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ABSTRACT 
 

 

This study examines the influence of preferential flow (PF) on seepage under different rainfall 

infiltration scenarios, addressing a critical gap in current modeling practices, which often overlook 

the interactive dynamics between matrix flow (MF) and PF domains within soil environments. In 

this study, an integrated saturated and unsaturated subsurface flow of dual-permeability (DP) 

model is developed to calculate seepage and slope stability using pore water pressure. This study 

aims to conduct numerical experiments of shallow landslides induced by rainfall to quantify the 

temporal and spatial impact of preferential flow on hydrological mechanisms and slope stability. 

For low-rainfall intensity, the variation in pore water pressure is greater in the MF domain than in 

the PF domain. 90 % of rainwater infiltrates downward through the MF domain. Water exchange 

predominantly occurs in the PF domain, as opposed to the MF domain. The factor of safety 

decreases from 1.61 to 1.55 when comparing before and after rainfall, which reduces by 3.73 %. 

For high-rainfall intensity, the pore water pressure variation in the PF domain is more pronounced 

than in the MF domain. The entirety of precipitation infiltration downwards through the PF 

domain. Water exchange mainly flows from the PF domain to the MF domain. The factor of safety 

decreases from 1.61 to 1.45 when comparing before and after rainfall, resulting in a reduction of 

9.94 %. 
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1. INTRODUCTION 

Landslides are hazardous geological phenomena 

commonly induced by rainfall in areas characterized 

by elevated terrain. The integration of hydrological 

models with the slope stability analysis method 

enabled the calculation of the factor of safety and the 

prediction of the duration and magnitude of landslides 

(Collins and Znidarcic, 2004; Shuin et al., 2012; Wu 

et al., 2015; Zhu and Xiao, 2020; Roshan et al., 2021). 

Hydro-mechanical models that integrate both 

hydraulic and mechanical aspects can consist of two 

main types: simplified conceptual models (Moonen et 

al., 2008) and numerical models (Shao et al., 2015, 

2018). These hydrological models vary in complexity, 

which is determined by the research's scale and 

specific objectives. 

PF can be classified into three distinct types: 

macropore flow, fingered flow, and funneled flow, 

each characterized by various structural features 

(Hendrickx and Flury, 2001). In particular, following 

seismic events such as earthquakes, the occurrence of 

fractures, cracks, and fissures in seismic landslides 

facilitates the formation of slip surfaces and enables 

PF. Consequently, mountainous regions damaged by 

earthquakes often exhibit an elevated likelihood of 

landslide reactivation (Zhang et al., 2014). In the event 

of intense precipitation or snowmelt, PF may manifest 

as fingered flow, channeled flow, macropore flow, or 

a combination of these three (Nimmo, 2012; Beven 

and Germann, 2013; Hu et al., 2019). Each of these PF 

types influences the variation in suction and the 

initiation of landslides by rapid infiltration and 

pressure propagation. Present hydro-mechanical 

models frequently employ the Darcy-Richards 

equation or its simplified forms to quantify transient 

hydrological processes (Ni et al., 2018; Wang et al., 

2020; Zhu et al., 2020). However, models that rely on 

the single-continuum assumption have faced criticism 

due to their inadequate ability to accurately depict the 

hydraulic properties of heterogeneous soils (Beven 

and Germann, 2013). 

In slopes characterized by significant 

heterogeneity, the phenomenon of PF and transport 

can have a profound impact on subsurface flow 

patterns and the movement of contaminants (Allaire et 

al., 2009). A network of interconnected macropores is 

frequently observed in many soil types, such as forest 

soil and semiarid land (Zhang et al., 2018). As an 

illustration, the burrow of an earthworm can expand 

from the surface level to considerable depths within 

the soil, similar to the extension capabilities of 

decomposed plant roots or fissures in the ground 
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(Edwards et al., 1993; Sander and Gerke, 2009; Yu et 

al., 2019). The activation and hydraulic connection of 

the self-organizing preferred flow network occur as 

the soil saturation increases (Nieber and Sidle, 2010). 

Compared to the soil matrix, the saturated hydraulic 

conductivity of PF pathways is significantly higher 

(Shao et al., 2015). A considerable proportion of 

subsurface stormflow is conveyed by PF pathways 

(Šimůnek et al., 2003). Rapid PF occurs through local 

high-permeability zones, including fractures, 

macropores, and other structures, and then 

immediately contributes to the generation of high pore 

water pressures in deep soils (Hardie et al., 2013). 

Although the Darcy–Richard´s equation is the 

predominant method utilized in contemporary 

software programs, it is inadequate for simulating PF, 

leading to swift infiltration. 

