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ABSTRACT

Rainfall-induced landslides in residual soil slopes are major
geotechnical hazards in tropical mountainous regions, where
prolonged rainfall reduces matric suction and soil shear
strength. This study investigated the hydro-mechanical
response and stability of a representative residual soil slope
under prolonged extreme rainfall using a three-dimensional
finite element method (3D FEM). Coupled transient seepage-
deformation analysis was conducted using the van Genuchten
soil-water characteristic curve (SWCC) and shear strength
reduction method (SRM) to evaluate the time-dependent
factor of safety (FS). Four rainfall scenarios involving 50-year
and 100-year average recurrence interval (ARI) events with
durations of three, five, and seven days were simulated,
including antecedent rainfall conditions. The results showed
that the wetting front advanced non-linearly, while pore-
water pressure increased from an initial suction of
approximately -45 kPa to near-positive values within 120-
150 hours. The FS decreased from 1.62 under dry conditions
to 0.79 under the most critical scenario, indicating slope
failure. The critical slip surface developed at a depth of 8-10
m, corresponding to the residual soil-weathered rock
interface. These findings demonstrate that rainfall duration
and antecedent moisture conditions significantly influence
slope stability. The proposed 3D FEM framework provides a
useful basis for rainfall-based early-warning systems and
slope reinforcement planning.
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INTRODUCTION

Rainfall-induced landslides are among the most destructive geological hazards in tropical
mountainous regions, where residual soils formed through in-situ weathering of parent rock dominate
the near-surface stratigraphy. These soils typically exist in an unsaturated state under natural
conditions, deriving a substantial part of their shear strength from matric suction. Prolonged and high-
intensity rainfall progressively infiltrates the soil mass, reduces matric suction, increases pore-water
pressure, and consequently lowers the effective stress and shear strength along potential failure
surfaces (Zhen et al,, 2024; Cai et al., 2024). In mountainous terrain characterized by steep topography,
thick residual soil mantles, and high annual rainfall, this mechanism has been repeatedly identified as
the principal trigger of shallow and, in some cases, deep-seated slope failures.

Field observations and instrumented case studies across various tropical and sub-tropical
settings have shown that slope instability is rarely governed by rainfall intensity alone. Cumulative
rainfall depth, storm duration, and antecedent moisture conditions jointly control the depth and rate of
wetting-front advance, and therefore the timing of failure (Ran et al., 2024; Gu et al.,, 2024). Studies on
loess and lateritic residual soils have further demonstrated that different rainfall patterns normal,
advanced, or delayed intensity distribution within a storm alter the infiltration boundary condition and
can shift the critical time of instability considerably, even for the same total rainfall depth (Cai et al,,
2024; Song et al,, 2024). This sensitivity to storm characteristics, rather than to intensity alone,
motivates a numerical modeling approach capable of resolving the transient, spatially variable seepage
process together with the resulting stress redistribution within the slope mass.

Traditional slope stability analyses have relied heavily on two-dimensional limit equilibrium
methods (LEM), which idealize the slope as a plane-strain problem and search for the critical two-
dimensional slip surface. While computationally efficient, 2D analyses cannot capture the three-
dimensional geometry of natural slopes, lateral confinement effects, or the true spatial distribution of
infiltration along valleys, spurs, and drainage channels that typify mountainous terrain. Several recent
studies have shown that 3D finite element (FEM) and coupled finite element discrete element
formulations provide a more realistic representation of both the seepage process and the failure
mechanism, particularly for slopes with irregular geometry or heterogeneous layering (He et al., 2025;
Nian et al., 2025; Zhao et al,, 2026). The 3D FEM approach also allows direct coupling between the
transient seepage field, governed by Richards’ equation for unsaturated flow, and the mechanical
response, evaluated through the shear strength reduction method (SRM), which avoids the need to pre-
define a slip-surface shape and instead lets the critical surface emerge naturally from the stress field
(Xie et al., 2025; Feng et al,, 2024).

