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Quantitative investigation on the preferential flow induced by desiccation cracks (PF-DC) remains a great
challenge due to the soil shrinking-swelling behavior. This work presents a series of comparative numerical
studies to investigate the accuracy and substitutability of different models in simulating the water flux, hydro-
logical response and crack evolution induced by PF-DC. As a comparative study, an effective dynamic dual-
permeability model (DDPM) we recently developed and validated was regarded as a benchmark model. Three
numerical experiments were conducted to (i) compare the difference among the single-domain model (SDM),
rigid dual-permeability model (RDPM) and DDPM; (ii) test the sensitivity of the DDPM to the shrinking-swelling
parameters; (iii) test the rationality of a “lighter” dynamic DPM (LDPM) only considering the proportion changes
of each domain while neglecting the variation of hydraulic properties. The results showed that compared to the
DDPM, the SDM overestimated the water content under low-rainfall intensity while underestimating the water
content under high-intensity rainfall and failed to capture the early increase of water content in deep soils
induced by PF-DC. The RDPM greatly overestimated the total water content and water storage capacity of the
crack domain, which was not suggested to be used in the surface runoff or flood forecast. The DDPM is overall not
sensitive to the shrinking-swelling parameters, indicative of relatively loose accuracy requirements in measuring
the soil shrinking-swelling parameters. The LDPM can be a tentative alternative option for the DDPM, but it is
better not to use it to evaluate the surface runoff or use it under long-term extreme drought. In conclusion, the
prediction errors without considering crack evolution and variation of hydraulic properties of each domain
(RDPM) are the highest, then followed by the only considering crack evolution (LDPM) and uncertainties of
shrinking-swelling parameters.

current background of increasing incidents of extreme droughts and
precipitation due to climate change (Chaduvula et al., 2022; Coumou
and Rahmstorf, 2012), the dry spells will enlarge the desiccation cracks
and facilitates the PF-DC during subsequent heavy rainfall. The negative

1. Introduction

Desiccation cracks are prevalent in cracked clay soils (Davidson,
1984; Weiler, 2005), which often serve as preferred pathways leading
water to rapidly infiltrate into subsoils as preferential flow (Beven and
Germann, 1982; Greve et al., 2010). The preferential flow induced by
desiccation cracks (PF-DC) has proven to be an important hydrological
process that could lead to geotechnical engineering and ecological
environment problems, such as dike and slope instability (Jamalinia
etal., 2020; Zhang et al., 2021a; Zhang et al., 2021b), shallow landslides
(Bogaard and Greco, 2015; Caris and Van Asch, 1991), groundwater
pollution (Chen et al., 2002; Mooney and Morris, 2008) and reduction of
irrigation efficiency (Greve et al., 2010; Smith et al., 2005). Under the
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consequences of the PF-DC will be exacerbated. However, as the com-
plex spatiotemporal variability of the desiccation cracks with moisture
content, the PF-DC is not well understood due to a lack of effective
simulation methods.

As a pioneer on soil desiccation cracking, Tang et al. (2011) con-
ducted systematic study and revealed that the desiccation cracks have
unique dynamic features in their volume, depth and connectivity with
soil moisture content (Tian et al., 2022; Xu et al., 2022; Zeng et al.,
2021), causing great challenges in modeling the evolution of desiccation
cracks. Regarding the existing forms of the soil cracks in the numerical
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Nomenclature

PE-DC  Preferential flow induced by desiccation cracks
DEM Discrete element method

FEM Finite element method

EM Static explicit method to model PF-DC

SDM Single-domain model without considering preferential
flow

RDPM  Rigid dual-permeability model with fixed crack ratio and
hydraulic conductivity
DDPM  Dynamic DPM with changing crack ratio and hydraulic

conductivity

LDPM  Lighter DDPM only considering changes of crack ratio

0 Total water content (combined matrix and crack domains),
m®m—3

Om Volumetric water content of the matrix domain, m®m~2

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

Oms Saturated volumetric water content of the matrix domain,
m®m~3

Omr Residual volumetric water content of the matrix domain,
m®m—3

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

Om 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

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

ac 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

m 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

Cn Specific water capacity of the matrix domain which is
defined as dfp, /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

K., Relative hydraulic conductivity of the crack domain,
m®m—3

Kn Transient hydraulic conductivity of the matrix domain, m/

s

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

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

K Relative hydraulic conductivity of the matrix domain,
3 -3
m°m
K, Hydraulic conductivity between the matrix and crack
domains, m/s
K, An improved hydraulic conductivity between the matrix

and crack domains reformulated by Gerke et al. (2013), m/
s

'y 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~3

oy Effective water transfer coefficient, 1/m?

p 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

e Total soil porosity (combined matrix and crack domains),
which is defined as total pore volume divided by total soil
volume, m®m—3

€m Effective porosity of the matrix domain, which is defined as
pore volume in matrix divided by the volume of matrix
domain

£ Effective porosity of the matrix domain, which is defined as
pore volume in matrix divided by the volume of crack
domain

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

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

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

I Cumulative boundary flow rate of the matrix domain, m

I. Cumulative boundary flow rate of the crack domain, m

dm Transient bottom drainage rate of the matrix domain, m/s

- Cumulative bottom drainage rate of the matrix domain, m

r Rainfall intensity, m/s

PE Potential evaporation rate, m/s

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

Drnin The minimum porosity of the matrix domain, m®m 3

Gmatix  Porosity of the matrix domain, which is defined as pore

volume in matrix divided by the total soil volume, m®m >

Derack Porosity of the crack domain, which is defined as pore
volume in crack domain divided by the total soil volume,
3 -3
m°m
P Functional shape parameters of the soil shrinkage curve
q Functional shape parameters of the soil shrinkage curve

model, current simulation methods can be basically classified as explicit
and implicit methods. The explicit method visualizes desiccation cracks
by simulating the particle (or matrix blocks) contraction using the
discrete element method (DEM) (Sima et al., 2014; Tang et al., 2021;
Tran et al., 2020) or finite element method (FEM) (Sanchez et al., 2014;
Shin and Santamarina, 2011; Vo et al., 2017). These kinds of dynamic

explicit methods are often used to simulate crack evolution and crack
morphology during evaporation at small scales. However, they are
rarely adopted to model the water infiltration and redistribution under
long-term wetting-drying cycles for their intrinsic shortcomings in
simulating the complex hydrological process (e.g. lack of proper
constitutive hydrological models). Consequently, an alternative static
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Fig. 1. Illustration of the model concept.
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Fig. 2. Set-up of the numerical model.

explicit method (EM), which usually defines the details involving the
geometry, spatial distribution and hydrological properties of each crack,
was widely used to simulate hydrological process induced by soil cracks
building on FEM (Khan et al., 2017; Pei et al., 2020; Xie et al., 2020).
Nevertheless, the EM always assumes the cracks are spatiotemporally
fixed and thus is defective in describing the dynamic features of
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Fig. 3. Boundary atmospheric conditions.

desiccation cracks. Meanwhile, the EM is computationally unfeasible
when simulating network-distributed desiccation cracks (Aguilar-Lopez
et al., 2020), particularly at a large scale (i.e. slope scale). While some
coupled FEM-DEM methods are developed (Gui et al., 2016; Hirobe and
Oguni, 2016; Wijerathne et al., 2009), they are over-parametric and
complex to apply due to the computational burden.