To examine how PF affects hydrological 

processes, simulations of PF and solute transport have 

been conducted over a range of sizes, encompassing 

pore-scale, soil column-scale, hillslope-scale, and 

catchment-scale investigations (Köhne et al., 2009) 

employing more advanced models such as DP or 

dual- porosity model (Gerke and van Genuchten, 

1993a; Shao et al., 2016), the multi-permeability 

model (Wu et al., 2004). The DP model is extensively 

employed due to its well-defined physical concept and 

robust simulating capabilities (Mein and Larson, 

1973; Köhne et al., 2002; Nimmo, 2012; Beven and 

Germann, 2013; Shao et al., 2015, 2016, 2017, 2018; 

Zhang et al., 2018; Hu et al., 2019). The DP model 

assumes that the soil is composed of two-pore domains 

that interact and overlap. Approaches to calculating PF 

in micropores or inter aggregate pores range from 

those invoking Richards' equation (Gerke and van 

Genuchten, 1993a; Shao et al., 2017), kinematic wave 

equation (Šimůnek et al., 2003), and Hagen-

Poiseuille’s equation (Gerke, 2006). The difference 

assists water transfer between the two domains in 

pressure gradient (Shao et al., 2015). Despite their 

demonstrated efficacy in simulating PF, DP models 

remain absent from coupling seepage and stress 

models under Pressure controlled infiltration 

boundary conditions. 

The dual-continuum technique necessitates the 

inclusion of hydraulic parameters, water exchange 

parameters, and precise boundary conditions for both 

domains (Chui and Freyberg, 2009). Once the matrix 

domain is fully saturated, any excess water continues 

infiltrating through the preferential flow path, further 

intensifying the water supply along this specific route 

(Shao et al., 2015). The boundary conditions for both 

the matrix and preferred flow domains can be 

converted from the Neumann flux condition to the 

Dirichlet pressure condition. It is possible to impose 

distinct standard conditions on the matrix and 

preferential flow domains, presuming that these 

domains are defined by two Darcy-Richards 

equations, respectively (Gerke and van Genuchten, 

1993b; Shao et al., 2016, 2018). However, the 

boundary conditions of the matrix domain and 

preferential flow domain do not change at the same 

time during rainfall infiltration. The infiltration 

process influences the transformation of the 

preferential flow boundary condition. 

In contrast to the limit equilibrium method, the 

strength reduction method does not require any 

assumptions regarding the critical failure surface, 

resulting in similar safety values and identifying the 

positions of the crucial slip surfaces (Cheng et al., 

2007). Quantifying the position, shape, and size of the 

plastic deformation area determines the slip surface 

and factor of safety (Borja et al., 2012). Geotechnical 

engineering tools and numerical models, such as 

ABAQUS (Dyson and Tolooiyan, 2018) or FLAC 3D 

(Dyson and Tolooiyan, 2018), have been extensively 

utilized for the examination of slope stability in the 

presence of transient hydrological circumstances, such 

as rainfall (Chowdhury and Flentje, 2002; Oh and Lu, 

2015; Wu et al., 2015; Wang et al., 2022). 

This study investigates the impact of PF on 

seepage in various rainfall infiltration situations. It 

addresses a significant deficiency in existing modeling 

approaches, frequently neglecting the interaction 

dynamics between MF and PF domains in soil. The 

hydrological phenomena of infiltration and pressure 

propagation are modeled using DP models, which is 

a research novelty. The objective of this investigation 

is to quantify the temporal and spatial impact of 

preferential flow on slope stability, as well as to 

investigate the underlying hydrological mechanisms 

of this phenomenon through numerical experiments of 

shallow landslides induced by rainfall. Firstly, the 

conversion of infiltration boundary conditions is 

determined based on the rainfall intensity, equivalent 

rainfall intensity, and saturated permeability 

coefficients in the PF and MF domains. This 

conversion is utilized to estimate the soil's infiltration 

capacity. Secondly, this research seeks to analyze the 

coupling of the hydrological mechanisms and solid 

mechanics that underlie this phenomenon through 

numerical experiments involving rainfall-induced 

shallow landslides. Thirdly, a two-dimensional slope 

model is employed to examine the water content 

patterns and water exchange, and the slope stability is 

estimated during different rainfall intensities. The 

findings shed light on the soil hydraulic properties and 

the mechanisms involved in mass mobilization due to 

rainfall in a slope. 
 

