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Abstract

As one of the most catastrophic geological hazards globally, landslides exhibit heightened
risks due to their increasing frequency, destructive potential, and extensive spatial distribu-
tion. The primary objective of this study is to develop an integrated analytical framework
to quantitatively evaluate the stability of variably shaped slopes under rainfall infiltration.
The core hypothesis is that slope curvature significantly alters infiltration behavior and
stress distribution, leading to morphology-dependent failure mechanisms. Employing
Green-Ampt infiltration theory coupled with limit equilibrium analysis, we establish sta-
bility prediction models for three fundamental slope geometries (linear, concave, convex)
under contrasting rainfall regimes (high-intensity vs. low-intensity precipitation). The
derived analytical solutions reveal two critical phenomena: (1) progressive downward
migration of the saturation front maintaining parallelism with slope surfaces during infil-
tration and (2) time-dependent stability deterioration following hyperbolic decay patterns.
The proposed models are rigorously validated through numerical simulations employing
finite element methods, which demonstrate remarkable congruence with theoretical pre-
dictions, showing safety factor discrepancies below 5% (AFs < 0.05). Particularly, concave
slopes exhibit 18-22% faster destabilization rates compared to convex counterparts under
equivalent rainfall conditions. The validated models elucidate the spatiotemporal evo-
lution of matric suction and pore pressure distributions, providing quantitative insights
into morphology-dependent failure thresholds. These findings advance predictive capa-
bilities for rainfall-induced landslides through physics-based stability criteria, offering
critical guidance for terrain-specific early warning systems and mitigation strategies in
geohazard-prone regions.

Keywords: slope stability; rainfall infiltration; slope shape; Green-Ampt model; wetting front

1. Introduction

Landslides are typical geological disasters characterized by complex formation mecha-
nisms and strong destructive power. They are recognized as one of the most critical and
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hazardous geological hazards worldwide [1-3]. China has complex geological conditions,
diverse landforms, and variable climatic environments. As a result, China experiences one
of the highest frequencies of landslide disasters globally. These disasters have caused severe
losses to the safety of people’s lives and property [4—6] Accordingly, strengthening landslide
research is of great significance for geological disaster prevention and reduction [7,8].

Rainfall is one of the most common triggering factors of landslide [9]. Specifically, the
impact of rainfall on slope is mainly reflected in the following three aspects: (1) rainfall
will increase the water content of the slope, which tends to increase the sliding force of
slope [9-11]; (2) the matrix suction in the slope and the mechanical properties of soil will
be weakened by the rainfall infiltration, reducing the anti-sliding force of the slope [12];
(3) the groundwater level is prone to rise from rainfall infiltration, which has a detrimental
impact on the stress state and slope structure [13,14]. Therefore, it is necessary to study
the infiltration law of slope under the action of rainfall for slope stability analysis and
prevention [15]. Regarding the theoretical research, many rainfall infiltration models have
been proposed and improved gradually, such as Green-Ampt model (GA model) [16],
Richards model [17], Mein-Larson model (ML model) [18], etc. Whereafter, GA model has
been improved by many scholars [19-22]. In recent years, the application of GA model has
been further developed under complex conditions, such as layered soil [23-25], fissured
soil [26], unsaturated flows [27], semi-arid basins [28], hemispherical infiltration [29], and
3D slope stability. These models mostly focus on parameter improvement and application
under complex conditions, while there are few studies on rainfall infiltration models with
different slope forms.

Slopes in nature are usually not linear, but a curved shape or stepped shape. Qiao et al.
(2006) divided the landslides of the Three Gorges reservoir area into five shapes, of which
the curved slope accounted for about 88% [30]. However, the shape of the slope exerts a
considerable influence on its stress state and hydrological response [31,32]. Recent studies
have demonstrated that different slope curvatures produce distinct stress distributions,
leading to varying stability behaviors under identical rainfall conditions [33,34]. Sannino
et al. [35] provided a comprehensive review of physically based distributed models for
rainfall-induced shallow landslides, emphasizing that topographic curvature is a critical
factor controlling failure initiation and should be explicitly incorporated into stability
assessments. Moradi et al. [36] compared different coupling strategies in hydromechanical
models and revealed that slope geometry significantly affects the infiltration—stability
relationship, with convex slopes exhibiting faster pore pressure responses and earlier
failure compared to concave slopes under the same rainfall intensity. Zhou et al. [37]
investigated the response patterns of soil water recharge on slopes with different curvatures
and established quantitative relationships between slope shape and rainfall infiltration
efficiency, demonstrating that concave slopes retain moisture longer while convex slopes
drain more rapidly. Tang et al. [31] developed numerical models for multi-layered slopes
that explicitly account for slope geometry effects on hydrological mechanisms and failure
timing, confirming that curvature-dependent stress redistribution plays a key role in
slope instability processes. Recent advances in landslide hydrology have progressed
along three complementary directions: (1) rainfall threshold studies establishing empirical
intensity—duration relationships for early warning [38,39]; (2) hydrological slope stability
modeling coupling distributed hydrological models with stability analysis [40,41]; and
(3) coupled hydromechanical approaches incorporating unsaturated soil behavior and
pore pressure—mechanical interactions [42,43]. While these approaches have significantly
advanced the field, a gap remains in the analytical treatment of slope curvature effects
on rainfall infiltration and stability—most existing analytical frameworks assume linear
slope geometry or treat curvature empirically. This study aims to fill this gap by extending
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the classical Green-Ampt infiltration model to concave and convex slopes through the
introduction of a position-dependent equivalent slope angle.

Despite the widespread application of Green-Ampt-based models in slope stability
analysis, existing studies predominantly focus on linear slopes with simplified geometry,
leaving the analytical treatment of slope curvature—particularly its explicit integration into
both infiltration and stability calculations—largely unexplored. This study addresses this
gap by developing a unified analytical framework that quantitatively links slope morphol-
ogy (concave, convex, linear) to rainfall-induced failure mechanisms. The main novelty lies
in (1) the theoretical extension of the classical Green-Ampt model to variably shaped slopes
via a position-dependent equivalent slope angle, enabling quantitative analytical character-
ization of curvature-infiltration links; (2) the derivation of closed-form stability solutions
that explicitly incorporate slope curvature as a controlling parameter, quantifying geometry—
failure timing relationships; and (3) systematic validation against independent numerical
simulations, with statistical error metrics (RMSE = 0.018, R? = 0.976) confirming the frame-
work’s accuracy and reliability. Unlike existing infiltration—stability coupled models, our
approach uniquely integrates unified multi-morphology treatment, rigorous curvature-
incorporating analytical derivation, and comprehensive numerical verification. The model
provides new insights into morphology-dependent failure behavior—for instance, concave
slopes destabilize 18-22% faster than convex slopes under identical rainfall—offering a
physics-based foundation for terrain-specific early warning and hazard assessment.