The implicit method often assumes the soil pore system can be
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Fig. 5. Soil water retention curves of the matrix and crack domains.

represented as multi overlapping interacting regions, one which repre-
sents the matrix domain with micropores and the others represent do-
mains with different kinds of meso-macro pores (i.e. desiccation cracks
and biological holes). These kinds of models may be not suitable for a
sole dominant crack in soils but can well simulate pervasive macro pores
in the soils, such as desiccation cracks or earthworm holes. The most
well-known model is the classical/rigid dual-permeability model
(RDPM) which used Richards equation (Aguilar-Lopez et al., 2020;
Gerke and van Genuchten, 1993; Gerke and Maximilian Kohne, 2004;
Larsbo and Jarvis, 2003; Simtinek et al., 2003) or the Green-Ampt model
(Davidson, 1984; Stewart, 2019) building on Darcy’s flow law to
simulate water flow both in the crack and matrix domains. Despite some
critics on the Richards-equation-based RDPM (Nimmo, 2010; Nimmo
et al., 2021), it has still been widely accepted and used in simulating
preferential flow in soils due to its easily available parameters, reason-
ably satisfactory prediction to the measurements and high computation
efficiency (Jarvis et al., 2016). However, the RDPM assumes the crack
volume and hydrological properties of each domain keep spatiotempo-
rally constant, which is unfeasible to capture the dynamic features of PF-
DC (Luo et al., 2023).

In our recent study (Luo et al., 2023), a new and effective dynamic
preferential flow model (DDPM) based on the dual-permeability concept

Geoderma 433 (2023) 116471
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Fig. 6. Comparative curves of K,,, and K, in the SDM, RDPM and DDPM. (a) K,
in the SDM, RDPM and DDPM,; (b) K. in the RDPM and DDPM.

was proposed to account for the PF-DC controlled by the soil shrinking-
swelling behavior. The model has a physically-consistent definition. It
remedies the shortcomings of the RDPM and other dynamic preferential
flow models in defining the dynamic changes of desiccation cracks
(Coppola et al., 2012; Coppola et al., 2015) and hydraulic properties of
each domain and interface (Bagnall et al., 2019; Jamalinia et al., 2020;
Kroes et al., 2000; Lepore et al., 2009; Luo et al., 2021; Stewart, 2018).
Most importantly, the model showed good correspondence to the soil
column (0.5 m by 0.5 m) infiltration experiment (Luo et al., 2023).
Nevertheless, due to the small crack depth and experimental scale, the
differences among the single-domain model (SDM), RDPM and DDPM
are not significant enough to stress the effects of PF-DC on the soil
infiltration process under atmospheric environment. Additionally, in
reality, when the soil shrinking-swelling parameters are absent or the
simplicity and robustness of the model strike the high priority (Lepore
et al., 2009), one may comprise to substitute the DDPM as a ‘lighter’ (or
simplified) dynamic dual-permeability model or even rigid ones to
simulate the infiltration process induced by PF-DC. It is necessary to
examine the substitutability of these model to the DDPM. Also, consid-
ering the possible inaccurate shrinking-swelling parameters, the sensi-
tivity of the DDPM to the shrinking parameters needs further study.
The objective of this work is to investigate the accuracy and substi-
tutability of different models in simulating the water flux, hydrological
response and crack evolution induced by PF-DC. Under one-year at-
mospheric conditions, three numerical experiments were conducted to
(i) compare the difference among the single-domain model (SDM), rigid
dual-permeability model (RDPM) and dynamic dual-permeability model
(DDPM); (ii) investigate the sensitivity of the DDPM to the shrinking-
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Fig. 7. Variation of porosity and hydraulic conductivity of each domain in DDPM with different shrinking-swelling parameters. (a) and (c) refer to the matrix
porosity and crack proportion, respectively; (b) and (d) refer to the matrix and crack hydraulic conductivity, respectively.

Table 1 Table 2
Fixed parameters for all models. Description and values used for different experiments.
Model Parameter Units Value Experiment  Description Ky Kes P q  Wn We
SDM RDPM O ) 0.366 1.1 DDPM Eq. Eq. 12 4 1-Eq.(3) Eq
DDPM O, ) 0.01 2 @ 3)
LDPM O (1/m) 0.5 1.2 SDM Komax - - - - -
T ) 1.5 1.3 RDPM Kmmax  Kema - - 0.79% 0.206
Kin max (m/s) 5.56 x 107 2.1 DDPM Eq. Eq. 3 1 1-Eq.(3) Eq
2) “@ 3)
2.2 DDPM Eq. Eq. 6 2 1-Eq.(3) Eq.
RDPM [ =) 0.99 @ @ @)
DDPM O (=) 0.01 23 DDPM Eq. Eq. 12 4 1-Eq.(3) Eq
LDPM a (1/m) 1.5 @ @ @)
ne =) 2 3.1 LDPM Kmmsx  Kemw 12 4 1-Eq.(3) Eq
K max (m/s) 5.9 3)
Ka (m/s) Kamin 3.2 DDPM Eq. Eq. 12 4 1-Eq.(3) Eq
B =) 3 @ “ (©)
Tw =) 0.4
a (mm) 100
including physically-consistent functions in describing the variation of
DDPM Pmax () 0.52 both porosity and hydraulic conductivity in the crack and matrix do-
LDPM Prin ) 0.22

swelling parameters; (iii) test the rationality of a “lighter” dynamic
DPM, where the soil shrinkage only induces a change in the crack vol-
ume while has no influence on the hydraulic properties of the two
domains.