2. MATERIALS AND METHODS 

2.1. UNSATURATED INFILTRATION MODEL 

The DP model posits that the MF and PF 

domains coexist and overlap within a single 

representative elementary volume, producing 

a uniform distribution throughout the modeling 

network. The water exchange term establishes the 

connection between MF and PF in the DP model. The 

water exchange rate is determined by computing the 

mean hydraulic conductivities of both domains, 

considering the moisture and pressure conditions in 

each domain. The combination of the two Richards' 

equations with a water exchange function defined by 

the user results in a coupled system of partial 

differential equations in mathematics (Gerke and van 

Genuchten, 1993a): 
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 (C𝑓 + 𝑆𝑒𝑓𝑆𝑠)
𝜕𝐻𝑝𝑓

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐾𝑓

𝜕𝐻𝑝𝑓

𝜕𝑧
+ 𝐾𝑓) −

Γ𝑤

𝑤𝑓
 (1) 

 

(C𝑚 + 𝑆𝑒𝑚𝑆𝑠)
𝜕𝐻𝑝𝑚

𝜕𝑡
=

𝜕

𝜕𝑧
(𝐾𝑚

𝜕𝐻𝑝𝑚

𝜕𝑧
+ 𝐾𝑚) +

Γ𝑤

𝑤𝑚
 (2) 

 

where "f" represents the PF domain, while "m" denotes 

the matrix domain. 𝐶𝑓 and 𝐶𝑚 are the differential water 

capacity (dθ/d𝐻𝑝); 𝑆𝑒𝑓 and 𝑆𝑒𝑚 are effective saturation 

of PF domain and matrix domain; 𝐻𝑝𝑓 and 𝐻𝑝𝑚 are the 

pressure heads of two domains; 𝐾𝑓 and 𝐾𝑚 are the 

isotropic hydraulic conductivity; 𝑆𝑠 is the specific 

storage; 𝑤𝑓 and 𝑤𝑚 are the volumetric ratio of the PF 

domain and MF domain over the total soil volume, and 

𝛤𝑤 is the water exchange term between the two 

domains. t is time; z is the vertical coordinate (positive 

upward). 

Soil Water Characteristic Curve (SWCC) was 

proposed to describe the relationship in 𝐶, 𝑆𝑒, 𝐾, 𝜃, 

and 𝐻𝑝 in unsaturated soil of both domains in 

unsaturated soil (van Genuchten, 1980). As shown in 

Equation (3) to Equation (6), these parameters could 

be specified by the saturated and residual volumetric 

water content 𝜃𝑠 and θr, as well as constants of a, n, 

m, and l. 
 

θ = θ𝑟 +
(θ𝑠−θ𝑟)

(1+|𝑎𝐻𝑝|
𝑛

)
𝑚 (3) 

 

𝑆𝑒 =
1

(1+|𝑎𝐻𝑝|
𝑛

)
𝑚 , 𝑚 = 1 −

1

𝑛
 (4) 

 

𝐶 =
(θ𝑠−θ𝑟)𝑚𝑛𝑎|𝑎𝐻𝑝|

𝑛−1

(1+|𝑎𝐻𝑝|
𝑛

)
𝑚+1  (5) 

 

𝐾 = K𝑠𝑆𝑒
𝑙 [1 − (1 − 𝑆𝑒

1

𝑚)
𝑚

]
2

 (6) 

 

where 𝐾𝑠 is the saturated hydraulic conductivity (m/s), 

α, n, m, and l are the fitting parameters of the 

soil- water characteristic curve. 𝑆𝑒 is effective 

saturation, 𝐾𝑟 is relative permeability or the 

unsaturated water conductivity (m/s).  

The transfer term Γw is the water exchange rate 

in the difference of pressure head both domains (Gerke 

and van Genuchten, 1993a): 
 

Γ𝑤 = 𝑎𝑤𝐾𝑎(𝐻𝑝𝑓 − 𝐻𝑝𝑚) (7) 
 

where aw is the first transfer effective water transfer 

coefficient for fluid. The hydraulic conductivities 𝐾𝑎 

is elevated as the mean function of hydraulic 

conductivity between MF domain and PF domain 

(Shao et al., 2015): 
 

𝐾𝑎 =
𝐾𝑓+𝐾𝑚

2
 (8) 

 

Since C and K are both variables related to 

pressure head 𝐻𝑝, Equations (1) and (2) are second-

order nonlinear PDEs, which is solved by numerical 

methods under certain assumptions. 

 

The volumetric ratio of the PF domain and matrix 

domain sum up to 1: 
 

𝑤𝑓 + 𝑤𝑚 = 1 (9) 
 

The total water content of the soil is the weighted 

average of the water contents of the two domains 
 

θ = 𝑤𝑓θ𝑓 + 𝑤𝑚θ𝑚 (10) 
 

The same holds for the total saturated hydraulic 

conductivity of the soil: 
 

K𝑠 = 𝑤𝑓K𝑠𝑓 + 𝑤𝑚K𝑠𝑚 (11) 
 

where 𝐾𝑠𝑓 and 𝐾𝑠𝑚 are saturated hydraulic 

conductivity of the PF domain and MF domain, 

respectively. 