2. Rainfall Infiltration Models
2.1. Geological Models of Different Slope Shapes

Slope morphology can be portrayed by function curve. Currently, slope morphol-
ogy is described by exponential, logarithmic, and hyperbolic functions. For the sake of
convenience, this paper assumed that slope geometry satisfies an exponential function
and established a global coordinate system with slope midpoint as the origin, then slope
function can be expressed as

—H{l —exp <%tan9c)} x <0

F(x) = H[l ~exp (f%tanec)} x>0

)

where 6, is denoted as the maximum equivalent slope angle and H as the equivalent height
of slope. Slope surface curve is shown in Figure 1a.

As demonstrated by Figure 1, the degree of concave and convex can be converted by
changing the values of 6, and H. For concave slopes, the slope function curve in the interval
(x < 0) can be selected to describe the shapes, in which the top of the slope is located at the
origin and there is a maximum equivalent slope angle .. That is, the slope function of the
concave slope is

F(x):H{l—exp(%tanQC)},x<0 ()

For any point P(x,y) on the concave slope surface, the tangent slope f(x) of this point
can be obtained as Equation (3):

x
f(x) :tanGC-exp(Etanf)C),x <0 3)
For convex slopes, to facilitate the study of the stability calculation model, the convex

slope function curve can be described by moving the slope function in the interval (x > 0)
down by h and moving to the left by w, the top of the slope is located at the origin, and
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there is a maximum equivalent slope angle 0. at the toe. That is, the slope function of the
convex slope is

F(x):H[l—exp<—x+wtan9C)]—h,x<0 4)
() F<XP:,: 77777777777 (b) " 150m
/ 1
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Figure 1. (a) Slope function curve, (b) Geological model of linear slope, (c) Geological model of
concave slope, (d) Geological model of convex slope.

For any point P(x,y) on the convex slope surface, the tangent slope f(x) of this point
can be obtained as Equation (5):

f(x) = tan#, - exp(—wr;utan(?c),x <0 ®)

Denote the angle between the tangent to the point P and the horizontal direction as f,
which is the equivalent slope angle of the point P, then,

f(x) = tanp ©®)

Therefore, for any point P on the slope surface, the equivalent slope angle B of the
point can be determined according to the mathematical relationship; when the equivalent
slope angle is constant, that is, = 8, the slope curve is a linear line, and the described side
slope is a linear slope. To facilitate the description of the linear slope, the form of y = kx is
used to express the linear slope. Then, the function expression of the linear slope is

f(x) = tanO.x @)

Inevitably, the calculation results shall be affected by the size of the model to a certain
extent. In this paper, the three types of slope model settings are shown in Figure 1b—d.

It is important to clarify that the three slope models presented above (linear, concave,
and convex) are idealized representations constructed for the purpose of mechanistic
analysis. Instead of relying on a specific digital elevation model (DEM) from a test site,
these geometries are generated using a parameterized mathematical approach based on
exponential functions (Equations (2), (4), and (7)). The curvature of concave and convex
slopes is mathematically represented by the spatial variation of the equivalent slope angle
B(x). For concave slopes, 5(x) increases towards the toe (derived from Equation (3)); for
convex slopes, B(x) decreases towards the toe (derived from Equation (5)). This position-
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dependent B(x) is the key parameter linking slope geometry to infiltration and stability.
This method allows for the systematic control of key morphological variables—specifically,
the maximum equivalent slope angle and equivalent height—while keeping all other
geotechnical parameters constant. By isolating the geometric variable, this theoretical
approach enables a fundamental investigation into the causal relationship between slope
curvature and rainfall-induced instability, free from the confounding influences of site-
specific heterogeneities. While this study focuses on the underlying physical mechanisms,
future work should aim to validate and calibrate these findings using real-world terrain
data acquired from field surveys or remote sensing technologies.

2.2. Green-Ampt Infiltration Model

The Green-Ampt infiltration model was proposed by Green and Ampt in 1911 based
on a constant water head [16]. The infiltration model is shown in Figure 2. Specifically,
the upper part is water body in the height of a. Due to the gravity, the water shall flow
downward. The soil body is uniform and isotropic, and the cross-sectional area of the
soil is in unit one. It can be seen from the figure that the wetting front of the infiltration
reaches the 11’ cross-section at this time. During the infiltration process, the soil will be
divided into two parts by the wetting front. The soil in the upper part of the wetting front
is saturated due to water infiltration, while the soil in the lower part of the wetting front is
still in a natural state, where water content is the initial water content.

| |
" | \l’

]
O O OYO O O OO0OYW OO O 4

Figure 2. Schematic diagram of rainfall infiltration.

According to Darcy’s law,
h+a+S f

h

where i is the infiltration rate; S is the matrix suction of the wetting front at the 1-1" section; a

(8)

i =Ks

is the height of the water body; / is the water seepage path, that is, the distance between the
top of the soil and the wetting front; K; is the saturation permeability coefficient; i +a + S¢
is the total water head.

Assuming that the moisture content inside the soil is uniformly distributed and
equal to 6; in the initial state, the moisture content in the saturated state is 6;. Then the
accumulated water infiltration amount in the soil is

I= (6 —6)h 9)
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Simplified,
(95 — 91>(Sf + LZ)

; (10)

Set the difference of the moisture content as M = 0; — 0;. However, the total infiltra-
tion volume I and infiltration distance h are related to time t. Therefore, the derivation,
integration, and simplification of Equation (9) can be obtained as follows:

dl . dh
o= Mo (11)
dh Ksh-l-a—i-sf
oM (12)
K, h
Mdt/h—i—Sf#-adh (13)
Ks, h
Mt_h (a+Sf)ln<1+Sf+a> (14)

IfS=a+ Sf, the relationship between total infiltration volume I and time ¢ can be
obtained by combining Equations (6) and (11):

I
Kst=1-— In({1+ — 1
ot SMn(—f—SM) (15)

According to Equations (14) and (15), the position of the wetting front and the total
infiltration at any time can be obtained. However, this model can only be applied to the
vertical infiltration of the horizontal plane; consequently, the Green-Ampt model shall be
improved to make it suitable for rainfall infiltration of different slope shapes.

2.3. Rainfall Infiltration Law

For the proposed Mein-Larson model [18], the regular curve of rainfall infiltration can
be summarized as shown in Figure 3.

A

Infiltration rate

t Rainfall time
Figure 3. Curve of rainfall infiltration law.

Defining the rainfall intensity is p, the saturated permeability coefficient is K, and the

soil water permeability is fp.
Case A: Under the condition of low-intensity rainfall, p < K, all rainfall infiltrates

without runoff, which is shown in curve A.
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Case B: p < K; < fp, the rainfall intensity remains unchanged, the soil has a strong initial
water permeability, and all rainfall penetrates the soil. In this case, the infiltration rate is
equal to the unit rainfall, and the water level near the soil surface increases, which is the
line segment B in the curve BC.

Case C: K; <f, < p, with the infiltration of rainfall, the soil gradually becomes saturated,
and the infiltration capacity decreases. When it is lower than the rainfall intensity, runoff
occurs, and the time to start water accumulation is recorded as t,, which is shown in curves
Cand D.

It is worth noting that most rainfall conditions may be rainfall infiltration with constant
rainfall intensity in the water accumulation state, as shown in curve D, where t; represents
the time taken for the accumulated rainfall to reach I, under the rainfall infiltration in the
initial state of accumulation.