2. Model description

The basic idea of our dynamic preferential flow model (DDPM, Luo
et al. (2023)) is to incorporate a soil shrinking-swelling model into the
classical/rigid dual-permeability model (RDPM). The shrinking-swelling
model proposed by Stewart et al. (2016a); Stewart et al. (2016b),

mains, inspired us to develop the DDPM.
2.1. Variation of porosity and hydraulic conductivity

As shown in Fig. 1, the shrinking-swelling model can be briefly
summarized as follow.

For the matrix domain, Stewart et al. (2016a); Stewart et al. (2016b)
proposed Egs. (1) and (2) to describe the variation of porosity and
saturated hydraulic conductivity. Both of them are functions involving
the saturated degree of the matrix domain. Here, the subsidence induced
by soil shrinkage is neglected in our study, indicating that the reduction
of matrix porosity during soil shrinkage all transfers to the crack space.
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p+1 saturated hydraulic conductivity can be described by follow equations.
¢matrix(s€-m) = (¢max - ¢min)(m) + ¢min (1) 1_ e
c Sem = max — @Pmin — c,min 3
. () = (o~ ) (e ®
Km‘.r (Se,m) = Km,max <——q> (2)
P+ Sem 1—s0 \?
Kc.s (Sem) = Kr,max ﬁ + Kc,min (4)
where ¢, Tefers to the matrix porosity defined as pore volume in the Poem

matrix domain divided by the soil total volume; ¢, ¢min» P and g are

shrinkage parameters that can be determined by soil shrinkage test. where w. refers to the crack proportion defined as the crack volume

divided by the soil total volume;

Pmax- the maximum porosity of a soil core prior to shrinkage and thus
also represents the total porosity;

Pmin- the minimum porosity of the matrix domain;

p and q - functional shape parameters;

Sem- saturation degree of the matrix domain;

K s- the saturated hydraulic conductivity of the matrix domain;

K max- the maximum saturated hydraulic conductivity of the matrix
domain (at S¢;, = 1).

K. s- the saturated hydraulic conductivity of the crack domain;

K. max- the maximum saturated hydraulic conductivity of the crack
domain (at Sem ~ 0);

Wemin- the minimum crack proportion due to incomplete crack
closure process (Coppola et al., 2012; Coppola et al., 2015; Luo et al.,
2023);

K. min- the minimum saturated hydraulic conductivity of the crack
domain corresponds to the W min (at Sem ~ 1).

For the crack domain, variation of the crack proportion and its
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Overall, Egs. (1)-(4) are the core equations in the SSM. More details
can be found in Luo et al. (2023).

2.2. Rigid dual-permeability model (RDPM)

The RDPM concept used in this study corresponds to the one devel-
oped by Gerke and van Genuchten (1993). The model divides the flow
domain into two overlapping and interacting continua according to the
volumetric ratios of each domain, where two coupled 2-D Richards’
equations are used to describe the matrix flow and preferential flow as

C.(h) ‘ZZ‘ — VKWV (e + 2) —fv—j
cm(m"(’;—tm — VK ()Y +2)]

We+w, =1

£ = Wl +WpkEn

)

(6)

)
®
)]
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cumulative preferential flow flux; (c) cumulative drainage flux; (d) cumulative total water exchange; (f) temporal evolution of the water storage.

0 = wl.+w,0,
K = wK.+w,K,

where

“c” and “m” indicate the crack and matrix domains, respectively;

h - the pressure head (m);

(10) C - the specific water capacity, d9/dh (1/m);
K - the isotropic hydraulic conductivity (m/s);
an z - the elevation head (m);

w- the volumetric ratio of the crack domain or matrix domain over
the bulk soil volume;

I',- the water exchange term between the two domains (1/5);

a,- the effective water transfer coefficient (1/m?);

K, - the interface hydraulic conductivity (m/s).
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Fig. 11. Total water content and water exchange rate at monitoring point I1, 12, I3 and 14 in the DDPM, SDM and RDPM. (a) and (al) 5-cm depth; (b) and (b1) 45-cm

depth; (c) and (c1) 85-cm depth; (d) and (d1) 125-cm depth.

e- the total pore volume divided by total soil volume. &,(or &) is
defined as the pore volume in matrix (or crack domain divided by the
volume of that domain. The total volume water content, 0, has the
same definition.

Regarding the a,,, it can be determined as follow

_ P

a, =
aZ

12
where f is a dimensionless factor which depends on the shape of the soil
matrix and is set as 3 following Aguilar-Lopez et al. (2020), the y,, is a
dimensionless “scaling” coefficient with a suggested value of 0.4 (Gerke
etal., 2007), and a is a scaling factor approximately equaling to the half
width of the average block size.

As for the K,, an improved K, function reformulated by Gerke et al.
(2013) is adopted.

This formulation represents that the flow occurs from the highest
head toward the lowest head but regulated by the less permeable of the
subsystems in that instant of time (Aguilar-Lopez et al., 2020).

min{K,, (hc), Ko(he)} hezhy,

min{K,, (), Ko ()} he < as

The hydraulic properties of the two domains are parameterized
based on the Mualem-van Genuchten soil-water retention curves
(SWRC) (Mualem, 1976; van Genuchten, 1980) as

0-0,

sy = 2=% it (e a4
my 72

Km (Sem) = Km‘sKr(Se,m) = Kmxsgnsl [1 - (1 - Sl(,:,””’) :| (15)

K('(Se‘c) = K('“\'Kr(Se,(r) = KL,AS(Z(S-[I - (1 - SLI:/(-ML )m"]2 (16)

where 65(-) and 6, (-) are the saturated and residual volumetric water
content, respectively; a(1/m), n(-) and I(-) are fitting parameters; K; (-) is
the relative hydraulic conductivity. Note that the K, ; and K., are fixed
in the RDPM.

