
reduced by the maximum previous crack ratio. In contrast, due to crack
closure during rainfall, the assumption of reversible crack deterioration
in dynamic DPM-2 results in soil strength similar to its initial strength,
without significant reduction. Consequently, the areas of F; < 1 and Fs <
1.2 in dynamic DPM-2 largely overlap with those in dynamic DPM-1.

7. Discussion
7.1. Effects of desiccation crack dynamics on slope hydrology

Our study highlights the important role of the opening and closing
process of desiccation cracks for slope hydrology and impacting the
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Table 3
Statistical evaluation of prediction accuracy for matric suction and water content simulated by DPMs.
Evaluation metrics Dynamic DPM Rigid DPM
M1 M2 M3 M4 M5 M1 M2 M3 M4 M5
RMSE 4.59 1.45 4.71 2.29 3.02 17.09 15.54 14.49 16.80 16.16
Nash-Sutcliffe efficiency (NSE) 0.87 0.98 0.92 0.98 0.98 —0.75 0.41 0.28 0.31 0.51
Evaluation metrics T1 T2 T4 T5 T6 T1 T2 T4 T5 T6
RMSE 0.027 0.025 0.045 0.042 0.048 0.11 0.12 0.10 0.11 0.12
Nash-Sutcliffe efficiency (NSE) 0.96 0.97 0.88 0.89 0.88 0.41 0.32 0.39 0.35 0.29
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Fig. 10. Measured and simulated slope discharge by dynamic DPM. (a) discharge during the 1st rainfall (b) discharge during the 2nd rainfall

stability of expansive clay slopes. Previous studies have identified the
preferential flow through desiccation cracks is the leading hydrological
cause for expansive clay slope instability (Bogaard and Greco, 2015;
Caris and Van Asch, 1991; Greco et al., 2023; Khan et al., 2017; Luo
et al., 2021; Pei et al., 2020; Xie et al., 2020; Zhang et al., 2022a; Zhang
et al., 2021b; Zhang et al., 2021a; Zhang et al., 2020). Zhang et al.
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(2021b); (Zhang et al., 2021a) found early responses of deep soils to
precipitation induced by preferential flow through desiccation cracks,
attributed to sharp increase of pore water pressure which facilitates
expansive clay slope instability. Pei et al. (2020) and Xie et al. (2020)
underscores that preferential flow through desiccation cracks reduces
surface runoff and increases infiltration, leading to reduced stability of
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expansive clay slopes. Most existing studies have focused on the nega-
tive effects of preferential flow during crack opening, assuming that the
closure of desiccation cracks reduces preferential flow and thus en-
hances slope stability. However, in this paper, we delineate, for the first
time, that narrowing of desiccation cracks could slow down the lateral
slope drainage process during high-intensity precipitations due to
reduced connectivity in the crack network. This, in turn, leads to rapid
increase in pore water pressure and water exchange from the crack
domain to soil matrix, ultimately contributing to slope instability.
Galeandro et al. (2013a); (Galeandro et al., 2013b) conducted simula-
tions of preferential flow through vertical shrinkage cracks and obtained
similar results, with overland flow quickly reaching significant depths
through narrowing cracks and increasing pore water pressure. However,
in their case, the high pore pressure in the narrowing cracks broke a
capillary barrier formed by an underlying high-permeable soil layer,
promoting vertical water drainage and benefiting slope stability. In
contrast, our study focused on another and also more common slope
structure, featuring a combination of an expansive clay layer and a low-
permeable soil layer below. In this scenario, the vertical drainage paths
established by desiccation cracks are constrained by a low-permeable
soil layer beneath, forcing drainage to occur laterally through the
desiccation cracks. As the crack apertures narrow, the connectivity of
these lateral paths decreases, leading to increased pore water pressure
and ultimately triggering slope instability. Our findings suggest that,
instead of arbitrarily closing desiccation cracks, maintaining an appro-
priate level of crack connectivity may offer a more nature-based and
effective approach to prevent slope failures in expansive clays. For
instance, implementing controlled-connectivity strategies—such as
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bioengineered root channels or graded gravel trenches—can sustain
lateral drainage capacity during crack closure, thereby enhancing the
climate resilience of cracked expansive clay slopes. Nevertheless, it is
worth noting that our results are mainly applicable and interpretable to
gently sloping expansive clay slopes where desiccation cracks can well
develop instead of being eroded by surface runoff. Additionally, beyond
conventional monitoring of surface crack propagation during droughts,
we recommend prioritizing real-time tracking of crack-network con-
nectivity during storms.