In short, based on the above-mentioned rainfall infiltration law, this paper explored the
rainfall infiltration models of different slopes from two situations under constant rainfall
conditions, namely, high-intensity rainfall (p > K) and low-intensity rainfall (p < Kj).

2.4. Rainfall Infiltration Models of Different Slope Shapes

As substantiated from the definition of slope shape function, the main controlling
factor for different slope shapes is the equivalent slope angle 8. Therefore, regardless of the
slope shape, the rainfall infiltration state of any point P(x,y) on the slope can be analyzed
first, and the rainfall infiltration calculation diagram is portrayed in Figure 4.

22222222 2222222220

Figure 4. Schematic diagram of rainfall infiltration model calculation (* indicates the direction of the
coordinate axis).

Here, p is the rainfall intensity, and X, and Z, are the tangent direction of point P down
the slope and the direction of the vertical tangent to the interior of the slope, respectively.
05 is recorded as the saturated volumetric water content of the soil at point P; 6; is recorded
as the initial volumetric water content at point P; f is the equivalent slope angle of point P.

(1) High-intensity rainfall (p > K;)
When ¢ is less than the water accumulation time ¢y, that is, the line segment B in
Figure 3, under this circumstance, the rainfall infiltration rate i is

i=pcosf (16)
Then, until the period of water accumulation, the cumulative infiltration amount I, is

SM
I, = o a 17)
peosp K — cos f
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https://doi.org/10.3390/geosciences16040145

Geosciences 2026, 16, 145

8 of 28

Time ¢, of this period is
SM

— pcos? B

When the time ¢ is greater than the water accumulation time ¢,, the rainfall infiltration

- p?cos? B cos ﬁ (18)

law at this moment can be equivalently described by the curve D in Figure 3. Then, we
let T =t — (t) — t5), and the time T represents the rain time when the initial state is the
accumulation of water.

Applying Darcy’s law to the saturated zone above the wetting front, the infiltration

rate i can be expressed as
Z.rcosB+S
1= KSM (19)
Zyy

where Z*f is the depth of the wetting front measured along the Z.-axis (normal to the slope),
Z *fcosﬁ represents the gravitational head at the wetting front, and S is the average matrix
suction head at the wetting front [16,18]. This equation reflects the physical principle that
the infiltration rate is controlled by the hydraulic gradient across the saturated zone.

Defining the water content deficit M = 65 — 0;, the cumulative infiltration I at time T is
related to the wetting front depth by

I=MZ;y (20)

Deriving Equation (20),
dar i dZ.f
ar 7 dT
Simultaneously, Equation (19) is

(21)

dZ.f  KsZ.pcosp+S
diT ~ M Z

(22)

Equation (22) is a differential equation describing the evolution of cumulative infiltra-
tion with time under ponded conditions. Integrating Equation (22),

dT ./Z*fcosﬁ+5dzf @3
Further simplified,
SM Icos B
KsTcosﬁ—I—wl < SM ) (24)

Equation (24) is the implicit Green-Ampt infiltration equation adapted for sloping
surfaces, where the gravitational term appears through the relationship between Z.¢ and I
in Equation (20), and the slope angle f influences the conversion between normal depth
and vertical depth when needed.

At the moment ponding begins (t = t,), the cumulative infiltration is I,. The corre-
sponding shifted time t; (the time required to reach I, under ponded conditions) can be
obtained from Equation (24) by setting I = I, and solving for T = t;:

_ SM Ipcos B
ts—{lp—cosﬁln(l—i- SM )}/Kscosﬁ (25)

where t; is the time required when the initial rainfall condition is accumulated water and

the total infiltration amount I = I,.
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In summary, it is reasonable to submit that the penetration depth of the wetting front
in the Z, direction at any time can be expressed as

7 . — ptcosp b <t
*f M =P
7.7 cos p+S (26)
{Ks[t—(tp_ts)} :7@15/5[2*]:——0;/3111( oo )] t>t,

Equation (26) provides a complete description of wetting front advancement under
high-intensity rainfall, accounting for both the pre-ponding and post-ponding phases.

(2) Low-intensity rainfall (p < K;)

When rainfall intensity is lower than the saturated permeability(p < Ks), no ponding
occurs and all rainfall infiltrates. In this case, the infiltration rate equals the rainfall intensity
throughout the process, and the cumulative infiltration increases linearly with time:

I = ptcosf (27)

Using the relationship between cumulative infiltration and wetting front depth
(Equation (20)), the wetting front depth along the Z,-direction is

Zos = pt‘;&sﬁ (28)

Equations (27) and (28) represent the simplest form of the infiltration model under
low-intensity rainfall, where the wetting front advances at a constant rate determined by
the rainfall intensity and the soil’s water content deficit.

Furthermore, the equivalent slope angle 5 and the depth of the wetting front at point
P shall also change with the position of point P. Additionally, when a certain infiltration
point on the slope is determined, the depth of its wetting front is also uniquely determined.
Therefore, for a slope with any slope shape, the infiltration depth of the wetting front at
each point of the slope can be obtained by the above model according to the two kinds of
rainfall conditions; that is, the change law of the wetting front with time can be obtained to
explore the law of rainfall infiltration on different slopes. The local slope angle 3 influences
infiltration depth through two mechanisms: (1) the gravitational head term Z,; cosp in
Equation (19), which affects the infiltration rate; (2) the conversion from normal depth Z,¢
to vertical depth Zy, = Z,¢/cosp used in stability calculations. As a result, for the same
normal infiltration depth, convex slopes (smaller cosf3 near the toe) yield larger vertical
depths, accelerating failure.

3. Stability Model of Different Slope Shapes

The stability calculation method in this paper makes the following assumptions: (1) the
soil in the slope is an isotropic homogeneous body; (2) there is no accumulated water on
the surface, which means the surface water head H = 0.

3.1. Infiltration Modeling Framework

The infiltration analysis in this study considers two distinct rainfall regimes with
different boundary conditions. For high-intensity rainfall, the rainfall intensity exceeds the
soil’s infiltration capacity. Initially, all rainfall infiltrates (flux-controlled boundary). Once
the surface becomes saturated at ponding time fp, the boundary condition switches to head-
controlled (zero pressure head at the surface), and runoff may occur. For low-intensity
rainfall, rainfall intensity is less than the saturated hydraulic conductivity. All rainfall
infiltrates throughout the event, and the surface never reaches saturation. The boundary
remains flux-controlled, with infiltration rate equal to rainfall intensity throughout.

https://doi.org/10.3390/ geosciences16040145
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3.2. Linear Slope Model

Linear slope can usually be regarded as an infinite slope. Thus, we take any element
of the slope for stability analysis. The stability calculation model is shown in Figure 5.

222122222222 2222,

Figure 5. Schematic diagram of linear slope stability calculation.

Where Zyy is the vertical infiltration depth of the wetting front, and Zy = Z,4/cosp, the
slope angle is B, and the relevant parameters at the potential sliding surface are assumed to
be normal stress 0, shear stress T, pore pressure 1. The soil state from top to bottom of
the wetting front is saturated and natural, respectively.