The weighted average of the effective saturation 

of the two domains can be expressed by (Shao et al., 

2016): 

 

𝑆𝑒𝑤 = 𝑤𝑓𝑆𝑒𝑓 + 𝑤𝑚𝑆𝑒𝑚 (12) 

 
2.2. SOIL INFILTRATION CAPACITY MODEL 

By introducing complementary smoothing 

functions α and β, the soil infiltration capacity 𝑓𝑐𝑚 and 

𝑓𝑐𝑓 of general mixed boundary condition in the two 

domains are enhanced and defined in COMSOL (Chui 

and Freyberg, 2009): 

 

𝑓𝑐𝑚 =  𝛼 𝑅 +  𝛽
𝐾𝑠𝑚

𝐿
(𝐻𝑤 −

𝑝𝑚

𝜌𝑔
) (13) 

 

𝑓𝑐𝑓 = 𝛼 𝑅 +  𝛽
𝐾𝑠𝑓

𝐿
(𝐻𝑤 −

𝑝𝑓

𝜌𝑔
) (14) 

 

where 𝐻𝑤 is the water depth of surface; A coupling 

length scale  𝐿 = 0.001 m. 

𝛼 can be expressed by:  

𝛼 = {
1, 𝑝 < 0
0, 𝑝 ≥ 0

 (15) 

 

𝛽 is defined as 
6 

𝛽 = 1 − 𝛼 (16) 
 

The general boundary condition simplifies to 

a Neumann condition when α=1 and β=0, and to 

a Dirichlet condition when 
𝐾𝑠𝑚

𝐿
 and 

𝐾𝑠𝑓

𝐿
 are infinite 

(α=0 and β=1). Therefore, this mixed boundary 

condition represents a solution-dependent switch 

between Neumann and Dirichlet conditions by 

specifying complementary smoothing functions. 

 
2.3. BOUNDARY CONDITIONS OF DP MODEL 

The soil infiltration capacity 𝑓𝑐𝑚 and 𝑓𝑐𝑓 are 

determined by the pressure head at the surface (zero or 

higher depending on the increasing runoff 𝐻𝑤) and the 

pressure head in the cell below. The rainfall infiltration 

process consists of two sequential steps. Firstly, 

infiltration occurs before runoff generation in the early 

rainfall event. The rainfall intensity R is less than the 
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saturated hydraulic conductivity 𝐾𝑠𝑚 of subsurface 

MF, which is treated as a flow boundary condition at 

the slope surface for calculating subsurface flow. The 

infiltration rates of both domains are initially equal to 

rainfall intensity R.  
 

R = I = I𝑚 = I𝑓 (17) 
 

Secondly, when rainfall intensity R is greater 

than the saturated hydraulic conductivity 𝐾𝑠𝑚 of MF 

but is less than the saturated hydraulic conductivity 

𝐾𝑠𝑓 of PF. The infiltration rate 𝐼𝑚 is equal to soil 

infiltration capacity 𝑓𝑐𝑚. Then, the runoff occurs at the 

top of the MF domain, transforming from the flow 

boundary condition to the pressure head condition. 

However, the flow boundary condition can still be 

applied in PF. The excess water is equivalent to 

infiltrating PF from the surface and is treated as 

equivalent rainfall intensity. The equivalent rainfall 

intensity of PF is expressed by 
 

R𝑓 =
𝑅−w𝑚I𝑚

w𝑓
 (18) 

 

When equivalent rainfall intensity R𝑓 is less than the 

saturated hydraulic conductivity 𝐾𝑠𝑓 of PF. The actual 

infiltration rate I𝑓 can be expressed by: 
 

𝐼𝑓 = R𝑓 (19) 
 

When equivalent rainfall intensity R𝑓 exceeds the 

saturated hydraulic conductivity 𝐾𝑠𝑓 of PF, runoff 

generate on the surface. The infiltration rate 𝐼𝑓 is equal 

to soil infiltration capacity 𝑓𝑐𝑓. The boundary 

conditions of both domains transform into pressure 

head condition, which is determined by the ponding 

depth. 

 

2.4. DRUCKER–PRAGER YIELD CRITERION 

The Drucker–Prager yield criterion is used to 

describe the yield condition, which can be expressed 

as 
 

𝐹 = √𝐽2 + 𝑚𝐼1 − 𝑛 (20) 
 

where 𝐽2 is the second invariant of the stress 

deviator tensor, 𝐼1 is the first invariant of the effective 

stress tensor. m and n are two material constants.  