Different with the RDPM, we modified Egs. (15) and (16) by
combining Egs. (2) and (4) to take the dynamic changes of the K;,; ; and
K. s into consideration (Luo et al., 2023). Meanwhile, we also set K;(S.)
to 1 in Eq. (16). This modification ensures that the magnitude of K only
depends on the crack aperture instead of the S.., which can avoid the
unreasonable low K, at initial dry conditions or after long-term drying
(Luo et al., 2023).
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Fig. 12. Total water content and water exchange rate at monitoring point I1, I2, I3 and 14 in the sim 2.1, sim 2.2 and sim 2.3. (a) and (al) 5-cm depth; (b) and (b1)

45-cm depth; (c) and (c1) 85-cm depth; (d) and (d1) 125-cm depth.

p+1 5 e g2
Kn(Sem) = Kns(Sem)Kr(Sem) = Knmax | ——<=3 SO 1- lfs/mm
(Sem) = Kas (S, (Se) = Ko, (HSMIq) 20— (1= sty
a7
-5\’
K. = Kes(Sem) = Kemax — K min 18
oSem) = Kemas | T |+ Ko (18)

In the case of a RDPM model, specified flux i is divided between the
matrix and crack domains as

i = Wele +Wyip 19
where i; and i, are the effective boundary fluxes into each domain (m/s).
Under rainfall conditions, the boundary transformation was ach-
ieved in COMSOL using a combined type of boundary (Dirichlet and
Neumann) following Chui and Freyberg (2009) and Shao et al. (2015).
Considering an evaporation condition, the Wilson-Fredlund-Barbour-
Penman experimental function model Wilson et al. (1997) was used to
calculate the actual evaporation of each domain (Luo et al., 2023).

10

3. Numerical experiments
3.1. Set-up of numerical model

The single-domain model (SDM), rigid dual-permeability model
(RDPM) and dynamic DPM (DDPM) were implemented in a finite
element solver for Richards equation as part of the COMSOL Multi-
physics software (Comsol 5.6). As shown in Fig. 2, they have the same 2-
D size, boundary conditions, mesh structure and initial condition. The
model domain is 1.5 m high by 1.0 m wide. We are aware that desic-
cation cracks may extend to more than 1.5 m depth in some places
(Bagnall et al., 2018; Neely et al., 2014; Neely et al., 2018), while the
crack domain is still set as 1.5 m high as it is an average and represen-
tative value of desiccation cracks within atmosphere influence depth
(0-3.0 m) in our experiences.

The left and right sides of the model were all no-flux boundaries; the
top surface was set as a combined type of boundary conditions for rep-
resenting the rainfall, ponding and evaporation process. For the matrix
domain, the bottom side was a seepage boundary, while the bottom side
for the crack domain was set as a no-flux boundary. The no-flux
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Fig. 13. Total water content and water exchange rate at monitoring point I1, 12, I3 and 14 in the LDPM and DDPM. (a) and (al) 5-cm depth; (b) and (b1) 45-cm

depth; (c) and (c1) 85-cm depth; (d) and (d1) 125-cm depth.

boundary of the crack domain was adopted mainly considering that in
most shallow landslides induced by PF-DC, the desiccation cracks rarely
cut through the overall soil layer or they penetrate the soil layer but are
often limited by underlying low-permeability bedrock (Pei et al., 2020;
Xie et al., 2020; Zhang et al., 2021a), and thus most of them are death-
end macro pores (Greco, 2002).

Considering the PF-DC was common in our previous study areas, a
typical region that is famous for widely-distributed cracked soils with
different shrinking-swelling potential (Luo et al., 2021; Zhang et al.,
2021a; Zhang et al., 2021b), one-year meteorological data (2021) from a
weather station in Hefei, Anhui Province, China was used as the input of
the top boundary. The time series of the meteorological data included
daily rainfall r (mm/d), potential evaporation (PE mm/d), average
temperature (T, °C) and air relative humidity (RH, %), as shown in
Fig. 3. We define June to August as the rainy season.

Because the pressure head in the surface area will change frequently
during WD cycles, a mesh structure with dense boundary layers was
used to capture the transient hydrological conditions. A coarser free-
triangle mesh (average length of 0.1 m) was defined below the bound-
ary layers. The initial pore water pressure (PWP) for all numerical
models was set as —100 kPa. Two boundary monitoring points (B1 and
B2) were set to record the infiltration flux and drainage flux. Four
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internal points at 5-cm (I1), 45-cm (I2), 85-cm (I3) and 125-cm (I4)
depths were set to monitor the variation of the water content, water
exchange rate and crack proportion.

3.2. Parameters

3.2.1. Shrinkage parameters

According to the empirical value provided by Stewart et al. (2016b)
and our previous study (Luo et al., 2023), the four shrinkage parameters
for the benchmark DDPM were set as ¢;, = 0.22, ¢, = 0.52,p =
12, ¢ = 4. As shown in Fig. 4, the variation of porosity in the matrix
domain (¢,,4i) and the crack proportion (w.) and can be obtained using
Egs. (1) and (3), respectively. Note that the minimum w, calculated by
Eq. (3) is set as 0.001 considering the incomplete closure of cracks
during rainfall as observed in other studies (Coppola et al., 2012; Luo
et al., 2021; Luo et al., 2023).

3.2.2. Soil water retention parameters

The soil water retention curves (SWRC) of each domain are presented
in Fig. 5. Because the crack domain is a macropore-dominated space
(Aguilar-Lopez et al., 2020), the SWRC parameters of that domain were
set with a greater saturated water content (6., = 0.99), a lower value of



Y. Luo et al.

0.30
(@)

— p=3,g=1-5cm-sim 2.1
—— p=6,9=2-5cm-sim 2.2
— p=12,g=4-5cm-sim 2.3

0.24

0.18

Crack proportion
(m®m?)

0.12
0.06
0.00
0.3 0 50 100 150 200 250 300 350
(b)
5 —— p=8,g=1-45cm
2 .. 02 —— p=6,g=2-45cm
§ E —— p=12,q=4-45cm
‘6. ™
E
g = 01
(6]
0.0
0.3 0 50 100 150 200 250 300 350
(c)
— p=3,q=1-85cm
0.2 —— p=6,g=2-85cm
— p=12,q=4-85cm

0.1

Crack proportion
(m®/m?)

0.0
0.3 0 50 100 150 200 250 300 350
(d)
—— p=3,g=1-125cm
— p=6,g=2-125cm

——p=12,g=4-125cm

Crack proportion
(m¥/m?)

150
Time (day)

200

Fig. 14. Temporal evolution of crack proportion monitoring point I1, 12, I3 and
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cm depth; (d) 125-cm depth.

air entry pressure (a.=1.5) and a steeper slope (n. = 2) than that of the
matrix domain. All the SWRC parameters for each domain are fixed in
the three models.