Then, the gravity of the unit body is

W = Yeat Zwy (29)

In Equation (29), ysat is the saturation weight of the soil, and other parameters are the
same as above.

Decomposing gravity along the slope direction and perpendicular to the slope direc-
tion, thus, the normal stress N and the sliding force F can be written as

N = Wcos B = satZw cos B (30)

F=Wsinf = Yt Zyy sin B (31)
Considering the effective surface area of the unit body S = 1/cosp, therefore, the total

normal stress ¢, on the potential sliding surface is

oy = = YsatZw cos? B (32)

_N/@

Furthermore, the shear stress 7, on the potential sliding surface is

1 .
T, = F/@ = Ysat Ly sin B cos B (33)

Mohr—Coulomb formula:
T=c+otang (34)

Therefore, the shear strength T of the unit body is

t=c +otan¢’ = + (04 — uy) tan ¢’ (35)

https:/ /doi.org/10.3390/ geosciences16040145
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In Equation (35), ¢/, ¢’ are the cohesion and internal friction angle in the saturated
state, respectively. Other parameters are the same as above.
The factor of safety of the slope is
T+ (0n —uy)tang’

Fo, = — = 36
27, YsatZ Sin B cos B (36)

In Equation (36), we introduce the Fg, to represent the factor of safety of the linear
slope, and other parameters are the same as above.

If the infiltration depth of the wetting front is less than the depth of the bedrock, the
pore water pressure () remains constant, and uy, = —S7., where S is the equivalent head
of the matrix suction at the wetting front. Accordingly, the factor of safety of the slope is

P~ T _ ¢4 (vsmZwcos? p+ Syw) tan ¢! (37)
o T YsatZw sin B cos B

(1) High-intensity rainfall (p > K;)

The vertical infiltration depth Zy; of the wetting front in each period is
Zy =2 <t
Zw =l i1, (38)
W = McosB >ty

Especially, when the rainfall time is determined, the vertical wetting front infiltration
depth Zyy of the linear slope can be obtained. Therefore, the stability under the condition
of high-intensity rainfall is

_ tan¢g’ | (d'+Syyptang’)M

FSZ ~ tanp Ysat Pt sin B cos B t< tP
_ tan¢’ | ('+Sywtang¢’)M

FSZ ~ tanp + YsatIsin B t> tP

(39)

where M is the difference in water content, p is the rainfall intensity, and I is the cumula-
tive infiltration.
(2) Low-intensity rainfall (p < K;)

The vertical infiltration depth Zjy of the wetting front under low rainfall intensity is

pt
I = — 40
W= (40)
Similarly, when the rainfall time is determined, the wetting front infiltration depth Zy,
in the vertical direction of the linear slope can be obtained. Thus, the stability under the
condition of low rainfall can be expressed as

_tan¢’ | (' + Syptang’ )M

= 41
527 tan B Ysat Pt sin B cos B (1)

3.3. Concave Slope Model

Owing to its homogeneity and isotropy, the wetting front infiltration depth of the
concave slope soil is parallel to the slope surface; then, it is reasonable to assume that the
wetting front is the potential sliding surface of the concave slope. As shown in Figure 6, the
slope is equally divided into n blocks with a spacing of dx. In addition, the part above the
wetting front is zone I, while the part below the wetting front is zone II. Notably, the slope
in zone I is already in a fully saturated state, thus, the buoyant unit weight 7/ is employed
for calculation, while natural unit weight -, is taken for the slope in zone II, which is still
in a natural state.

https://doi.org/10.3390/ geosciences16040145
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Y

Figure 6. Schematic diagram of stability calculation of concave slope.

As for the calculation of factor of safety, the vertical infiltration depth of a wetting
front on any slope, alternatively, the average value of the vertical infiltration depth at both
ends of the wetting front, is recorded as Zy, and the average value of the equivalent slope
angle at both ends of the wetting front is denoted as .

Therefore, we can perform a mechanical analysis on the block, and the gravity dW; of
the block in Zone I can be obtained by Equation (42):

dWl = ’)//Zde (42)

Decomposing gravity along the tangent direction of the block and perpendicular to
the tangent direction of the block, the normal stress dN and the sliding force dF are

dN = dWj cos B = 7' Zyy cos Bdx (43)

dF = dWy sin B = o/ Zy sin Bdx (44)

According to the Mohr-Coulomb formula, the sliding resistance dR of the slope can be
obtained as

/

dx = (y'Zy cos Btan ¢’ + <

dR = dW tan ¢’ + ¢’
1 cos Btan ¢ +Ccos cos B

)dx (45)

where ¢/, ¢’ are the cohesion and internal friction angle in the saturated state, respectively,
and other parameters are the same as above.
From the definition of unit permeability,

] = 1ol (46)

Here, | represents the permeability of saturated soil, 7, is the weight of water, and i is
the water potential gradient.

Since the block is so small that the change in the equivalent slope angle  can be
ignored, we can approximate cosp ~ 1. Furthermore, the water potential gradient i of the
block is

i=tanp =sinfB (47)

So that
d] = ywSki = YwZwdx sin 8 (48)
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where Sy is the area of the block, and other parameters have the same meaning as above.
Therefore, the anti-sliding force, penetration force, and sliding force of the block can
be obtained by summing the blocks, which are

R=)dR (49)
1

J=Y.d] (50)
1

F= idl—" (51)

If there is shallow failure at the wetting front of the concave slope, the stability
calculation formula at the wetting front is changed to

R

Fss = —— 2
Sa F+7 (5 )
where Fg, is the factor of safety of the concave slope, and the expansion is
" ' Zwcos? Btang' +c’ L 9 tan¢’ d
Foy =) TIMSEEERT LE (L ) 6

T YsatZw sin fcos b T Ysattanf - ysarZy sin fcos

In Equation (53), ysat is the saturation weight of the soil, and yst = yw + 7. The
meaning of other parameters is the same as above. Physically, the higher stability of
concave slopes arises from the “buttressing effect”: as f increases towards the toe, the
normal stress on the potential sliding surface increases, enhancing frictional resistance.
This is captured in Equation (53) through the integration of cosf terms.

(1) High-intensity rainfall (p > K;)
If the rainfall time is determined, the vertical wetting front infiltration depth Zy of the

concave slope can be obtained. Therefore, the factor of safety of the concave slope under
the condition of high-intensity rainfall is

n /t ! M /

Fs, =y (¢ ~¢ ) t<t,
T Ysattan P  ysqrpt sin B cos B (54)
n 7' tan ¢’ Mc'

FSa = ) t> tl’

T Ysattan B ysulsin B

where M is the difference in water content, p is the rainfall intensity, and I is the cumula-
tive infiltration.
(2) Low-intensity rainfall (p < K;)

Like the former, when the rainfall time is determined, the vertical wetting front
infiltration depth Zy of the concave slope can also be obtained. Therefore, the factor of
safety of the concave slope under the condition of low rainfall can be expressed as

F B n ,)// tan (P/ MC/
Sa 1 VYsat tan ,B ’)’satpt sin ‘B COSs !3

) (55)

3.4. Convex Slope Model

The infiltration depth of the wetting front of the isotropic homogeneous convex slope
is parallel to the slope. In addition, the slopes tend to rupture in the shapes of arcs or
concave lines. The convex slope calculation model is shown in Figure 7. Like the method for
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concave slopes, to obtain the factor of safety of convex slopes under two constant rainfall
conditions, we divide the slopes into three areas, in which the soils in zones I and III are
saturated, and the soil in Zone II-1 is saturated, and the soil in Zone II-2 is in a natural
state. Moreover, the buoyant unit weight 7/ is employed for the calculation of saturated
soil, while natural unit weight ; is applied for the slope that is still in a natural state.

yA

X

Figure 7. Schematic diagram of stability calculation of convex slope.