The mechanical calculation uses the linear elastic 

model with the Drucker-Prager criterion, matching the 

Mohr-Coulomb criterion; the parameters are 
 

𝑚 =
𝑡𝑎𝑛(𝜑)

√9+12 𝑡𝑎𝑛2(𝜑)
 (21) 

 

𝑛 =
3𝑐

√9+12 𝑡𝑎𝑛2(𝜑)
 (22) 

 

where 𝑐 is the soil cohesion, and 𝜑 is the internal 

friction angle of the soil. 

 
2.5. SLOPE GEOMETRY OF NUMERICAL MODEL 

The suggested test slope is 100 m long, with 

a height of 45 m, a toe height of 15 m, and a slope 

angle 26 degrees. The following are the boundary 

conditions that govern the subsurface flow model. The 

surface is atmospheric. The left, right, and bottom 

sides have no flow boundaries. The left and right sides 

specify pressure heads to simulate variable 

groundwater tables, as shown in Figure 1. The soil 

water characteristics curve (SWCC) is typically 

obtained through a pressure plate test. The VG fitting 

parameters are obtained by fitting the VG Equation (3) 

to the experimental data from the SWCC test. 

The residual soil sample hydraulic parameters 

are presented in Table 1. 

Fig. 1 The geometry of the slope and the boundary conditions. 
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Table 1 Summary of parameters. 

 
Parameter name Symbol Residual Soil Units  

Dry unit weight 𝜌𝑠 14.3 kN/m3 

Saturated hydraulic conductivity  𝐾𝑠 7.91× 10-6 m/s 

Saturated hydraulic conductivity of PF domain 𝐾𝑠𝑓 7.25× 10-5 m/s 

Saturated hydraulic conductivity of MF domain 𝐾𝑠𝑚 7.25× 10-7 m/s 

Young’s modulus E 105 kPa 

Poisson’s ratio V 0.35  

Effective cohesion 𝑐 15 kPa 

Friction angle 𝑝ℎ𝑖 26 ° 

Saturated water content 𝜃𝑠 0.57  

Residual water content 𝜃𝑟 0.08  

VG fitting parameter a 0.36  

VG fitting parameter n 1.37  

VG fitting parameter l 0.5  

 
This study simulates two rainfall intensities: 

low- intensity rainfall 2 mm/h lasting 240 h, and 

high- intensity rainfall 20 mm/h lasting for 24 h. These 

events are being investigated to analyze the impact on 

several factors, such as effective saturation, water 

exchange rate, pore water pressure, infiltration rate, 

boundary pressure, and slope stability. 

 
3. RESULTS 

3.1. EFFECTIVE SATURATION ANALYSIS 

The study area examines the distribution of soil 

effective saturation, taking into account the influence 

of both MF domain and PF domain under varying 

rainfall intensities., is depicted in Figure 2. To improve 

the convergence of the DP model, the initial condition 

of effective saturation is obtained from the stationary 

analysis. During the initial phase, the soil at the bottom 

of the slope toe is saturated from a height of 15 meters 

on the left to a height of 10 meters on the right. 

Besides, matric suction affects soil saturation. Soils 

beyond this level, however, remain unsaturated. In two 

rainfall intensity conditions, low- and high-rainfall 

intensity, the wetting front develops parallel to the 

surface and progresses downhill in the DP model. The 

rainwater usually reaches the slope's toe initially, 

where it encounters the groundwater table, leading to 

the ongoing enlargement of the saturated region in 

Figure 2.  

For the low-intensity rainfall in Figure 2, the 

variations of effective saturation of surface soil mass 

primarily occur in the MF domain. In contrast, the PF 

domain exhibits a high saturation permeability 

coefficient, leading to minimal changes in saturation. 

After 120 hours of rainfall, the wetting front in the PF 

area has reached the groundwater level, resulting in an 

overall rise in the amount of moisture content in the 

PF domain. Nevertheless, there is no significant rise in 

groundwater levels due to low rainfall intensity. 

During 240 hours of rainfall, the water level at the base 

of the MF domain experiences a modest increase. For 

high-intensity rainfall in Figure 2, it is observed that 

soil saturation of MF domain increased significantly 

within 1.1-meter thickness at the surface. Moreover, 

as equivalent rainfall intensity increases, the effective 

saturation of the PF domain substantially rises. As 

a result of rapid infiltration, prolonged rainfall lasting 

12 hours causes the groundwater level in the PF 

domain to reach the surface at the toe of the slope. 

After 24 hours of rainfall, the soil at the base of the hill 

had been completely saturated. The MF domain 

mostly governs the infiltration of the low-rainfall 

intensity, whereas the infiltration of the high-rainfall 

intensity is primarily governed by the PF domain by 

comparing the two rainfall situations. The infiltration 

depth of the PF domain surpasses that of the pore 

domain. Rainwater initially reaches the groundwater 

level at the slope toe, and subsequently expands the 

saturated area continuously. By analyzing the 

variations in effective saturation for two rainfall 

intensities, the groundwater levels in both domains 

consistently rise in unison. 