A growing body of research has applied 3D and coupled numerical frameworks specifically to
residual and colluvial soil slopes. Coupled finite volume discrete element models have been used to
reproduce the full failure process of granite residual soil slopes, capturing both matric-suction
degradation and progressive particle-scale strength loss (Li et al,, 2025). Similarly, integrated FEM
frameworks coupling surface runoff with subsurface seepage have shown that ignoring surface-water
accumulation in gullies and depressions can substantially underestimate infiltration and, therefore,
overestimate slope safety (He et al., 2025). Material point method (MPM) studies have further shown
that once large deformation begins, mesh-based FEM formulations may suffer from convergence
difficulties, although for the pre-failure and onset-of-failure stages relevant to early-warning
applications, FEM strength-reduction analysis remains an efficient and widely validated tool (Feng et
al,, 2024; Jitousono et al., 2023).
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Despite this progress, comparatively few studies have systematically examined how the combination of
rainfall duration, return period, and antecedent moisture jointly affects the transient factor of safety of
a 3D residual soil slope in mountainous terrain, particularly using a fully coupled model that reports the
temporal evolution of both pore-water pressure and FS rather than a single end-state value.
Furthermore, published case studies from Southeast Asian mountainous settings, where residual soils
and prolonged monsoonal rainfall coexist, remain limited relative to studies from China, Europe, and
East Asia (Das et al.,, 2022; Oguz et al., 2022). This gap constrains the direct transferability of existing
thresholds and numerical benchmarks to tropical residual soil slopes with comparable geological and
climatic settings.

This study aims to address this gap by developing a three-dimensional, fully coupled transient
seepage deformation finite element model of a representative residual soil slope in mountainous terrain,
subjected to prolonged extreme rainfall scenarios. The specific objectives of this research are: (1) to
simulate the transient pore-water pressure response of the slope under design rainfall events with
return periods of 50 and 100 years and durations of three to seven days; (2) to quantify the
corresponding evolution of the factor of safety using the shear strength reduction method; and (3) to
identify the critical rainfall duration and antecedent condition that trigger instability, together with the
location and geometry of the resulting critical slip surface. The findings are intended to support the
development of rainfall-based early-warning thresholds and to inform slope-reinforcement design for
residual soil slopes in similar mountainous, high-rainfall environments.

METHODS
1. Study Slope Geometry and Numerical Domain

The numerical model represents an idealized but geometrically realistic residual soil slope
typical of mountainous terrain in a tropical setting, with a crest elevation of 25 m, a toe elevation of 10
m, an average slope angle of 37°, and a total slope length of 40 m over a domain width of 20 m (Figure
1). This geometry is representative of slope profiles commonly reported in rainfall-induced landslide
case studies in residual soil terrain (Getahun et al, 2022; Wang et al,, 2025). The three-dimensional
domain was discretized into approximately 48,000 ten-node tetrahedral elements, with local mesh
refinement near the slope surface and the anticipated failure zone to accurately resolve the steep pore-
pressure gradients generated during infiltration. A mesh sensitivity check was performed by comparing
FS results from coarse (24,000), medium (48,000), and fine (96,000) element meshes; the difference in
computed FS between the medium and fine meshes was approximately 1.3%, confirming that the
medium mesh provided an adequate balance between accuracy and computational cost.

Mesh convergence was evaluated against three response measures rather than FS alone: (i) the
minimum FS of Scenario S4, (ii) the maximum total displacement, and (iii) the depth and location of the
critical slip surface. All three meshes were run with the same rainfall scenario, time-step settings, and
local refinement strategy near the slope surface and the soil-rock interface. Relative to the fine mesh
(96,000 elements), the medium mesh (48,000 elements) differed by approximately 1.3% in FS, 0.9% in
maximum total displacement, and 0.3 m in the depth of the critical slip surface; the coarse mesh (24,000
elements) differed from the fine mesh by 5.0% in FS and 5.3% in maximum displacement. These results
are summarized in Table 1. The medium mesh was therefore adopted for all subsequent analyses, as it
provided an adequate balance between accuracy and computational cost.
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Table 1. Mesh convergence study evaluated for Scenario S4 (100-year ARI, 7-day storm with

antecedent rainfall).
Mesh Elements Min AFS vs Max total Adisp vs Critical Adepth vs
FS fine displacement fine (%) slip depth fine (m)
(54) (%) (mm) (m)
Coarse 24,000 0.76 5.0 172.0 53 8.4 0.6
Medium 48,000 0.79 1.3 180.0 0.9 9.0 0.3
Fine 96,000 0.80 — 181.6 —

3D FEM Domain and Mesh Discretization of the Residual Soil Slope

Elevation, z (m)

5
SI 20
%P lengep, 2 ?mfo 3 4 08
Figure 1. Three-dimensional finite element domain and mesh discretization of the residual soil
slope model.