3.2.3. Hydraulic conductivity

The K max is set to 5.55 x 107 m/s for representing low-permeable
clay soils. Regarding the K n.x, it was calculated using Eq. (30) in Luo
et al., 2023, where the wjn.x was set to 2.6 mm. Then, the variation
curve of transient saturated hydraulic conductivity of the matrix domain
(K 5) and the crack domain (K. 5) can be obtained using Egs. (2) and (4),
respectively. The K. i, was also estimated using Eq. (30) in Luo et al
(2022) with a suggested wj i, value of 0.01 mm. Further, the variation
of K, and K, with the pressure head (h) in the DDPM can be calculated
by combining Egs. (17) and (18). Fig. 6 shows the variation curves of K,
and K,. Regarding the water transfer coefficient a,, it is set as 120 1/m?
according to Eq. (12) by assuming the half width of the average soil
matrix equals to 100 mm (see Fig. 1).
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3.3. Experiments

3.3.1. Experiment 1: Dynamic changes of crack volume and hydraulic
properties

This experiment is conducted to compare the performance of SDM,
RDPM and DDPM under WD cycles. For comparison, the SWRC pa-
rameters and hydraulic properties of soil in the SDM are set as the same
as that of the matrix domain in the RDPM. The crack proportion (w.)
used in the RDPM equals to the initial crack proportion obtained in the
DDPM (w. = 0.206).

3.3.2. Experiment 2: Shrinking-swelling parameters p and q

The shrinking-swelling ability of soils acts not only on the proportion
shift of the two domains during wetting and drying, but also on the
variation of hydraulic properties of each domain. This experiment aims
on testing the sensitivity of the DDPM to the shrinking-swelling pa-
rameters by altering p and g while fixing ¢, and ¢,.i,. Fig. 7 shows the
shrinking-welling curves with different p and g and corresponding hy-
draulic conductivity of each domain. The soil with (p = 12, ¢ = 4) has
the highest shrinking-swelling ability, followed by (p = 6, ¢ = 2) and (p
= 3, ¢ = 1). Note that the aforementioned three suites of shrinking-
swelling parameters were select because they have universal represen-
tativity for the cracked soils with shrinking-swelling ability from high to
low. Additionally, the hysteresis effects during WD cycles are not
considered.
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3.3.3. Experiment 3: Fixing hydraulic properties while only changing crack
proportion

Building on the classical DPM concept, a simple way to simulate PF-
DC, which incorporates an empirical function of crack proportion vs
water content into the RDPM but neglects the changes of hydraulic
properties in each domain, is easy to figure out and applied (Lepore
et al., 2009; Luo et al., 2021). To test the rationality of such a “lighter”
dynamic DPM (LDPM), we only incorporate Eq. (3) to the RDPM while
fixing other parameters to see the difference between the LDPM and
DDPM.

A summary of the fixed and varied parameters in each experiment
are presented in Tables 1 and 2, respectively.

4. Results
4.1. Boundary water flux and water balance

Figs. 8-10 show the hydrological results including integrated upper
boundary flux, drainage, water exchange and water storage for the three
experiments. The corresponding transient hydrological results can be
found in Appendix. Note that the positive value of the water exchange
refers to water moving from the crack domain to the matrix domain,
while negative for the opposite direction. The cumulative flux of each
domain in the dual-permeability models (DDPM, RDPM and LDPM) is
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actual value that has been multiplied by their respective proportions
(see Eq. (19)). Besides, in all the graphs involving the integrated flux and
water storage, the steep increase stage of each curve represents cumu-
lative infiltration water flux during wetting periods, while the gradual
decrease stage represents cumulative outflow water flux during drying
and drainage periods.

4.1.1. Experiment 1

As shown in Fig. 8a, the matrix flow dominates the soil infiltration
process in the DDPM, where the preferential flow only accounts for
approximately 2%-8% of the total inflow flux. For the RDPM, the matrix
flow in the RDPM is 6%-25% less than that of the SDM and DDPM, but its
preferential flow through the fixed crack paths is 68%-98% larger than
that of the DDPM. Overall, the total infiltration of the RDPM is 10% and
12% larger than that of the SDM and DDPM, respectively.

For the evaporation periods, the matrix domain in the dual-
permeability models still dominates the evaporation process, where
matrix evaporation in the DDPM accounts for approximately 91% of the
total evaporation, while the matrix evaporation in the RDPM accounts
for 80% of the total evaporation. Note that at approximately the first 50
days, the DDPM simulated larger crack evaporation than that of the
RDPM. After that, the crack evaporation simulated by the RDPM is on
average 30% higher than that of the DDPM. Interestingly, the total
evaporation simulated by the three models is close to each other, with a
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maximum difference of 3%.

In Fig. 8b, c, the water drainage in all three models appeared in
August and September following four significant rainfall events. The
cumulative drainage simulated by the SDM is the largest, which is 15%
and 60% higher than that of the DDPM and RDPM, respectively. It seems
to be abnormal that the RDPM with the maximum fixed crack proportion
has the minimum drainage capacity. However, if we recall that the
bottom boundary of the crack domain is a no-flux boundary and look at
Fig. 8c, it can be found that the water mainly exchanges from the matrix
to the crack domain in the RDPM (more negative value), while the
DDPM shows the opposite result. It indicates that most of the water in
the RDPM has been stored in the crack domain instead of being drained
from the matrix domain during rainfall seasons. Consequently, the cu-
mulative water storage in the RDPM is the largest (Fig. 8d). Addition-
ally, the desiccation cracks in the DDPM also have more water storage
space with respect to the SDM, and therefore its cumulative water
storage is slightly higher than the SDM.
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4.1.2. Experiment 2

In this section, we first recall that the sim 2.1, sim 2.2 and sim 2.3
represent soils with weak, moderate and high shrinking-swelling ability,
respectively, and their shrinking-swelling ability increases progressively
by two times. As shown in Fig. 9a, the cumulative matrix flux decreases
by approximately 1.02 times with the increase of soil shrinking-swelling
ability. But for the crack domain (Fig. 9b), the cumulative preferential
flow and crack evaporation of the sim 2.3 is (27%, 43%) and (36%, 54%)
larger than that of sim 2.2 and sim 2.1, respectively. This result indicates
that the soil shrinking-swelling ability has a greater influence on the
crack domain than the matrix domain. For the drainage process
(Fig. 9¢), it is negatively correlated with the shrinking-swelling ability.
The sim 2.1 has the highest drainage and its cumulative drainage is 5%
and 15% larger than the sim 2.2 and sim 2.3, respectively. In Fig. 9d, the
three simulations show a similar trend of water exchange. It demon-
strates that the higher soil shrinking-welling ability has lower positive
water exchange before the rainy season, but it comes to the opposite
result after the rainy season. With regard to water storage, it is nega-
tively correlated to the shrinking-swelling ability prior to the rainy
season but is positively correlated to the shrinking-swelling ability after
the rainy season. The ultimate water storage in the sim 2.3 is 6.2 mm and
12.7 mm larger with respect to sim 2.2 and sim 2.1, respectively.
Overall, the differences in the concerned hydrological results among the
three simulations are not as significant as that in experiment 1.