7.2. Effects of desiccation crack dynamics on slope mechanical stability

Our study also reveals that irreversible deterioration effect caused by
dynamic changes of desiccation cracks can persistently degrade long-
term slope stability. Mechanistically, clay slope instability arises from
two interdependent processes: (1) progressive decline in suction-
dependent shear strength driven by moisture content variations (Lade,
2010; Toll et al., 2011; Wu et al., 2022; Zhan et al., 2013), and (2) time-
dependent weakening of inherent strength characteristics (e.g. cohesion
and friction angle) governed by structure evolution (Smethurst et al.,
2012; Stirling et al., 2021; Take and Bolton, 2011; Zhang et al., 2022b;
Zhou et al., 2021; Tian et al., 2025; Huang et al., 2020). During drying
periods, the strength of soil matrix increases as soil suction rises.
Concurrently, drying of the soil leads to development of desiccation
cracks, resulting in reduction of overall shear strength. There is a
competitive relationship between the contribution of increasing soil
matrix strength to the overall strength and the reduction in the overall
strength caused by cracks (Tang et al., 2020). During subsequent wetting
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Table 4
Mechanical parameters for all models.
Model Symbol  Parameter description Unit Upper layer Lower
layer
E Young’s modulus (MPa) 10 20
dynamic v Poisson’s ratio -) 0.35 0.35
DPM-1 ’m Neglecting deterioration effect of desiccation cracks on soil Friction angle ©) 10 35
C'm strength Effective cohesion (kPa) 8 15
rigid DPM-1 y Natural unit weight 1;11\13/ 1900 2100
dynamic #'m Friction angle (assumption [i]) ©) 10"(1_)1;%(56’ 35
DPM-2 Cm Considering reversible deterioration effect of desiccation cracks Effective cohesion (assumption [i]) (kPa) 8*(1-Wc(Se,m)) 15
N on soil strength . . . o 10%(1-we)
rigid DPM-2 m Friction angle (assumption [i]) ©) —108 35
Cm Effective cohesion (assumption [i]) (kPa) 8*(1-w.) =7.2 15
5 Friction angle (assumption [i] + ©) 10*(1-wc(Se, 35
dynamic m Considering irreversible deterioration effect of desiccation cracks [iil) m)
DPM-3 on on soil strength Effective coheswnfassumptmn [i] (kPa) 8*(1-We(Serm) 15
+ [Lil) ’
periods, the strength of soil matrix decreases as soil suction lowers. 2021). Earlier numerical studies have considered soil suction-derived
Meanwhile, wetting of the soil leads to narrowing of desiccation cracks. shear strength but often assumed constant soil strength parameters,
The soil suction-derived shear strength fluctuates with moisture dy- thus failing to capture the continuous degradation of slope stability
namics and is reversible during wetting and drying. However, intrinsic under wetting-drying cycles. Gao et al. (2021) introduced a reduction
soil structure is vulnerable to damage from the opening and closing function to characterize soil strength with wetting-drying cycles, but
processes of desiccation cracks, leading to an irreversible decline in their approach is highly empirical and does not account for the irre-
strength parameters (Pires et al., 2020; Tang et al., 2020; Xu et al., versible deterioration caused by desiccation cracks. In our study, we
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Fig. 13. Groundwater level and water balance simulated by the rigid DPM and dynamic DPM. (A) variation of depth of groundwater level at three different
monitoring point simulated by the two models; (B) boundary water inflow and outflow in the upper expansive clay layer; (C) time curves of cumulative water storage
in the expansive clay layer simulated by the rigid DPM and dynamic DPM. Note that the cumulative water storage equals to the difference between water inflow
and outflow.
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3) on the soil strength.

quantify the deterioration of soil strength parameters as a function of
crack proportion and employ a linear irreversible reduction method to
demonstrate that the development of desiccation cracks leads to irre-
versible damage to the intrinsic strength parameters of soil, even when
the cracks heal. Although the difference in slope failure areas is only 1.2
% between simulations considering irreversible crack deterioration ef-
fects and not, it is foreseeable that extended periods of drought will
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increase crack volume and lead to further soil strength deterioration,
significantly elevating the risk of slope instability during subsequent
rainy seasons. It might provide plausible interpretations for
weather-driven deterioration effects on soil dams (Stirling et al., 2021).
For slope stability assessments in climate-sensitive cracked clays, our
results demonstrate that analyses must account not only for instanta-
neous crack-density effects but also dynamic strength attenuation from
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Fig. 18. Variation of average soil cohesive under considering reversible (dynamic DPM-2) and irreversible crack deterioration effect (dynamic DPM-3).

crack evolution.