2. Soil Properties and Soil-Water Characteristic Curve

The slope was modeled as a two-layer stratigraphy consisting of a residual soil layer of variable
thickness (8-12 m) overlying weathered rock, consistent with typical tropical weathering profiles.
Representative geotechnical parameters (Table 2) were adopted from ranges reported for lateritic and
granite-derived residual soils in the recent literature (Zhen et al.,, 2024; Li et al.,, 2025; Sani & Eisazadeh,
2023), combined with typical values for unsaturated residual soils used in comparable 3D FEM studies
(He et al., 2025; Wang et al., 2025). The soil-water characteristic curve (SWCC), which relates
volumetric water content to matric suction, and the corresponding unsaturated permeability function
were represented using the van Genuchten closed-form model, with parameters estimated from the
ranges reported in the literature for tropical lateritic and granite-derived residual soils (van Genuchten,
1980; Mualem, 1976) rather than from site-specific laboratory tests (Equations 2 and 3).

The van Genuchten parameters (o, n, s, and 0r) in Table 2 were selected within the ranges
reported for tropical residual soils of comparable grain-size distribution and plasticity. Based on USCS
classification, the study soil is a sandy silt to silty sand (SM-ML), typical of granite-derived residual soils
in tropical mountainous terrain. For this soil class, published a values range from 0.01 to 0.05 kPa™* and
n from 1.2 to 1.8 (Sani & Eisazadeh, 2023; Zhen et al,, 2024; Wang et al., 2025). The adopted a = 0.028
kPa™' and n = 1.42 fall within these ranges and correspond to a well-graded silty residual soil with an
air-entry value of approximately 20-30 kPa. Because the SWCC was not obtained from laboratory
testing (pressure plate or filter paper), no sample count or curve-fitting procedure is reported here;
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instead, the parameter selection was based on literature ranges for comparable soils, and the sensitivity
of the computed FS to a and n is examined in the Parametric Sensitivity Analysis subsection of the
Results.

The saturated permeability ks = 3.2 x 107° m/s for the residual soil and 8.0 x 1077 m/s for the
weathered rock were taken from He et al. (2025), who reported values of the same order for granite
residual soils and their weathered substratum; these values are also consistent with falling-head
permeability tests reported by Sani & Eisazadeh (2023) for lateritic residual soils. The unsaturated
permeability function was derived from the SWCC through the Mualem model (Equation 3). The friction
angle associated with matric suction was taken as @b = 15°, i.e., approximately 0.55¢’, within the range
of 10°-20° commonly reported for unsaturated residual soils (Fredlund et al., 1978; Xie et al., 2025).
Because the SWCC and permeability functions were not measured for the study slope, their influence on
the computed FS was examined in the parametric analysis presented in the Results; site-specific
pressure-plate or filter-paper testing (minimum three samples per layer) is recommended before these
thresholds are applied in engineering design.

Table 2. Geotechnical and hydraulic parameters adopted for the 3D FEM model.

Parameter Symbol  Unit Residual Weathered Source / Basis
Soil Rock

Unit weight Yy kN/m 17.8 20.5 Typical tropical residual
(moist) 3 soil range
Effective cohesion c kPa 8.5 25.0 Zhenetal. (2024)
Effective friction ¢’ ° 27.5 33.0 Lietal. (2025)
angle
Saturated ks m/s 3.2x107° 8.0 x 1077 Heetal. (2025)
permeability
van Genuchten o kPa™! 0.028 0.015 Literature-based estimate
parameter (see text)
van Genuchten n - 1.42 1.55 Literature-based estimate
parameter (see text)
Saturated water 05 - 0.46 0.38 Literature-based estimate
content (see text)
Residual water 0, - 0.06 0.04 Literature-based estimate
content (see text)
Poisson’s ratio \ - 0.33 0.28 Typical range
Elastic modulus E MPa 18 120 Typical range

3. Governing Equations
Transient unsaturated seepage was governed by Richards’ equation, expressed in terms of
pressure head:

=V kW)W +2)] (1)
where 0 is the volumetric water content, | is the pressure head (negative in the unsaturated zone), z is
the elevation head, t is time, and k() is the unsaturated hydraulic conductivity function derived from
the van Genuchten—-Mualem model. The mechanical stress-strain response was evaluated using an
elastic-perfectly plastic Mohr-Coulomb constitutive model, with the effective shear strength expressed
following the extended Mohr-Coulomb criterion for unsaturated soils, in which apparent cohesion
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increases with matric suction up to the air-entry value. Slope stability was quantified using the shear
strength reduction method (SRM), in which the effective shear strength parameters are incrementally
divided by a trial factor F until the finite element model no longer converges to a stable equilibrium, i.e.,
non-convergence indicates the onset of a fully developed shear failure mechanism; the corresponding F
is reported as the factor of safety (FS) for that time step.

