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Abstract

Climate change has increased the frequency and intensity of extreme rainfall events, which significantly threatens slope
stability by elevating pore-water pressure, reducing effective stress, and weakening soil strength. This study aims to
investigate the rainfall-induced hydro-mechanical response of a fill slope containing twin parallel tunnels and to evaluate
the effectiveness of reinforcement measures in improving slope stability under such conditions. A combined experimental—
numerical approach was adopted. First, a physical model test of twin tunnels excavated within a slope was conducted to
provide validation data for the numerical model. Subsequently, a parametric numerical analysis was performed using the
finite element method implemented in PLAXIS 3D to simulate the coupled hydraulic-mechanical behavior of the slope—
tunnel system under varying rainfall intensities and durations. Reinforcement measures, including piles and plates, were
incorporated to assess their stabilizing performance. The results show that rainfall duration has a more significant influence
on slope deformation and pore-water pressure than rainfall intensity. Reinforcement measures effectively reduce
deformation and enhance slope stability, although they have limited influence on the overall saturation distribution.
Reinforced slopes also exhibit increased total discharge due to preferential seepage along soil—structure interfaces. The
novelty of this study lies in integrating physical model validation with three-dimensional coupled hydro-mechanical
numerical analysis to comprehensively evaluate deformation, pore-water pressure, and seepage behavior in reinforced
tunnel-slope systems under rainfall conditions.
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1. Introduction

Climate change has increased both the frequency and intensity of extreme rainfall events, resulting in higher pore-
water pressures and a reduction in the shear strength of slope-forming soils. These effects accelerate the onset of slope
failure by enhancing saturation, deteriorating the internal soil structure, and inducing instability in natural as well as
engineered slopes. In order to gain a clearer understanding of this combined phenomenon, the present study focuses on
the interaction between rainfall infiltration and tunneling activities and their joint influence on slope stability. A physical
model incorporating twin tunnels within a fill slope was developed to replicate field conditions and assess the resulting
mechanical response. To enhance stability, pile reinforcement was incorporated, and its efficiency in alleviating rainfall-
induced deformation and failure was systematically examined.
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In recent years, extreme rainfall events have become more frequent and are now widely recognized as a major factor
intensifying geohazard risks [1, 2]. In China, rainfall-induced landslides resulted in over 1,200 fatalities and more than
100 billion yuan in economic losses between 2010 and 2022 [3]. Tian et al. [4] examined the impact of extreme rainfall
and drainage system failure on a deep-buried karst tunnel, demonstrating that inadequate drainage capacity significantly
amplifies pore-water pressure and structural distress in underground infrastructures. Tang et al. [5] investigated water
infiltration behavior in loess and examined the resulting structural response of tunnels subjected to rainfall,
demonstrating that preferential flow channels significantly accelerate wetting-front progression and contribute to tunnel
instability. A recent study by Qian et al. [6] examined the mechanical behavior of tunnel linings in karst regions under
heavy rainfall, identifying how elevated cavity water pressures influence internal forces, deformation, and structural
safety.

The tunneling and the resulting stresses and induced settlement have been studied by many researchers. Xu et al. [7]
studied the variation law of surrounding rock stress and displacement caused by one tunnel excavation in a gully area.
And concluded that the deformation was small in the gentle section of the gully but increased sharply in the section of
slope where there was even collapse. Jiang et al. [8] made a shaking table test for twin tunnels in a slope with a sensitivity
analysis. Choi & Lee [9] did a model test to evaluate the displacement and crack propagation during the excavation of
a new tunnel near an existing tunnel and concluded that, depending on the size of the existing tunnel, increasing the
distance between tunnel centers causes displacement around tunnels to diminish and stabilize beyond a certain distance.
Kim [10] investigated the stability of asymmetrical twin tunnels constructed in rock mass; four types of test models,
which had respectively different pillar widths and loading conditions, were experimented with. Seo et al. [11] studied
the stability of the pillar between twin tunnels and proposed a new pillar-reinforcement technology for improved pillar
stability.