7.3. Pore water pressures and slope stability

Within the dual-permeability framework, another issue meriting
focused discussion is which pore water pressure (PWP) should be
employed in the analysis of slope stability, that of the matrix domain or
the crack domain. In previous studies involving the rigid DPM and slope
stability in Shao et al. (2015, 2017, 2018), PWP in the crack domain has
often been considered as the primary and sole variable in slope stability
simulations. This may hold true for slopes composed of gravel soils with
pervasive and high-density fixed macropores (Hencher, 2010; Laine-
Kaulio et al.,, 2014; Nieber and Sidle, 2010; Uchida et al., 2001;

Wienhofer et al., 2011), where the time delay for PWP propagating from
the crack domain to the matrix domain (or PWP equilibrium process) is
very short (Shao et al., 2015). It implies that the PWP in the two domains
can be close to each other in a short time, and therefore, it is reasonable
to choose the PWP as the global PWP representation in slope stability
calculation from a relatively safe perspective. However, it is not the case
for cracked clay soil slopes, in which the time delay of PWP equilibrium
process is relatively large (van der Spek et al., 2013). As shown in
Fig. 19, in different locations of cracked clay slopes, the slow water
balance process between the two domains leads to considerable differ-
ences in PWP at a given time. For the shallow surface layer (Fig. 19a),
where the crack domain serves as the main drainage pathway, the dif-
ference between the PWP in the crack domain and that in the matrix
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Fig. 19. Comparison graph of weighted and non-weighted pore water pressure at different slope position simulated by the dynamic DPM (a) surface layer at the mid-

slope (b) 1-m depth at the slope toe.
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Fig. 20. Slope stability calculation based on different choice of pore water
pressure simulated in dynamic DPM during the 197th day.

domain can reach up to approximately 25 kPa. Using crack PWP as the
global PWP representation, as shown in Fig. 20, neglects the contribu-
tion of the matrix domain to slope instability and consequently un-
derestimates the extent of unstable regions. For the slope toe (Fig. 19b),
the crack domain acts as the primary water storage space and exhibits
higher PWP values than the matrix domain, but its volume proportion is
significantly smaller compared to the matrix domain. Using crack PWP
as the sole variable to calculate the slope stability may lead to under-
estimation. Consequently, herein, we adopted weighted PWP of matrix
and crack domains, instead of sole crack PWP, as the stress input for the
slope stability simulation.

8. Conclusions

This study investigates the impact of desiccation crack dynamics on
slope hydrology and stability in expansive clay slopes. An advanced
hydrological model, capable of capturing both desiccation crack evo-
lution and associated slope hydrological processes, was developed based
on a dynamic dual-permeability model (dynamic DPM). The model was
validated through small-scale physical slope experiments and subse-
quently integrated into numerical slope stability analyses under one-
year atmospheric conditions. Using a synthetic slope model, the slope
hydrological response was simulated under both dynamic and fixed
crack conditions. The resulting hydrological outputs were then used to
evaluate slope stability under three scenarios: (i) neglecting the deteri-
oration effect of cracks on soil strength, (ii) considering reversible
deterioration, and (iii) considering irreversible deterioration.

Regarding slope hydrology, the simulation results of dynamic DPM
revealed that the slope model with dynamic cracks retained more water
and higher groundwater level than that with fixed cracks. The closure
process of desiccation cracks reduces slope drainage capacity, leading to
a rapid build-up of pore water pressure due to preferential flow, and thus
facilitating slope instability, which is a newfound and somewhat
counter-intuitive triggering mechanism. Conversely, rigid DPM, which
neglects the desiccation crack dynamics, significantly overestimates the
water storage and drainage capacity of the crack domain, thus under-
estimating the overall pore water pressure in the slope. From the me-
chanical perspective, the irreversible deterioration effect induced by
crack dynamics on soil strength persistently degrades long-term slope
stability. Disregarding these deterioration effect will overestimate the
slope stability in the context of climate change.