The soil-water characteristic curve and the unsaturated hydraulic conductivity were described
by the van Genuchten (1980) and Mualem (1976) models:

_ (es_er) _ _ l
O =8 + e M1 (2)
k() = keSS (1 (1= %)m TS (3)
oo ¢ T Te T (05-6p)

where S. is the effective saturation, 85 and 6, are the saturated and residual volumetric water
contents, k; is the saturated hydraulic conductivity, and a and n are fitting parameters. In Equation (2)
the matric suction || is expressed in kPa so that a has the unit of kPa-1, consistent with Table 2. The
shear strength of the unsaturated soil was expressed by the extended Mohr-Coulomb criterion
(Fredlund et al.,, 1978):
Tr = ¢’ + (0, — ug)tang’ + (u, — uy)tang® (4)
where T is the shear strength, o, is the total normal stress, u, and uw are the pore-air and pore-
water pressures, and P is the angle describing the increase of shear strength with matric suction; the
contribution of suction was limited to the range up to the air-entry value as stated above. In the SRM, ¢’
and tan ¢’ were reduced by the same trial factor F (Griffiths & Lane, 1999).

4. Boundary Conditions and Analysis Procedure

The lateral and basal boundaries of the domain were fixed against normal displacement, while
the slope surface was left free. For seepage, a no-flow boundary was applied at the base and lateral
boundaries, and a time-varying flux boundary corresponding to the design rainfall hyetograph was
applied at the slope surface, switching automatically to a ponding (zero pressure head) boundary
condition whenever the calculated infiltration capacity was exceeded, consistent with the surface-runoff
treatment recommended in recent coupled FEM studies (He et al.,, 2025). The initial condition was
established by first running a steady-state seepage analysis under a long-term average rainfall recharge
rate to obtain a realistic initial groundwater table and suction profile, followed by the transient analysis
under each design storm. At each time step of the transient seepage analysis, the resulting pore-water
pressure field was passed to the mechanical model, and an SRM stability analysis was performed to
obtain the time-dependent FS.

For the prolonged-rainfall simulations, the hydraulic boundary conditions were applied as
follows. On the ground surface, the design hyetograph (Figure 2) was imposed as a time-varying flux,
q(t) = I(t), at an interval of 1 hour; once the computed surface pressure head reached zero, the boundary
switched to a prescribed zero-pressure-head (ponding) condition and the excess rainfall was treated as
runoff. During rainless periods the surface was treated as a no-flux boundary (evaporation neglected, a
conservative assumption). The base and lateral faces were assigned no-flow conditions, and a seepage
face was applied along the slope toe at an elevation of 10 m to allow free drainage when the phreatic
surface reached the ground surface. The initial pore-water pressure was obtained from a steady-state
analysis with a recharge rate of 5 mm/day (approximately 10% of the mean annual rainfall), which
produced an initial groundwater table at approximately 12 m depth. For Scenario S4, the seven-day
antecedent rainfall (150 mm) was first simulated transiently, and the S3 hyetograph was then applied
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to the resulting pressure field. The transient analysis used adaptive time steps ranging from 0.01 to 1.0
h (initial step 0.1 h, maximum growth factor 1.5) with a convergence tolerance of 1 x 10™> m for pressure
head and 1 x 1073 for the unbalanced force norm.

5. Design Rainfall Scenarios

Four prolonged rainfall scenarios were simulated to represent realistic extreme events for
mountainous, high-rainfall terrain (Table 3), following the design-storm approach commonly used in
rainfall-induced landslide numerical studies (Ran et al.,, 2024; Gu et al,, 2024). Scenario S1 and S2
represent 50-year average recurrence interval (ARI) storms with durations of three and five days,
respectively. Scenario S3 represents a 100-year ARI, seven-day storm, and Scenario S4 repeats the
Scenario S3 hyetograph but is preceded by seven days of moderate antecedent rainfall, representing a
monsoonal condition in which the slope enters the extreme event with elevated initial moisture. The
representative design hyetograph used for Scenario S3/S4 is shown in Figure 2.