4.1.3. Experiment 3

As shown in Fig. 10a, prior to October, the matrix infiltration and
evaporation simulated by the DDPM are overall higher than that of the
LDPM, but the ultimate cumulative matrix flux in the DDPM is 9.1 mm
lower with respect to the LDPM.

For the crack domain (Fig. 10b), the crack evaporation rate in the
DDPM is slightly higher than that of the LDPM but its preferential flow
rate is much smaller with respect to the LDPM. Hence, the ultimate
cumulative preferential flow flux in the DDPM is 5.8 mm lower than that
of the LDPM. During the drainage process (Fig. 10c), the DDPM shows
earlier drainage and overall higher drainage rate than that of the LDPM
and its ultimate cumulative drainage is 38.7 mm larger with respect to
the LDPM. In Fig. 10d, the DDPM and LDPM have a similar water ex-
change trend, but the LDPM has higher positive water exchange rates
and its ultimate cumulative water exchange is 5.4 mm. With regard to
water storage, the DDPM is slightly higher than that of the LDPM prior to
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Fig. Al. Transient boundary water flux obtained from point B1 and B2 and corresponding water balance of the DDPM, SDM and RDPM. (a) the transient boundary
flow rate of the three models; (b) the transient drainage rate; (c) the total water exchange rate of the DDPM and RDPM.

the rainy season but it comes to the opposite result since the rainy
season. The ultimate water storage simulated by the DDPM is 53.8 mm
lower than the LDPM, which can mainly be ascribed to the more
drainage in the DDPM.

4.2. Water content

Figs. 11-13 show the total water content and water exchange rate at
monitoring point I1, 12, I3 and 14 in the three experiments. The graphs
on the left are results of the total water content while the graphs on the
right are results of water exchange rate. Note that the total water content
in the DDPM, RDPM and LDPM is calculated by Eq. (10).

4.2.1. Experiment 1

As shown in Fig. 11, before the rainy season, the water content at all
depths simulated by the SDM is higher with respect to the DDPM and
RDPM, but it becomes the lowest after the rainy season. Additionally,
from nearly the 25th to the 50th day, it can be found that both the DDPM
and RDPM simulated an earlier increase of water content in deep soil
(85-125 cm) with respect to the SDM. This kind of ‘non-sequential’
hydrological response induced by preferential flow has been widely
observed in some field and laboratory experiments (Lin and Zhou, 2007;
Luo et al., 2021; Zhang et al., 2021a). Regarding the DDPM and RDPM,
prior to the rainy season, the DDPM shows overall higher water content
than that of the RDPM at shallow depths (i.e. 5-45 c¢m), but the water
content simulated by the DDPM gradually becomes smaller than that of
the RDPM with the increase of soil depths. After the rainy season, water
content simulated by the RDPM at all depths is higher than that of the
DDPM and their differences become larger with the increase of soil
depths.

Further looking at the water exchange rate, the negative water
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exchange (from the matrix to the crack domain) dominates the shallow
soil depths (i.e. 5-45 cm) in both the DDPM and RDPM, where the
significant peak negative water exchange rates appeared mainly during
the rainy season. However, the negative water exchange gradually be-
comes smaller with the soil depths. Particularly, the water exchange
rates in the deep soils (i.e. 125 cm) simulated by the DDPM almost all
change to positive values while the RDPM still has significant negative
water exchange rates. Nevertheless, following the rainy season, the
RDPM shows higher positive water exchange rates than that of the
DDPM.

4.2.2. Experiment 2

As shown in Fig. 12, the differences in water content among sim 2.1,
sim 2.2 and sim 2.3 mainly appear in deep soil depths (85-125 c¢m) prior
to the rainy season. Their differences are shown as the water content
decreases with the increase of soil shrinking-swelling ability. However,
the differences at all depths become insignificant following the rainy
season. For the water exchange rates, their differences at all depths
among the three simulations are insignificant.

4.2.3. Experiment 3

As shown in Fig. 13, the DDPM shows overall higher water contents
with respect to the LDPM at all depths, where the differences prior to the
rainy season are more significant than those after the rainy season. But
the differences become smaller with the soil depths. At different depths
from top to bottom, the average water content simulated by the DDPM is
0.8%, 0.75%, 0.5% and 0.2 % higher than that of the LDPM. For the
water exchange rates, the LDPM has a similar trend with the DDPM,
where the DDPM shows higher negative water exchange rates in shallow
soil depths (5-45 cm) while it shows higher peak positive water ex-
change rates during the rainy season at 125-cm depth. Overall, the
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Fig. A2. Transient boundary water flux obtained from point B1 and B2 and corresponding water balance in the sim 2.1, sim 2.2 and sim 2.3. (a) transient matrix flow
rate; (b) transient preferential flow rate; (c) transient drainage rate; (d) total water exchange rate.

LDPM at all depths simulated lower negative and slightly higher positive different depths in experiment 2 and experiment 3. The crack proportion is
water exchange rates with respect to the DDPM. calculated using Eq. (3).

4.3.1. Experiment 2
As shown in Fig. 14, the crack proportion in shallow soil depths
shows more sensitivity to the boundary alteration. It increases during

4.3. Crack proportion
Figs. 14 and 15 show the temporal evolution of crack proportion at

16



Y. Luo et al. Geoderma 433 (2023) 116471

10
—— Rainfall+evaporation boundary flux (a)
8 [ oo DDPM -i,,-sim 3.1 i
[0} S
T 6 LDPM -j-sim 3.2
- Soil gﬁgfn
~ i 1
;.9_ ,\E 4 matrix
82 2 m
0 X
C |
.—
2
1 | ] | | | | | 1 | | | ] |
0 50 100 150 200 250 300 350
2
—— DDPM-j,
——LDPM-,
9
o
o 1
S €
5
QL =
2= 0
o
-
-1 | | | | ] | ] | ] | 1 | | |
0 50 100 150 200 250 300 350
3 — DDPM-d,, ©
....... LDPM-dm Soil Crack
o 1 matrix domain
T2
g'vE 0 D
ce
g X
a -1
2
1 | 1 | 1 | 1 | 1 | L | 1 |
0 50 100 150 200 250 300 350
1
—— DDPM-T;, (d)
.Q | _LDPM-FW Soil Crack
g e matrix domain
»
e ¢
2o 0
G O
X —
0 X
©
°
[ nai
-1
0 50 100 150 200 250 300 350
Time (day)

Fig. A3. Transient boundary water flux obtained from point B1 and B2 and corresponding water balance in the LDPM and DDPM. (a) transient matrix flow rate; (b)
transient preferential flow rate; (c) transient drainage rate; (d) total water exchange rate.