While the dynamic DPM advances crack-mediated hydrological
modeling, three key limitations warrant attention. Firstly, the model
validation relied on laboratory-scale slopes, necessitating further testing
under field-scale heterogeneous subsurface conditions to ensure broader
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applicability. Secondly, although the implicit approach effectively
quantifies crack-volume dynamics, it simplifies crack geometry by
resolving neither individual propagation paths nor localized stress
concentrations, potentially underestimating failure risks at fracture tips.
Most critically, the current framework initiates simulations from pre-
desiccated cracks, lacking capability to simulate the complete spatio-
temporal evolution from intact soil to crack stabilization; future itera-
tions will incorporate tensile strain thresholds and energy-based
initiation criteria to enhance evolutionary completeness.

Notation

2] Total water content (combined matrix and crack domains),
m’m~3

Om Volumetric water content of the matrix domain, m®m >

0, Volumetric water content of the crack domain, m®m 3

Omys Saturated volumetric water content of the matrix domain,
m3m~3

Omr Residual volumetric water content of the matrix domain,
m’m

Ocs Saturated volumetric water content of the crack domain,
m’m~3

Ocr Residual volumetric water content of the crack domain,
m’m 3

Sem Saturation degree of the matrix domain, m®m~3

Sec Saturation degree of the crack domain, m®m 3

U Parameter for the van Genuchten water retention curve of the
matrix domain, 1/m

Ny Parameter for the van Genuchten water retention curve of the
matrix domain, 1/m

o Parameter for the van Genuchten water retention curve of the
crack domain, 1/m

Ne Parameter for the van Genuchten water retention curve of the
crack domain, 1/m

hm Pressure head of the matrix domain, m

h. Pressure head of the crack domain, m

C. Specific water capacity of the crack domain which is defined
as df./dh., 1/m

Cnm Specific water capacity of the matrix domain which is defined
as dfm /dhy, 1/m

K; Total transient saturated hydraulic conductivity of the soil
(combined matrix and crack domains), m/s

K. Transient hydraulic conductivity of the crack domain, m/s

K. s Saturated hydraulic conductivity of the crack domain, m/s

K max The maximum crack hydraulic conductivity when the crack
reaches its maximum crack aperture, m/s

K. min The minimum crack hydraulic conductivity when the crack
reaches its minimum crack aperture, m/s

Km Transient hydraulic conductivity of the matrix domain, m/s

Kins Saturated hydraulic conductivity of the matrix domain, m/s

Kmmax  The maximum matrix hydraulic conductivity prior to soil
shrinkage, m/s

K, Hydraulic conductivity between the matrix and crack
domains, m/s

Ka,, An improved hydraulic conductivity between the matrix and
crack domains reformulated by Gerke et al. (2013), m/s

Ty Water exchange term between the crack and matrix domains,
1/s

we Crack ratio, which is defined as volumetric ratio between the
crack domain and the overall soil volume, m®m 3

Wj max The maximum average crack aperture measured in the
experiment, m

Wm Volumetric ratio between the matrix domain and the overall
soil volume, m®m

y Effective water transfer coefficient, 1/m>
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B A dimensionless factor which depends on the shape of the soil
matrix and is set as 3

Yw A dimensionless “scaling” coefficient with a suggested value
of 0.4

a A scaling factor approximately equaling to the half width of
the average block size

i Total boundary flow rate (combined matrix and crack
domains), m/s

im Transient boundary flow rate of the matrix domain, m/s

i Transient boundary flow rate of the crack domain, m/s

r Rainfall intensity, m/s

AE Actual evaporation rate, m/s

PE Potential evaporation rate, m/s

S Matric suction of the soil surface, kPa

Prmax The maximum porosity) of a soil core prior to soil shrinkage.
m®m~3

Dmin The minimum porosity of the matrix domain, m®m~3

Gmarix  Porosity of the matrix domain, which is defined as pore
volume in matrix divided by the total soil volume, m®m 3

Derack Porosity of the crack domain, which is defined as pore volume
in crack domain divided by the total soil volume, m®m 3

P Functional shape parameters of the soil shrinkage curve

q Functional shape parameters of the soil shrinkage curve

7 Critical Coulomb shear strength, kPa

T Shear stress, kPa

¢ Effective cohesion, kPa

¢ Effective friction angle, °

c Effective stress, kPa

Dw Pore water pressure, kPa

X Matric suction coefficient

E Young’s modulus, MPa

v Poisson’s ratio
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