1200
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= L =
SSCE 800 %
) E
g r600 ©
£ 10 3
K - 400 £
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[ =
< 5 F200 ¥
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0 25 50 75 100 125 150 175
Elapsed time (hours)

Figure 2. Design rainfall hyetograph and cumulative rainfall for the 100-year ARI, seven-day
prolonged extreme rainfall scenario (S3)

Table 3. Design rainfall scenarios simulated in this study.

Durati Total Rainfall
Scenario Description ARI (years) uration otal Rauia
(days) (mm)

s1 Moderate extreme 50 3 210

storm
2 Prolonged extreme 50 c 340

storm
S3 Severe prolonged storm 100 7 465

S3 + 7-day antecedent 7 (+7 465 (+150

S4 _ 100

rainfall antecedent) antecedent)

6. Model Verification and Validation
Verification and validation of the coupled 3D FEM-SRM model were carried out in two stages.
In the first stage, the seepage module was verified against a one-dimensional vertical infiltration
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problem in a homogeneous soil column using the same hydraulic parameters as the study slope (Table
2), and the SRM module was verified by computing the FS of a homogeneous slope benchmark with a
published reference FS and comparing it with the published value of Griffiths and Lane (1999). The
differences were 2.1% and 1.5%, respectively.

In the second stage, the model has not yet been validated against a specific instrumented case
history, because no site-specific monitoring data (pore-water pressure, displacement, or failure timing)
were available for the study slope. The comparison envisaged for future validation covers (i) the pore-
water pressure or water-content response at the monitored depths, (ii) the time of failure or the FS at
the observed failure, and (iii) the depth and geometry of the observed slip surface. Accordingly, no claim
of quantitative agreement with field observations is made in this study, and the computed FS values and
failure timings reported in the Results should be regarded as numerically verified but not yet field-
validated predictions.

RESULTS
1. Pore-Water Pressure Response

Figure 3 presents the simulated pore-water pressure profiles with depth at selected times
during the Scenario S3 rainfall event. At the initial condition (¢ = 0 h), the residual soil profile exhibited
matric suction ranging from approximately —-60 kPa near the surface to near-zero at the initial
groundwater table depth of approximately 12 m, consistent with a well-drained, unsaturated residual
soil slope prior to the storm. As rainfall progressed, a wetting front advanced downward at a rate that
decreased with depth due to the reducing hydraulic gradient and increasing degree of saturation of the
overlying soil. By t = 72 h, suction within the upper 3-4 m had been fully eliminated, and by t =168 h
(end of the 7-day storm), the wetting front had advanced to a depth of approximately 8-9 m, coinciding
with the residual soil-weathered rock interface, where a marked reduction in permeability produced a
build-up of positive pore-water pressure due to the contrast in hydraulic conductivity between the two
layers.

Depth below crest (m)
=)

10

12 1 — t =168 h

-50 -40 -30 -20 -10 0
Pore-water pressure (kPa)
(negative = matric suction)

Figure 3. Simulated pore-water pressure (suction) profiles with depth at selected elapsed times
during the Scenario S3 rainfall event
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2. Evolution of the Factor of Safety

Table 4 and Figure 4 summarize the computed FS for the four rainfall scenarios. Under the initial
(pre-rainfall) condition, the model returned an FS of 1.62, indicating a stable slope with a reasonable
margin of safety. For Scenario S1 (50-year ARI, 3-day duration), FS decreased gradually to a minimum
of 1.18 near the end of the storm, remaining above unity. Scenario S2 (50-year ARI, 5-day duration)
produced a lower minimum FS of 1.02, approaching the threshold of instability but not conclusively
failing within the simulated duration. Scenario S3 (100-year ARI, 7-day duration) resulted in FS falling
below unity (minimum FS = 0.87) after approximately 130-140 hours of continuous rainfall, indicating
slope failure. Scenario S4, which combined the same 100-year ARI storm with seven days of antecedent
rainfall, produced the most severe reduction, with FS dropping below unity earlier, at approximately
100-110 hours, and reaching a minimum of 0.79.

1.6 === 51: 50-yr ARI, 3-day duration
: m——52: 50-yr ARI, 5-day duration
=== 53: 100-yr ARI, 7-day duration
== 54: 100-yr ARI, 7-day + antecedent rain
—~ 1.4 1
w
=
=
o
7]
‘©
v 1.2 1
—
[=]
.
o
=
9]
© FS = 1.0 (failure threshold)
R e e
0.8

0 25 50 75 100 125 150 175
Elapsed rainfall duration (hours)
Figure 4. Computed factor of safety (FS) versus elapsed rainfall duration for the four simulated
rainfall scenarios.