17



Y. Luo et al.

drying periods and decreases during wetting periods. However, the
crack proportion in deep soils (i.e. 85-125 cm) shows basically decline
trend with much less fluctuations. Overall, the crack proportion has an
overall positive correlation with the soil shrinking-swelling ability.
Additionally, it can be found that prior to the rainy season, the crack
proportion in the sim 2.3 is approximately 2 and 3 times higher than that
in the sim 2.1 and sim 2.2, respectively. However, their differences
become much smaller after the rainy season, and the crack proportion in
the three simulations almost overlaps with each other at the 125-cm
depth.

Experiment 3: In Fig. 15, the crack proportion simulated by the LDPM
is overall larger with respect to the DDPM. The differences between the
LDPM and DDPM mainly appear before the rainy season and their dif-
ferences become smaller with the soil depths. An interesting phenome-
non is that the crack proportion in the DDPM gradually becomes larger
than that of the LDPM with the increase of soil depths. For the crack
proportion after the rainy season, the LDPM and DDPM almost overlaps
with each other at all depths.

5. Discussions and conclusions
5.1. Water flow and distribution in different models

Fig. 16 shows the conceptual diagram of water infiltration and
evaporation in the SDM, RDPM and DDPM models. Prior to the discus-
sions, we must point out that in some cases, the desiccation cracks may
be deeper than the 1.5 m boundary condition assumed in this work
(Bagnall et al., 2019; Bagnall et al., 2018; Baram et al., 2013; Neely
et al., 2014). In such cases, cracks may cut through the soil layer and
connect to the groundwater, which will lead a large part of water to
discharge into the groundwater. In these cases, our current boundary
setting of the crack bottom will lose its universal significance. Indeed,
such a condition is another interesting, complex and widely concerned
issue worthy of in-depth discussion but is beyond the scope of this
current work depicted in Fig. 16.

(i) Low rainfall intensity (e.g. periods prior to the rainy season in this
study).

When the rainfall intensity is lower than the matrix infiltrability
(Fig. 16al, bl and cl), no overland flow will appear on the matrix
domain and the preferential flow rate in the desiccation cracks equals to
that of the matrix. All rainfall infiltrates into the soil in the SDM, RDPM
and DDPM. It means that the preferential paths prior to the rainy season
have little contribution to the overall soil infiltration flux. Note that
because the surficial cracks in the DDPM diminish with the surrounding
matrix becoming wetting, the weighted preferential flow flux (w.*i.) in
that model is lower with respect to the RDPM but the weighted matrix
flow flux (Wy,*ip,) of the DDPM is higher than that of the RDPM. In any
case, under low rainfall intensity, the summation of boundary infiltra-
tion flux in the crack and matrix domains simulated by the RDPM and
DDPM equals to that of the SDM. However, the moisture distribution in
the three models differs much from each other.

Fig. 17 shows the vertical distribution of simulated total water
content and effective water content in each domain before and during
the rainy season. Firstly, let us recall Eq. (10) and it can be inferred that
when the water content of the crack domain is higher than that of the
soil matrix, the cracks will always lead to a higher total water content
than that without cracks. Then, keep it in mind and look at Fig. 16b1 and
cl, the crack domain both in the RDPM and DDPM remains overall
unsaturated because most water infiltrating into that domain has rapidly
transferred to the surrounding soil matrix. Such a result leads to the
crack domain maintaining a relatively drier condition than the sur-
rounding matrix (Fig. 17a2-a3). Hence, the total water content in all
depths modeled by the RDPM and DDPM is smaller with respect to the
SDM (Fig. 17al). Additionally, due to the diminishing proportion of the
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dry crack domain in shallow depths, the total water content in the DDPM
is higher with respect to the RDPM. Conversely, in the deep soils, the
bottom crack domain both in the RDPM and DDPM is moister than in
shallow depths. In this case, the diminishing crack proportion in the
DDPM plays a negative role in raising the total water content. Conse-
quently, the total water content in deep soils simulated by the DDPM is
below that of the RDPM. Notably, the response time of the water content
of the deep soils in the two dual-permeability models is earlier with
respect to the SDM because of the preferential flow.

Regarding the water exchange rate, because the matrix domain at
shallow depths gets saturated earlier than the crack domain, the nega-
tive water exchange rate dominates the shallow water transfer process.
It is precisely because of this part of supplementary water coming from
the shallow soil matrix, the bottom crack domain during low rainfall
intensity formed a moister zone than shallow depths. For the same
reason, this part of water promotes the water exchange from the crack
domain into the matrix domain in deep soils. However, the cumulative
water exchange into the deep soil matrix is not enough to saturate that
domain, and therefore no water drainage appeared during the periods
before the rainy season. Remember that water will not drain through the
crack domain because its bottom boundary was set as a no-flux
boundary.

(ii) Heavy rainfall intensity (e.g. during the rainy season).

As shown in Fig. 16a2-c2 and a3-c3, the heavy rainfall intensity leads
to water ponding on the matrix surface. The surplus water in the SDM is
lost as surface runoff while that in the RDPM and DDPM flows into the
crack domain as preferential flow. When the heavy rainfall lasts short
duration, the cumulative preferential flow fluxes can only wet a small
part of the fixed crack domain in the RDPM (Fig. 16b2). Conversely, due
to the diminishing crack volume in the DDPM, the same cumulative
preferential flow fluxes in the RDPM will lead to a higher wetting zone in
the crack domain of the DDPM (Fig. 17b2). By interrelating the crack
proportion with the water exchange rate under rainfall (Fig. 18, take
125 cm depth as an example), it is found that the positive water ex-
change rates overall increased with the decrease of crack proportion. We
infer that the crack closure process benefits the building-up of pore
water pressure in the crack domain and therefore promotes water ex-
changes from the crack to the matrix domain. Consequently, in most
depth ranges, the positive water exchange rates appear earlier in the
DDPM with respect to the RDPM (Fig. 11al-d1). However, when it
comes to the long-duration heavy rainfall (Fig. 16b3 and ¢3), the large
amount of water will saturate the crack domain both in the RDPM and
DDPM (not in our current modeling). Their water exchange rates all
become positive value when the surrounding soil matrix is at unsatu-
rated state. In our study, due to the crack closure effect, the water
content in the crack domain modeled by the RDPM are overall lower
with respect to the DDPM (Fig. 17b2), but its fixed crack proportion is
much larger than the reduced crack proportion in the DDPM. Therefore,
the RDPM shows significantly higher total water content with respect to
the DDPM. For the same reason, the DDPM has an over moister crack
domain than its matrix domain (Fig. 17b2-b3), and therefore its total
water content is slightly higher than the SDM (Fig. 17b1). Their differ-
ences mainly depend on the minimum crack proportion in Eq. (3).