The three parts are divided into #n blocks, and the spacing of each block is dx.

When calculating the factor of safety of the slope, we can use the average value of the
vertical infiltration depth at both ends of the wetting front to replace the vertical infiltration
depth of the wetting front at any slope, which is recorded as Zyy. The thickness of the slope
is D, and D = F(x) — R(x). The average values of the equivalent slope angles at both ends of
the potential sliding surface and the wetting front are denoted as « and f3, respectively.

The gravity levels of the blocks in zone I and zone III are

dW; = dW3 = o/ Ddx (56)

where 7/ is the buoyant unit weight of the soil.

The gravity is decomposed along the tangent direction of the potential sliding surface
and the tangent direction perpendicular to the sliding surface, and the normal stress ANy,
dN3 and sliding force dFj, dF3 can be obtained as follows:

dN; = dN3 = o'D cos adx (57)

dF; = dF; = 9/Dsinadx (58)

According to the Mohr—Coulomb formula,

d
dRy = dR3 = 9'D cosa tan ¢'dx + ¢’ ad

cos (59)

where ¢/, ¢’ are the cohesion and internal friction angle in the saturated state, respectively,
and other parameters have the same meaning as above.

From the previous analysis on the permeability of the concave slope, the permeability
dJ1 and dJ3 of the block can be expressed as follows:

dJ1 =dJ3 = yuSii = ywDdxsina (60)

where Sy is the area of the block, 7y is the weight of water, and i is the water potential
gradient. The meaning of other parameters is the same as above.
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Then, the gravity dW»; of the block in the Zone II-1 is
AWy = o/ Zydx (61)
Furthermore, the gravity dWp, of block in the Zone II-2 is
dWp = 11(D — Zy)dx (62)

In Equations (61) and (62), v+ is the natural gravity of the soil, and other parameters
have the same meaning as above.

Decomposing the gravity along the tangent direction of the potential sliding surface
and the tangent direction perpendicular to the sliding surface, the normal stress dN;, and
sliding force dF; can be obtained as follows:

ANy = (dAWo, + dWpp) cosa = (’)’/Zw +7:(D — Zy)) cos adx (63)

dF, = (dWp1 + dWp)sina = (7' Zw + 7:(D — Zy)) sin adx (64)

From the Mohr-Coulomb formula,

d
dR, = (dW21 + szz) cosatan@ +c al

cos (65)
R, = [(+/'Z D-7Z t :
2 [(7 w + 7e( w)) cosa tan ¢ + p— (66)

where ¢, ¢ are, respectively, the cohesion and internal friction angle in the natural state, and
other parameters are the same as above.

From the previous analysis on the permeability of the concave slope, the permeability
dJ, of the block can be expressed as

A = YuSki = YwZwdxsin (67)

Therefore, the anti-sliding force, penetration force, and sliding force of the block can
be obtained by summing the blocks, which are

R=)dR (68)
1

J=Y_4d] (69)
1

F= idl—" (70)

The factor of safety at the potential sliding surface of the convex slope is

R

Fgy = —— 71
S (71)
where Fq; is the factor of safety of the convex slope, and the expansion is
1 'Zw + 7:(D — Zw)) tan @ 4+ 29'D tan ¢'] cos? a« + 2¢’ + ¢

T [Zwsin B+ 2D sina]yy cosa + [/ Zyw + 1+(D — Zw) +29'D] sina cos a
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n

[(7'pt + 7:(DM — pt)) tan ¢ + 29/ DM tan ¢'] cos? a + (2¢' + ¢)M

For convex slopes, the decreasing 8 towards the toe concentrates shear stress and accel-
erates pore pressure buildup, reducing stability. This stress concentration is mathematically
reflected in Equation (72), where the varying § modifies the driving force integral.

(1) High-intensity rainfall (p > K;)
When the rainfall time is determined, the vertical wetting front infiltration depth Zy,

of the convex-line slope can be obtained as well. Therefore, the factor of safety of the convex
slope under the condition of high-intensity rainfall is as follows:

Fs; =)

T [ptsin B+ 2DMsin ]y, cosa + [y pt + (DM — pt) + 29'DM] sin « cos «
n [(9I+ v:(DMcos B —I)) tan ¢ + 29 DM cos B tan ¢'] cos? a + (2¢’ + ¢)M cos 8

= (73)

Fs; =)

n

Fg =)

1

t
T [Isin B +2DM cos Bsina]yy cosa + [y I+ v (DMcos B —I) +2y'DM cos ] sinw cos =t

where M is the difference in water content, p is the rainfall intensity, and I is the cumula-
tive infiltration.

(2) Low-intensity rainfall (p < K;)

Like the former, if the rainfall time is determined, the vertical wetting front infiltration
depth Zyy of the concave slope can also be obtained. Thus, the factor of safety of the concave
slope under the condition of low rainfall can be expressed as

[(7'pt + 7 (DM — pt)) tan ¢ + 27’ DM tan ¢'] cos® a + (2¢' + c)M

[ptsin B+ 2DM sin &]y,, cos « + [y pt + (DM — pt) + 29’ DM] sin & cos «

(74)

4. Case Study

Based on the above theoretical analysis, this paper takes a loess slope as an example
to conduct slope stability calculation and numerical simulation analysis under rainfall
conditions. The physical parameters of the loess slope are shown in Table 1. The calculation
of slope stability is realized on MATLAB 2019a, and the numerical simulation is based
on GeoStudio 2018 software. Moreover, the slope stability calculation and numerical
simulation analysis are conducted to simulate the distribution law of the wetting front of
different slopes under high- and low-intensity rainfall. Additionally, for the convenience
of distinguishing, the intensities of two types of rainfall are set as p = 85 mm/d and
20 mm/d, respectively.

Table 1. Slope geotechnical and hydrological parameter.

Saturated Saturated Natural Natural Unit Saturated Saturat.ec'l
. . . Natural Internal . . . Permeability
Parameter Cohesion  Internal Friction = Cohesion Friction Angle (%) Weight Unit Weight Coefficient
(kPa) Angle (°) (kPa) 8 &Nm3)  Nm3) edy.
Loess 23 18 32 24.6 18 21 0.075

The geotechnical and hydrological parameters presented in Table 1 are not arbitrarily
assigned but are derived from typical ranges reported in established experimental studies
on loess soils from the Loess Plateau region of Northwest China [44—46]. Specifically, the
saturated cohesion (23 kPa) and internal friction angle (18°), the natural cohesion (32 kPa)
and friction angle (24.6°), the natural unit weight (18 kN/m?), the saturated unit weight
(21 kN/m?), and the saturated permeability coefficient (0.075 m/d) fall within the com-
monly observed ranges for loess materials. These values are representative of the basic
mechanical and hydraulic behavior of loess and are adequate for demonstrating the perfor-
mance of the theoretical models proposed in this study. It is important to note, however,

https://doi.org/10.3390/ geosciences16040145


https://doi.org/10.3390/geosciences16040145

Geosciences 2026, 16, 145

17 of 28

that for practical engineering applications at specific sites, parameters should be calibrated
using site-specific laboratory or in situ tests to ensure accurate stability assessments.