Table 4. Summary of minimum factor of safety and estimated time to instability for each
rainfall scenario.

Time to FS=1.0
Scenario Rainfall Condition Minimum FS tme ?h) Failure Status
— Pre-rainfall (initial) 1.62 — Stable
S1 50-yr ARI, 3-day 1.18 Not reached Stable
h Marginall
52 50-yr ARI, 5-day 1.02 Notreached argmnatly
(marginal) stable
S3 100-yr ARI, 7-day 0.87 ~ 135 Failure
S4 100-yr ARI, 7-day + 0.79 ~105 Failure (earlier
antecedent onset)
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3. Displacement Pattern and Failure Mechanism

Figure 5 shows the simulated total displacement contour for Scenario S4 at the critical state (¢t =
168 h). The displacement field indicates a well-defined zone of concentrated deformation extending
from approximately the mid-slope region down to the toe, with a maximum computed displacement of
approximately 180 mm at a depth of roughly 8-10 m below the crest. The geometry and depth of this
deformation zone closely align with the location of the residual soil-weathered rock interface identified
in the pore-water pressure analysis, indicating that the interface acted as both a hydraulic barrier,
promoting positive pore-pressure build-up, and a mechanical discontinuity that localized the
developing shear zone. The resulting failure geometry is consistent with a translational-to-rotational
failure mode transitioning along the soil-rock contact, a mechanism widely reported for residual soil
slopes with a well-defined weathering front (Li et al.,, 2025; Getahun et al., 2022).

180
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e ©
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0 5 10 15 20 25 30 35
Slope length, x (m)

Figure 5. Simulated total displacement contour at the critical state for Scenario S4 (100-year
ARI, 7-day storm with antecedent rainfall)

4. Parametric Sensitivity Analysis

A parametric study was performed on Scenario S3 by varying one parameter at a time while the
others were kept at their base values: rainfall intensity of 0.5, 1.0, and 1.5 times the S3 hyetograph at a
constant duration; rainfall duration of 3, 5, and 7 days at the 100-year ARI intensity; saturated
permeability of the residual soil at 0.1, 1, and 10 times k; = 3.2 X 107°m/s; and van Genuchten
parameters a = 0.014, 0.028,and 0.056 kPa™* and n = 1.2, 1.42, and 1.7. Rainfall intensity mainly controls
the rate of FS reduction: halving the intensity keeps the minimum FS above unity (1.06), whereas
increasing it by 1.5 times lowers the minimum FS to 0.74 and advances the time to failure to
approximately 95 h, without altering the failure mode, which remains localized at the soil-rock
interface. Rainfall duration is more influential than intensity: durations of 3 and 5 days keep the slope
stable (minimum FS of 1.28 and 1.05, respectively), while the 7-day duration drives the FS below unity
(0.87 at 135 h). Saturated permeability is the most sensitive hydraulic parameter: reducing k;by one
order of magnitude delays failure to approximately 145 h, raises the minimum FS to 0.93, and shifts the
critical zone upward into the residual soil mass (6-7 m), whereas increasing k;by one order of
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magnitude advances failure to approximately 125 h, lowers the minimum FS to 0.83, and deepens the
slip surface to 10-11 m; in both cases the failure mode changes from the base translational-rotational
mechanism along the soil-rock interface. The van Genuchten parameters exert only a secondary
influence, with a and n varying the minimum FS within 0.84-0.90 and shifting the time to failure by less
than 10 h, without changing the failure mode. Rainfall duration and the permeability contrast at the
residual soil-weathered rock interface therefore emerge as the dominant controls on both the timing
and depth of instability.

DISCUSSION

The results of this study reinforce the growing consensus that the duration and antecedent
moisture condition of a rainfall event, rather than its peak intensity alone, are the dominant controls on
the timing of rainfall-induced slope instability in residual soil (Cai et al., 2024; Song et al., 2024).
Although Scenario S1 and Scenario S3 differ in both return period and duration, the marked difference
in outcome stable versus failed was driven primarily by the additional infiltration time in Scenario S3,
which allowed the wetting front sufficient time to reach the low-permeability soil-rock interface. This
finding is consistent with observations from prolonged monsoonal rainfall settings, where cumulative
multi-day rainfall depth has been shown to be a more reliable failure predictor than short-duration
rainfall intensity (Ran et al,, 2024; Gu et al., 2024).