 
3.2. PORE WATER PRESSURE ANALYSIS 

The increase of soil saturation may lead to 

variations of pore water pressure between initial 

condition and continuous rainfall, respectively, as 

illustrated in Figure 3. Following the law of saturation 

change, the pore water pressure in soils at the shallow 

surface and the toe of the slope increased substantially, 

with the most pronounced change occurring at the 

slope toe; The pore pressure remains negative and 

unaltered at the depths of the slope.  

To further examine the law variation of pore 

water pressure in both domains during rainfall, the 

vulnerable points A, B, C and D are plotted, as 

indicated in Figure 1. These monitoring points are 

strategically positioned at four different locations 

within the slope, namely the shoulder/crest (Point A), 

deep region (Point B), left side of slope toe (Point C), 

and below slope toe (Point D). For low-rainfall 

intensity, the pore water pressure is negative at four 

points between the PF domain and MF, suggesting that 



X. Han et al. 

 

166 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2mm/h MF PF 

t=0h 

(a 

t=120h 

(b (c 

t=240h 

(d (e 

20mm/h MF PF 

t=12h 

(f (g 

t=24h 

(h (i 

 
 

Fig. 2 Variation of effective saturation during different rainfall intensities. 

 

soils at these points are unsaturated, as shown in 

Figure 4. It is observed that the pore water pressure has 

the most prominent increase at point A. Moreover, the 

difference is most significant between the PF and MF 

domains. The pore pressure at point C and point D of 

the slope toe experience a certain degree of increase, 

while the pore pressure at point B (deep in the slope) 

remains essentially unchanged with continuous 

rainfall. For high-rainfall intensity, the pore water 

pressure is positive after 16 hours of rainfall at point 

D, and then the soil is saturated. Soils at the other three 

points are all unsaturated. The most significant 

increase of the pore water pressure is observed at point 

A. Furthermore, the disparity is most pronounced 

when transitioning from the PF domain to the MF 

domain. As rainfall intensity increases, the difference 

between the PF and MF domains exhibits an 

increasing trend. 
 

3.3. INFILTRATION RATE AND BOUNDARY 

PRESSURE ANALYSIS 

When the rainfall intensity is 2 mm/h, the 

infiltration rates in the MF domain and PF domain are 

equal to the rainfall intensity, as shown in Figure 5. 

Different amounts of pore water pressure rose in both 

domains, but the pore water pressure in the MF 
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Fig. 3 Pore water pressure contours of DP at different rainfall intensities. 

 

domain is closer to 0, as shown in Figure 6. At 

a rainfall intensity of 20 mm/h, the MF domain rapidly 

becomes completely saturated after 2 hours rainfall, as 

indicated in Figure 5. Consequently, the boundary 

condition shifts from flow boundary to pressure 

boundary, as indicated in Figure 6. Moreover, all 

surplus water is directed towards the PF domain and 

seeps farther down, resulting in a progressive rise in 

the intensity of rainfall inside the PF domain. It is 

observed that the infiltration rate begins to increase 

progressively as the equivalent rainfall intensity 

increases. After 24 hours of rainfall, the infiltration 

rate of PF domain increases to 4.624×10-5 m/s. 

Furthermore, the PF domain's rainfall intensity can be 

determined using Equation (12), whose value is 

4.623×10-5 m/s. Therefore, the error of the numerical 

calculation is ureinimal. The pore water pressure is 

measured at 0.11 kPa on the surface after 2 hours of 

rainfall. The infiltration pressure boundary condition 

indicated that the specified ponding depth is 0.01 m, 

corresponding to a calculated pressure of 0.1 kPa. 

These two values show a high level of concordance 

and agreement. The preferential domain's saturated 

permeability coefficient is so high that it will not attain 

saturation even if all excess water from the MF domain 

flows into it. A progressive increase in pore water 

pressure is observed in the PF domain as the 

equivalent rainfall intensity rises. 
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Fig. 4 Vulnerable points of pore water pressure contours of DP at different rainfall intensities. 
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Fig. 5 Infiltration rate of DP at different rainfall intensities. 
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Fig. 6 Boundary pressure of DP at different rainfall intensities. 
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Fig. 7 Rainfall account of DP at different rainfall intensities. 