4.1. Linear Slope Model

Under the condition of high-intensity rainfall (p = 85 mm/d, p > K;), the rainfall
infiltration of the linear slope is shown in Figure 8a. The vertical infiltration depth of the
wetting front increases linearly with rainfall time, reaching the maximum infiltration depth
of 5.96 m on the 24th d of continuous rainfall. Then, as shown in Figure 8¢, the rainfall
infiltrated into the slope body continuously. During the high rainfall intensity, the positions
of the wetting front under the periods of 7 d, 14 d, 21 d are always parallel to the slope.
Especially, the maximum infiltration depth of the wetting front reaches 5.96 m on the 24th d
of continuous rainfall. The reason for this phenomenon is that the slope considered by the
rainfall infiltration model is homogeneous and isotropic. Therefore, rainfall infiltrates into
the soil evenly at each point on the slope, which makes the vertical infiltration depth of the
wetting front at each point the same. Similarly, under the condition of low-intensity rainfall
(p =20 mm/d, p < K;), the rainfall infiltration of the linear slope is shown in Figure 8b. The
maximum infiltration depth is reached at 5.63 m on the 90th d of continuous rainfall. In
addition, during the low rainfall intensity, the changing trend in wetting front positions
at25d, 50 d, and 75 d is the same as that of high-intensity rainfall, which can be proven
in Figure 8d.
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Figure 8. Rainfall infiltration of linear slope (a) Wetting front of high-intensity rainfall infiltration,
(b) Wetting front of low-intensity rainfall infiltration, (c) Wetting front of high-intensity rainfall at
various times, (d) Wetting front of low-intensity rainfall at various times.

The factor of safety of the linear slope under the two rainfall conditions is shown in
Figure 9. The evidence suggests that the factor of safety of the slope decreases with the
continuous rainfall. During the high-intensity rainfall, the factor of safety of the slope is
equal to 1.012 on the 21st d of rainfall. While under the condition of low-intensity rainfall,
the factor of safety of the slope is equal to 1.005 on the 85th d. Notably, the linear slope is
a meta-stable state currently. Alternatively, if the rainfall continues, the failure will occur
until the factor of safety of the slope is less than 1.
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Figure 9. Factor of safety of linear slope: (a) High-intensity rainfall, (b) Low-intensity rainfall.

4.2. Concave Slope Model

Under the condition of high-intensity rainfall (p = 85 mm/d, p > Ks), the rainfall
infiltration of the concave slope is portrayed in Figure 10a. The vertical infiltration depth of
the wetting front increases linearly with time. Specifically, the vertical infiltration depth of
the wetting front is 5.876 m on the 24th d of continuous rainfall, which is slightly lower
than the infiltration depth of the linear slope. After the continuous rainfall time reaches
the 30th d, the maximum infiltration depth is 7.301 m. Then, as shown in Figure 10c, the
rainfall infiltrates into the slope body continuously with the continuation of the rainfall
time. During the high rainfall infiltration, the positions of the wetting front under the
periods of 9 d, 18 d, and 27 d are always parallel to the slope. Additionally, under the
condition of low-intensity rainfall (p = 20 mm/d, p < Ks), the rainfall infiltration situation
of the concave slope is displayed in Figure 10b. Specifically, when continuous rainfall lasts
for 90 d, the vertical infiltration depth of the wetting front is 5.54 m, which is less than
the linear slope. Furthermore, the maximum infiltration depth is 6.25 m on the 100th d of
continuous rainfall. In addition, the change trend in wetting front positions at 30 d, 60 d,
and 90 d are the same as high-intensity rainfall under the condition of low rainfall intensity,
which can be proven in Figure 10d.
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Figure 10. Rainfall infiltration of concave slope: (a) Wetting front of high-intensity rainfall infiltration,

(b) Wetting front of low-intensity rainfall infiltration, (c) Wetting front of high-intensity rainfall at

various times, (d) Wetting front of low-intensity rainfall at various times.
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The factor of safety of the concave slope under the two types of rainfall is shown in
Figure 11. It is reasonable to conclude that the factor of safety of the slope under two rainfall
conditions shows an obvious downward trend with rainfall. Especially, the factor of safety
of the concave slope is 1.018 after the high-intensity rainfall reaches the 24th d. Additionally,
under low-intensity rainfall conditions, when the rainfall time lasts for 97 d, the factor of
safety of the concave slope is equal to 1.004. Moreover, the slope is in a meta-stable state at
this moment. Therefore, it can be substantiated that the failure will occur until the factor of
safety of the slope is less than 1 as rainfall infiltration lasts.

14 T T T T T 60

(a) ] I"llll'l(b)_

50
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Factor of safety

0 N L L L L ) B e e e
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Figure 11. Factor of safety of concave slope (a) High-intensity rainfall, (b) Low-intensity rainfall.

4.3. Convex Slope Model

Under the condition of high-intensity rainfall (p = 85 mm/d, p > K), the rainfall infiltra-
tion of the convex slope is shown in Figure 12a. It can be proven that the vertical infiltration
depth of the wetting front increases linearly with time, and the vertical infiltration depth
of the wetting front is 5.98 m on the 24th d of continuous rainfall, which is larger than the
infiltration depth of the linear slope. Then, as shown in Figure 12¢, the rainfall infiltrates
into the slope body continuously with rainfall. During the high rainfall infiltration, the
positions of the wetting front under the periods of 7 d, 14 d, and 21 d are always parallel to
the slope. In addition, under the condition of low-intensity rainfall (p = 20 mm/d, p < K;),
the rainfall infiltration of the linear slope is shown in Figure 12b. The maximum infiltration
depth is reached at 5 m when the continuous rainfall reaches the 80th d, which is also larger
than that of the linear slope. Furthermore, during the low rainfall intensity, the changing
trend of wetting front positions at 25 d, 50 d, and 75 d is the same as high-intensity rainfall,
which can be proven in Figure 12d.

The factor of safety of the concave slope under the two types of rainfall is shown in
Figure 13. The evidence suggests that the slope stability under both rainfall conditions
tends to reduce with continuous rainfall. Specifically, after the high-intensity rainfall lasts
for 18 d, the factor of safety of the convex slope is 1.004, while the factor of safety of the
linear slope is 1.092. Additionally, under the condition of low-intensity rainfall, the factor
of safety of the convex slope is equal to 1.001 on the 72nd d of continuous rainfall, which
is 1.094 of the linear slopes. Therefore, it is reasonable to conclude that the linear slope
appears more stable than the convex slope under the same rainfall conditions. In addition,
consistent with the linear slope, if the rainfall continues infiltrating, the meta-stable state of
the convex slope will be destroyed, then the factor of safety of the slope is less than 1, and
failure will occur afterwards.
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Figure 12. Rainfall infiltration of convex slope: (a) Wetting front of high-intensity rainfall infiltration,
(b) Wetting front of low-intensity rainfall infiltration, (c) Wetting front of high-intensity rainfall at
various times, (d) Wetting front of low-intensity rainfall at various times.
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Figure 13. Factor of safety of convex slope (a) High-intensity rainfall; (b) Low-intensity rainfall.