The comparison between Scenario S3 and Scenario S4 further demonstrates the importance of
antecedent rainfall in accelerating the onset of instability. Because the antecedent rainfall pre-wetted
the upper soil profile and reduced the initial suction reserve, the subsequent extreme storm required
approximately 25-30 fewer hours to drive the FS below unity, and the resulting minimum FS was also
lower. This is in agreement with the sensitivity of unsaturated slopes to initial moisture conditions
reported in probabilistic and coupled hydro-mechanical studies of unsaturated slopes (Yang et al,, 2022;
Wei et al,, 2023), and suggests that early-warning systems relying solely on real-time storm intensity
without accounting for antecedent soil moisture may substantially underestimate landslide risk during
sequential rainfall events, which are common in tropical monsoon climates.

The identification of the residual soil-weathered rock interface as the critical failure zone is
consistent with numerous field and numerical investigations of tropical residual soil slopes, which have
repeatedly identified the weathering front as a preferential zone for pore-pressure build-up due to the
sharp permeability contrast between the more permeable residual soil and the less permeable, less
weathered material beneath (Sani & Eisazadeh, 2023; Li et al, 2025). This has direct practical
implications: subsurface drainage measures, such as horizontal drains or drainage galleries, would
likely be most effective if targeted at this interface depth rather than distributed uniformly through the
residual soil mass.

From a methodological perspective, the coupled 3D FEM-SRM framework used in this study
offers advantages over conventional 2D limit equilibrium approaches by capturing the true three-
dimensional geometry of the slope, the lateral variation in infiltration, and the emergence of the critical
slip surface without prior assumptions about its shape (Xie et al., 2025; Feng et al., 2024). This is
particularly relevant in mountainous terrain, where slope geometry is rarely well-approximated by an
infinite or plane-strain idealization. Nonetheless, several limitations should be acknowledged. First, the
soil parameters and SWCC were adopted from representative literature ranges rather than site-specific
laboratory testing; site-specific triaxial, direct shear, and SWCC testing would be required before the
numerical thresholds identified here are applied to a specific slope for engineering design. Second, the
model assumes homogeneous layering, whereas natural residual soil slopes commonly exhibit spatial
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heterogeneity in both strength and hydraulic properties, which has been shown to influence the
probability and location of failure (Wang et al., 2020; Oguz et al., 2022). Third, the SRM-based FEM
approach used here does not resolve post-failure runout behavior; coupling with a depth-averaged
runout model or a mesh-free method such as MPM, as demonstrated in recent studies (Feng et al., 2024;
Jitousono et al., 2023), would be required to assess downslope consequences once failure is triggered.
Fourth, the model has been verified against analytical and benchmark solutions (Model Verification and
Validation subsection of the Methods) but has not yet been validated against site-specific monitoring
data, so pore-water pressure and displacement records from the study slope are still required to confirm
the absolute FS values and the predicted time to failure. Future work should therefore incorporate
spatially variable soil properties through random field methods, site-specific SWCC calibration, and
coupled runout analysis to extend the applicability of the present framework toward operational early-
warning threshold development for specific mountainous residual soil terrains.

CONCLUSIONS

This study developed a three-dimensional, coupled seepage-deformation finite element model
to evaluate the stability of a representative residual soil slope in mountainous terrain under prolonged
extreme rainfall. The main conclusions are as follows: (1) the transient pore-water pressure response
of the slope was governed primarily by rainfall duration and the permeability contrast at the residual
soil-weathered rock interface, with the wetting front reaching this interface within approximately 130-
150 hours under the simulated extreme storms; (2) the computed factor of safety decreased from an
initial value of 1.62 to a minimum of 0.79-0.87 for the 100-year ARI, seven-day rainfall scenarios, with
the antecedent-rainfall scenario producing both an earlier and more severe reduction in stability; and
(3) the critical slip surface consistently developed at the soil-rock interface depth of 8-10 m, producing
a translational-to-rotational failure mechanism. These findings confirm that rainfall duration and
antecedent moisture, rather than peak intensity alone, should be prioritized in rainfall-based early-
warning threshold development for residual soil slopes in similar tropical mountainous settings. The
proposed 3D FEM framework provides a practical and extensible basis for future site-specific slope
stability
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