 

3.4. INFILTRATION AMOUNT ANALYSIS 

To calculate the infiltration account of the PF 

domain and MF domain at different times, the 

boundary of the study area is performed line 

integration, and the longitudinal thickness of the two-

dimensional slope model is assumed to be 1 m. When 

the rainfall intensity is 2 mm/h, rainwater mainly 

infiltrates downward through the MF domain, as 

indicated in Figure 7. The total infiltration amount is 

equal to the rainfall intensity. When the rainfall 

intensity is 20 mm/h, all rainwater penetrates into the 

PF domain and MF domain before 2 hours, as 

indicated in Figure 7. The excess water cannot be 

absorbed into the PF domain within 2 to 10 hours. 

Runoff occurs on the surface because high-intensity 

rainfall cannot wholly pass through saturated areas on 

the shallow surface. The part of excess water infiltrates 

into the PF domain, which causes an increase of 

equivalent rainfall. The rainfall amount is 

approximately equal to the amount of infiltration after 

8 hours. It is obtained that the amount of rainfall is 

51.4 m3. The total infiltration account of 2 mm/h 

lasting for 240 h is 51.4 m3, and the entire infiltration 

account of 20 mm/h lasting for 24 h is 49.86 m3. 

Therefore, the total infiltration account of 2 mm/h 

lasting for 240 h is slightly larger than that of 20 mm/h 

lasting for 24 h. 
 

3.5. WATER EXCHANGE ANALYSIS 

The water exchange rate between the MF domain 

and PF domain of the DP model is depicted in 

Figure 8. The principal direction of water exchange at 

a precipitation intensity of 2 mm/h is from the MF 

domain to the PF domain. The water exchange rate 

gradually decreases as the MF domain and PF 

infiltration depth grows. The PF domain exhibits a 

greater penetration depth in the slope's lower portion 

than the MF domain. As a result of the rapid 

infiltration rate in the PF domain, the saturation of the 

mass in the PF domain, where the wetting peak 

surpasses the MF domain, is slightly higher than that 

in the MF domain. 

Consequently, water exchange is from the PF 

domain to the MF domain in this area. Most water 

exchange infiltrates from the PF domain to the MF 

domain when there is a 20 mm/h rainfall. The amount 

of water exchange that flows into the MF domain 

quickly rises as the PF domain rainfall intensity and 

infiltration depth gradually rise. Water moves from the 

MF domain to the PF domain in the upper part of the 

slope, where the MF domain is fully saturated. 

Besides, the most significant difference of water 

exchange rate is observed on the shallow surface. The 

water exchange rate in both domains is lower during 

low-rainfall intensity compared to high-rainfall 

intensity periods. 

 
3.6. SLOPE STABILITY ANALYSIS 

The factor of safety is calculated using the 

strength reduction method in this study, using two 

distinct levels of rainfall intensity. The linear elastic 

model with the Drucker-Prager criterion is used for the 

mechanical calculation, which matches the 

Mohr- Coulomb criterion. The parameter sweep 

method in COMSOL Multiphysics facilitated the 

quick assessment of how different parameter values 

affected the calculated results. Effective cohesion c 

and friction angle phi are required as input parameters. 

As shown in Figure 9, the slope initial factor of safety 

of varying rainfall accounts equals 1.61. When the 

rainfall intensity is 2 mm/h lasting for 240 hours, the 

slope factor of safety reduces to 1.55 after 4.8 m2 

rainfall account. Furthermore, the decreasing trend 

factor of safety is slightly slower. The factor of safety 

is reduced by 3.73 % compared to the initial factor of 

safety. When the rainfall intensity is 20 mm/h, lasting 

for 24 hours, the factor of safety for the slope 

decreases to 1.45 after rainfall of 4.8 m2. However, the 
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Fig. 8 Water exchange rate distribution of DP. 

 

Fig. 9 Variation of FOS during different rainfall intensities. 
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rate of decline is relatively rapid. The factor of safety 

decreases by 9.94 % compared with the initial factor 

of safety. 

 
4. DISCUSSION 

The pore water pressure value is significant in the 

DP model's fluid-solid coupling. Two methods exist to 

estimate pore water pressure based on seepage and 

stress. The average pore water pressure estimated the 

pore-network modeling of (two-phase) flow in porous 

media (Korteland et al., 2010). Moreover, the PF pore 

water pressure is used to calculate the stress in the DP 

model (Shao et al., 2015). The specific situation 

determines the value of pore water pressure because 

the initial hydrological conditions are calculated from 

the steady state of previous rainfall. Therefore, this 

study employs the average pore water pressure to 

calculate the stress. 

Physical measurements make it extremely 

difficult to estimate the water exchange coefficient. 