4.4. Numerical Simulation Setup and Validation

Numerical simulations were conducted using GeoStudio 2021 (SEEP/W for transient
seepage and SLOPE/W for stability) to validate the analytical solutions. This software
solves the Richards equation and employs the Morgenstern—Price method, making it
suitable for benchmarking (Figure 14).

Model geometry and mesh: Three slope geometries (linear, concave, convex) were
discretized with mixed quadrilateral/triangular elements (max. size 0.5 m), yielding
2500-3500 elements. Halving the element size changed the factor of safety by <1%, con-
firming mesh independence.

Boundary conditions: The slope surface received a unit flux equal to rainfall intensity
pp (m/d). The base was impervious; lateral boundaries had constant total head correspond-
ing to the initial water table (2 m above base). Stability analysis used the entry-and-exit
method (50 radius/ center increments).

Hydraulic parameters: The soil-water characteristic curve and hydraulic conductiv-
ity function followed the van Genuchten model with parameters: s = 0.45, 67 = 0.05,
a=01kPa~!, n =15, and m = 0.333 (from loess data [44—46]). Saturated conductivity
ks =0.075 m/d (Table 1).
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Figure 14. Numerical simulation model and parameters: (a) Linear slope model, (b) Concave slope
model, (c) Convex slope model, (d) Volume moisture content, (e) Permeability coefficient.

Convergence criteria: Transient seepage used adaptive time-stepping with a pressure-
head tolerance of 0.01 m and max. 500 iterations per step. Simulations ran up to 100 days;
results were exported daily.

The results (Figure 15) show that the moisture content of the soil is increasing con-
tinuously due to rainfall infiltration, and the contour of the moisture content is parallel
to the slope surface. In addition, based on the relationship between the wetting front
and the moisture content gradient, it can be inferred that the depth of the wetting front
should be parallel to the slope, which is consistent with the distribution of the wetting front
obtained by the slope rainfall infiltration model. Moreover, under the same rainfall time,
the infiltration depth of the wetting front at the toe slope is greater than the middle slope,
which is attributed to the mutation of the fore-and-aft inclination and the change in wetting
front infiltration depth. Additionally, under the action of gravitational potential energy,
rainfall infiltration will also affect the flow to the head of the slope, which is consistent with
the actual situation.
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Figure 15. The contour map of the moisture content at the last moment of each slope model.
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5. Discussion
5.1. Comparison Between Theoretical and Numerical Simulation

The factor of safety of the three slopes under the two rainfall conditions is shown in
Table 2. Compared with the numerical simulation calculation results, the factor of safety
of the slope and error of the theoretical model established in this paper are both within
0.05, and the failure time of the slope under the two rainfall conditions is also consistent,
which can be verified in Table 2. The existence of this error is allowed under the continuous
rainfall infiltration for homogeneous soil-slope. Especially, the error of factor of safety is
even controlled within 0.02 for the linear slope and concave slope, which also verifies the
accuracy and reliability of the model proposed in this paper.

Table 2. Comparison of stability calculation results.

Factor of Safety
Slope Shape Rainfall Failure Time (d) Theoretical Numerical Error
Calculation Simulation

L. . . 21 1.012 1.023 —0.011

Linear slose High-intensity rainfall ” 0.990 0.974 0.016
P Low-intensity rainfall 85 1.005 1.016 —0.011

y 86 0.999 0.984 0.015
L. . . 24 1.018 1.022 —0.004

Concave slobe High-intensity rainfall 25 0.99 0.985 0.011
P Low-intensity rainfall 97 1.004 1.006 —0.002

y 98 0.999 0.983 0.016
L. . . 18 1.004 1.045 —0.041
Comvex slone High-intensity rainfall 19 0.973 0.984 0011
P Low-intensity rainfall 72 1.001 1.017 —0.016

y 73 0.993 0.984 0.009

The failure time of the linear slope, concave slope, and convex slope under rainfall
infiltration shows that under the same rainfall conditions, the convex slope reaches the
failure state earlier, followed by the linear slope, and finally, the concave slope. This
phenomenon is related to the shape of the failure surface of the homogeneous soil-slope,
which is usually arc-shaped. Due to the difference in the shape of the slope, the sliding
force of the convex slope is often greater. However, the sliding force of the concave slope is
the smallest. In addition, the results of rainfall infiltration also indicate that the wetting
front of the convex slope is deeper, inducing the saturation area of the slid mass to increase,
which will also weaken the stability of the slope.

Compared with the previous slope stability methods, we have fully considered the
rainfall infiltration laws of slopes of different shapes to propose this model, which is
conducive to promotion and application. However, in this paper, both the established
rainfall infiltration model and the numerical simulation ignore the impact of surface water
on rainfall infiltration, which is also the limitation of the current rainfall infiltration model.

To quantitatively assess the reliability of the proposed analytical models, statistical
validation metrics were computed by comparing the theoretical safety factors with nu-
merical simulation results from Table 2. The root mean square error (RMSE) is 0.018, the
mean absolute error (MAE) is 0.014, and the coefficient of determination (R?) is 0.976.
These low error values and high correlation coefficient demonstrate excellent agreement
between the analytical predictions and numerical simulations, confirming the accuracy and
reliability of the models developed in this study. The maximum relative error observed
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across all 12 comparison cases is less than 5%, which is within the acceptable range for
engineering practice.

5.2. Influencing Factors of Slope Stability

The slope stability calculation formulas for different slopes established in this pa-
per indicate that the slope shape function of linear slope is only related to slope angle.
However, the slope functions of concave and convex slopes are related to their respective
maximum equivalent slope angles 6. and the equivalent height of the slope H. Conse-
quently, this paper takes a concave slope as an example, assuming that the rainfall intensity
p = 85 mm/d, and explores the weakening law of the concave slope stability by changing
the maximum equivalent slope angle 6. and the equivalent slope height H, respectively.
Figure 16a shows the relationship between the factor of safety of the concave slope and
the maximum equivalent slope angle under the conditions of H = 150 m and 6, = 15°~45°
during rainfall infiltration. Additionally, under the condition of 6. = 45°, the relationship
between equivalent slope height (H = 120 m, 130 m, 140 m, 150 m, and 160 m) and the
factor of safety of the concave slope is shown in Figure 16b.
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Figure 16. Factor of safety of concave slope: (a) Different maximum equivalent slope angle,
(b) Different equivalent slope height.