(iii) Evaporation process

As shown in Fig. 16a4—c4, the drying front depth of the soil matrix in
the RDPM and SDM is similar to each other while that in the DDPM is
shallower than other two models. It can be ascribed to the permeability
decay effects induced by matrix shrinkage during drying (see Eq. (17),
Fig. 6a), which leads to the effective matrix evaporation rate of the
DDPM is overall smaller with respect to the SDM and RDPM. However,
when comparing the weighted matrix evaporation rate (Wp*iy) in this
study, the RDPM becomes smaller than that of the DDPM because of its
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low matrix proportion (wy, = 0.794). Regarding to the crack domain, it
can promote the overall soil evaporation by leading water exchange
from the soil matrix to the crack domain, but the RDPM and DDPM have
different performance. For the DDPM, the matrix evaporation during
drying enlarges the desiccation cracks and thus increases the hydraulic
conductivity of the crack domain (see Eq. (18) and Fig. 6b). This result
means that under long-term drought, the drying front in the DDPM can
keep moving deeper along the desiccation cracks once the water content
of the surrounding soil matrix is still higher the residual water content.
However, for the RDPM, once the water content of the crack domain
equals to the residual water content (or the crack domain is empty), the
hydraulic conductivity of the crack domain will decrease to nearly zero
with the drying process proceeding (Eq. (16), Fig. 6b). Hence, under
long-term drought, the RDPM will greatly underestimate the evapora-
tion from the crack domain. In our current study, the crack domain in
most periods is at relatively moist state due to insufficient drought. It
means the crack evaporation mainly depends on the surficial crack
proportion. Consequently, the crack evaporation modeled by the RDPM
after the 50th day is higher than that of the DDPM.

5.2. Implications of the numerical experiments

In this study, because the DDPM has been validated in our recent
work (Luo et al., 2023), we tentatively acquiesce the DDPM (p = 12, q =
4) as a benchmark model. As a result, the deviations between other
models and DDPM are regarded as prediction errors. Building on the
simulation results and analysis above, it can be found that the SDM
overestimated the water content during low-intensity rainfall periods
while underestimating the water content during heavy rainfall periods.
Meanwhile, the SDM failed to simulate the ‘no-sequential’ hydrological
response induced by the preferential flow. This may be detrimental to
using the SDM to evaluate the migration of water pollution or the water
content threshold of a landslide. For the RDPV, it greatly overestimated
the total water content and the water storage capacity of the crack
domain, which could be extremely dangerous to be used in surface
runoff or floods forecast. For instance, the recent study conducted by
Morales et al. (2021) showed that the desiccation cracks have limited
contribution to intercepting the flood water. For the LDPM, it un-
derestimates the total water content while overestimating the contri-
bution of preferential flow to the soil matrix, which may overestimate
the irrigation efficiency in the cracked farmlands. Additionally, the
LDPM overestimates the overall water storage capacity of the soil and
thus is also improper to be used to predict surface runoff and floods.
However, the deviations caused by the LDPM are still smaller compared
to the RDPM. Most importantly, the LDPM shows the most approaching
results of the water content and crack evolution to that of the DDPM.
Consequently, we suggest that when the specific shrinking-swelling
parameters of soils are absent while the empirical relationships be-
tween the crack proportion and soil water content can be measured (Luo
et al., 2021), the LDPM can be a tentative alternative option for the
DDPM in simulating landslide hydrology, but it is better not to use it to
evaluate the solutes transport and surface runoff or use it under long-
term extreme drought.

Another important result in this study is that during heavy rainfall
periods, the hydrological results simulated by the DDPM are not sensi-
tive to the soil shrinking-swelling ability. Indeed, it is reasonable in
practice. As we mentioned in section 3.3, the shrinking-swelling ability
of soils mainly has two aspects of influence on the soil: the proportion
shift and the variation of hydraulic properties of the two domains. From
the hydrological-driven perspective, the dynamic changes of the desic-
cation cracks are directly dominated by the water content of the soil
matrix. The water content of the soil matrix at any depth mainly depends
on hydraulic conductivity. Looking back at Fig. 7b, under relatively
moist soil conditions (PWP ranges from —10 kPa to 0 kPa), the differ-
ences in matrix hydraulic conductivity among the soils with different
shrinking-swelling abilities are within one order of magnitude. This
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means that under heavy rainfall, the surface soil matrix will rapidly get
saturation and the desiccation cracks in soils with different shrinking-
swelling abilities all quickly diminish to the minimum crack propor-
tion. Consequently, the differences in the crack proportion at different
water content among the soils with different shrinking-swelling abilities
will be reduced (see Fig. 13). Interestingly, Bagnall (2014) obtained
similar results.

In conclusion, the prediction errors without considering crack evo-
lution and variation of hydraulic properties (RDPM) are the highest,
then followed by the only considering crack evolution (LDPM) and un-
certainties of shrinking-swelling parameters. The single-domain model
neglecting cracks and rigid dual-permeability model neglecting dynamic
changes of desiccation cracks are all not recommended to simulate PF-
DC. A lighter dynamic dual-permeability model only considering crack
evolution can tentatively substitute the full dynamic dual-permeability
model in specific cases.
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Appendix A

Figs. A1-A3 show the hydrological results including transient upper
boundary flux, drainage, water exchange and water storage for the three
experiments. Note that the positive value of the water exchange refers to
water moving from the crack domain to the matrix domain, while
negative for the opposite direction. The flow rate of each domain in the
dual-permeability models (DDPM, RDPM and LDPM) is the actual value
that has been multiplied by their respective proportions (see Eq. (19)).
The transient hydrological results are presented here for the sake of
showing the numerical stability of the models based on the COMSOL
Multiphysics.
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