The water exchange parameterization employed in this 

study was compared to that of earlier investigations in 

Table 2. The Equation (8) is most widely used (Gerke 

and van Genuchten, 1993b). Köhne and Mohanty 

(2005) showed how chlortoluron naturally moves 

through the soil profile. Arora et al. (2011) estimated 

parameters for multidomain flow models in soil 

columns with varying macropore densities. These 

preferential flow systems can be modeled as the dual-

permeability porous medium by modifying the 

fracture domain's 2-D formulation, initial conditions, 

and mass exchange function (Aguilar-López et al., 

2020). This study ignores the impact of coatings on 

permeability, as well as Köhne and Mohanty (2005), 

Arora et al. (2011), and Aguilar-López et al. (2020). 

This study examines the influence of PF on 

seepage in different rainfall infiltration scenarios. It 

tackles a notable inadequacy in current modeling 

methods, which often overlook the interconnected 

dynamics between MF and PF domains in soil. This 

study tries to figure out how PF affects slope stability 

over time and space, as well as how it works on 

a hydrological mechanism, by simulating  

rainfall-  induced shallow landslides numerically. This 

method has substantial implications for precisely 

identifying the hazardous area on a large catchment 

scale and precisely disseminating warning information 

to the hazardous areas. While a linear-elastic model is 

used to analyze the stress distribution and evaluate 

failure, it should be noted that the results do not 

indicate any occurrence of plastic deformation after 

failure. Our findings suggest that additional research 

is necessary to address topics such as the influence of 

plastic deformation following failure on slope 

stability. 
 

5. CONCLUSION 

The coupling DP model is used to simulate the 

subsurface hydrological effects of PF. The impact of 

precipitation events on the DP model is investigated in 

numerical experiments. The investigation 

concentrated on two classifications of rainfall events: 

low-intensity, long-duration rainfall and 

high- intensity, short-duration rainfall. The cumulative 

precipitation from both rainfall events is equivalent. 

The following conclusions can be drawn: 

1. The conversion of derived infiltration boundary 

conditions in the PF domain and the MF domain 

is related to the rainfall intensity, the equivalent 

rainfall intensity, and the saturated permeability 

coefficients of both domains. The resulting 

pressure boundary condition is compared to 

example models in existing literature, and the 

calculation results demonstrate strong 

consistency with the conclusions drawn in earlier 

investigations. 

2. At a rainfall intensity of 2 mm/h, the infiltration 

account of both domains is equivalent to the 

rainfall account. 90 % of rainwater infiltrates 

downward through the MF domain, resulting 

a significant change in moisture content in this 

domain. Therefore, infiltration is mainly 

controlled by the MF domain. When the rainfall 

intensity reaches 20 mm/h, all the rainwater seeps 

into the PF domain. The infiltration rate of the PF 

domain significantly exceeds that of the MF 

domain. Furthermore, infiltration is primarily 

governed by the PF domain, which accounts for 

the substantial variation in moisture content. 

3. Water exchange mainly flows from the MF 

domain to the PF domain for low-rainfall 

intensity. Compared to the MF domain, the PF 

domain exhibits a greater penetration depth in the 

lower portion of the slope. A thimbleful of water 

exchange flows from the MF domain to the PF 

domain in the lower portion of the slope. For 

high- rainfall intensity, water exchange mainly 

flows from the PF domain to the MF domain 

Table 2 Different water exchange coefficients in previous literature. 

Parameters 𝛽 𝑎𝑙 (cm) 𝛾𝑤 𝑎𝑤 (cm-2) References 

Sandy loam soil 15 0.3 0.4 66.67 Kodešová, R et al. (Kodešová et al., 2005) 

Sandy loam soil 0.54 4.85 0.001 1.2×10-5 Arora et al. (Arora et al., 2011)  

Clay     2×10-5 Shao, W et al. (Shao et al., 2015) 

Clay 3 0.38 0.4 8.31 Aguilar-López et al.  (Aguilar-López et al., 

2020) 

 3 2.449 0.4 2×10-5 This study 
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because the saturation area of the MF domain 

occurs on the shallow surface. Moreover, water 

exchange occurs from the PF domain to the MF 

domain for nearly the entire spectrum of slope 

infiltration depth. In both domains, the water 

exchange rate is lower during periods of low 

rainfall intensity than in high rainfall intensity. 

4. It is obtained that when the rainfall intensity is 

2 mm/h and lasts for 240 hours, the slope's factor 

of safety decreases to 1.55 after a cumulative 

rainfall of 4.8 m2 through the strength reduction 

method. The factor of safety reduces by 3.73 % 

compared to the initial factor of safety. When the 

rainfall intensity is 20 mm/h and lasts for 

24 hours, the slope’s factor of safety reduces to 

1.45 after a rainfall of 4.8 m2. The factor of safety 

decreases by 9.94 % compared to the initial factor 

of safety. The decline rate of the factor of safety 

of high-rainfall intensity is faster than that of 

low- rainfall intensity under the same rainfall 

account. 
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