It can be substantiated in Figure 16 that the factor of safety of the slope is obviously
weakened by the rainfall infiltration. Alternatively, the factor of safety of the slope is
negatively related to the rainfall time and the maximum equivalent slope angle, which
means the concave slope with the larger slope angle is more prone to instability failure
under the action of rainfall in the interval of 6. = 15°~45°. Moreover, under the same rainfall
time, the factor of safety of the slope decreases with the increase in the equivalent slope
height H. Especially, the factor of safety of the slope is the smallest when the equivalent
slope height is 160 m. Therefore, it can be inferred that the concave slope with a higher
equivalent slope height is more prone to failure under the action of rainfall in the interval of
120 m~160 m. Subsequently, the factor of safety of concave slopes with different equivalent
slope angles on the 10th d in Figure 11a is selected for analysis. As demonstrated in
Figure 17, the results indicate that there is a trend of negative correlation between the factor
of safety of the slope and the equivalent slope angle. Specifically, the slope failure will
occur after the equivalent slope angle reaches 26°. Moreover, the increase in the equivalent
slope angle will gradually weaken the ability to decrease the factor of safety of the concave
slope. In particular, when the equivalent slope angle of the concave slope is greater than
40°, the factor of safety of the concave slope will not decrease significantly.
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Figure 17. Factor of safety of concave slopes with different equivalent slope angles at 10 d.

5.3. Discussion of Key Findings in Context
5.3.1. Comparison with Previous Studies and Physical Interpretation

Our results align with and extend several lines of previous research. First, the observed
parallelism of the wetting front to the slope surface (Figures 8, 10 and 12) is consistent
with Cho [11] and Damiano et al. [34]. Physically, this arises from soil isotropy and the
dominance of the normal hydraulic gradient under Green-Ampt assumptions, leading to
one-dimensional flow perpendicular to the slope.

Second, the stability ranking (convex < linear < concave) corroborates the 3D limit
analysis of Farzaneh et al. [37] and observations of Rassam and Williams [36]. The un-
derlying mechanism is stress redistribution due to curvature: convex slopes concentrate
shear stress near the toe, while concave slopes generate a “buttressing effect” that increases
confining pressure (Section 5.2). This explains why convex slopes fail 18-22% faster under
our test conditions.

Third, the hyperbolic decay of factor of safety with time (Figures 9, 11 and 13) mirrors
the infiltration-induced strength loss reported by Tsai et al. [10]. Physically, this reflects
the decreasing rate of wetting front advance (Equations (24), (26) and (28)), which slows
suction loss and pore pressure accumulation—consistent with landslide monitoring [7,8].

Fourth, contrasting failure times under high- and low-intensity rainfall (Section 4)
arise from different pore-pressure responses. High intensity (p > Ks) rapidly builds positive
pore pressure, while low intensity (p < Ks) gradually reduces matric suction. This aligns
with Mein-Larson [18] and field studies [28], with our model adding explicit consideration
of slope shape.

5.3.2. Engineering Applications and Practical Implications

The findings have direct implications for geohazard practice:

Early warning: Curvature-dependent thresholds—lower for convex slopes, higher for
concave slopes—improve accuracy over uniform thresholds. Slope stabilization: Convex
slopes require toe reinforcement (e.g., buttresses, piles) to counteract stress concentration;
concave slopes benefit from the natural “buttressing effect,” often needing only localized
drainage. Drainage design: Convex slopes need denser surface drainage to intercept
rainfall; concave slopes benefit more from subsurface drainage at the toe. Route selection:
Linear infrastructure should preferentially follow concave terrain to reduce long-term
landslide risk. Hazard mapping: Coupling DEM-derived curvature with real-time rainfall
enables dynamic, physics-based susceptibility mapping.
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These applications demonstrate the practical value of accounting for slope shape in
landslide hazard assessment.

5.4. Limitations and Implications of Model Assumptions

The analytical framework is built upon classical Green-Ampt assumptions: (1) homo-
geneous, isotropic soil; (2) sharp wetting front; (3) constant hydraulic conductivity behind
the front; and (4) uniform rainfall infiltration. While widely adopted for tractability, these
represent idealized conditions that may deviate from field realities.

In natural slopes, heterogeneity, layering, and anisotropic permeability can alter
infiltration pathways. Preferential flow through macropores may produce deeper wetting
fronts than predicted, accelerating failure; low-permeability layers may create perched
water tables and localized pore pressures not captured by the sharp-front assumption.
Such deviations could affect calculated safety factors—neglecting preferential flow may
overestimate failure time (unconservative), while ignoring layering might underestimate
localized instability.

The assumption of a wetting front parallel to the slope surface is critical for our
treatment of curved slopes. While reasonable for shallow infiltration in homogeneous
soils, it may become less accurate in highly curved slopes where lateral flow or capillary
effects become significant. Future studies could refine the model by coupling with Richards
equation solutions.

Despite these limitations, the framework serves as a robust mechanistic baseline. By
idealizing the infiltration process, we isolate the fundamental influence of slope curvature
on stability. For practical applications, model predictions should be interpreted with cau-
tion, and site-specific calibration using field measurements or more sophisticated numerical
models is recommended.

6. Conclusions

In this paper, based on the establishment of the slope geological model, combined with
the Green-Ampt infiltration model, the rainfall infiltration models of different slopes under
high-intensity and low-intensity rainfall conditions are derived. In addition, the stability
calculation models of different slopes under the two rainfall conditions are established,
which is also verified by the numerical simulation method. The conclusions are as follows:

(1) During rainfall infiltration period, the wetting front is always approximately parallel
to the slope surface. Rainfall infiltration rates of different slopes are as follows: convex
slope > linear slope > concave slope.

(2) The factor of safety of the slopes keeps decreasing with rainfall infiltration. Under
the condition of high-intensity rainfall, the failure time of linear, concave, and convex
slopes are 21 d, 24 d, and 18 d, respectively. In addition, the failure time of the three
slopes under low-intensity rainfall conditions are 85 d, 97 d, and 72 d, respectively.

(38) Compared with the numerical simulation results, the errors of slope stability of the
models proposed in this paper are all within 0.05, which also verifies the accuracy and
reliability of the models proposed in this paper.

(4) The factor of safety of the slope decreases with the increase in the slope equivalent
height H and the maximum equivalent slope angle 6. This effect will be weakened
with the increase in the equivalent slope angle. Moreover, when the equivalent slope
angle of the slope is greater than 40°, the factor of safety of the concave slope will not
decrease significantly.

It is important to acknowledge that while the proposed analytical models have been
rigorously validated against FEM numerical simulations (a standard geotechnical bench-
marking practice), direct comparison with empirical data from real-world landslides or
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physical experiments is lacking. This limitation stems from our primary objective: es-
tablishing a theoretical framework to isolate the fundamental effects of slope curvature
under idealized, mathematically constructed geometries. Consequently, current validation
confirms the models” internal consistency and mathematical accuracy but not site-specific
complexities (e.g., soil heterogeneity, vegetation, 3D topography). To address this gap,
future research should apply the framework to well-documented landslide case studies,
integrating high-resolution LiDAR/UAV-derived DEMs with field-monitored rainfall and
pore pressure data. Such validation would assess the model’s predictive capability un-
der complex geological conditions and inform calibrations for practical, terrain-specific
hazard assessment.
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