Moreover, Ng & Lu [12] studied the influence of the tunnel on the displacement and stress ofthe ground and adjacent
extended foundations and verified it with laboratory model tests and numerical simulation analysis. Chen et al. [13] and
Zhao et al. [14] analyzed the impact of urban underground engineering and the potential damage to the surrounding
environment by monitoring various additional stresses and ground subsidence caused by shield tunnel construction. In
the case of the tunnel under-crossing the road, it is inevitable that it will disturb the roadbed slope and cause road surface
subsidence [15, 16]. Kaya et al. [17] studied the influence of tunnel construction on slope displacement and stress and
discussed the failure mechanism of tunnel-disturbed slopes. Fattah et al. [18] analyzed the shape of the settlement groove
caused by tunnel excavation in the cohesive foundation using analytical solutions, empirical solutions, and numerical
solutions.

The effect of rainfall on slope stability has been extensively investigated in recent years. Lin & Zhong [19] examined
the influence of rainfall intensity and pattern on the mechanisms of slope instability and slip surface formation. Similarly,
Ma et al. [20] analyzed the effect of stagnant water curves on the stability of unsaturated soil slopes. Tu et al. [21]
explored the deformation behavior and control measures of slopes under rainfall infiltration through engineering case
studies. In addition, several other studies have emphasized the critical role of rainfall characteristics in triggering slope
failures. For example, Rahardjo et al. [22] and Ng & Shi [23] highlighted the influence of rainfall infiltration on matric
suction reduction and shear strength degradation in unsaturated slopes. Furthermore, Len & Zhong [19] demonstrated
that prolonged or high-intensity rainfall can significantly accelerate pore-water pressure build-up and deformation in
natural and engineered slopes. These findings collectively indicate that rainfall-induced slope instability is governed by
a complex interaction between hydrological, geotechnical, and environmental factors. However, in this paper the
settlement induced due to excavating twin tunnels in a slope was investigated using two main methods, which are
numerical simulation by using the PLAXIS3D software package. In addition, the effect of rainfall on the distribution of
effective stress and pore water pressure was investigated.

The research employed two integrated approaches: a physical model test to capture realistic deformation behavior
and a numerical simulation using the Finite Element Method (FEM) implemented in PLAXIS 3D. The numerical model
was designed to reproduce the coupled hydro-mechanical behavior of the slope—tunnel-pile system under varying
rainfall conditions. The simulation results demonstrate that when piles are installed after rainfall, the soil—already
weakened and saturated—cannot effectively transfer load or resist deformation, leading to excessive settlement.
Conversely, when piles are installed prior to rainfall, they provide substantial improvement in slope performance by
maintaining structural integrity, minimizing settlement, and sustaining long-term stability. These findings highlight the
critical importance of timely reinforcement installation in mitigating the adverse impacts of extreme rainfall on tunnel-
affected slopes.

This study hypothesizes that the rainfall-induced instability of a fill slope containing twin parallel tunnels is primarily
governed by coupled hydro-mechanical interactions among rainfall infiltration, pore-water pressure development, and
stress redistribution around underground openings. Specifically, rainfall duration is expected to exert a greater influence
on slope deformation and tunnel—soil interaction than rainfall intensity, while reinforcement measures (piles or plates)
are anticipated to significantly reduce mechanical deformation without substantially altering the global hydraulic
response of the slope. Despite extensive studies on rainfall-induced slope instability and tunnel—slope interaction, there
remains a notable lack of comprehensive investigations that integrate physical modeling with three-dimensional coupled
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hydro-mechanical numerical analysis to systematically examine the behavior of slopes containing twin parallel tunnels
under rainfall conditions. In particular, existing research has largely overlooked the combined effects of reinforcement
measures on both deformation control and hydrological response. While reinforcement has been shown to significantly
reduce deformation, its limited influence on global saturation and its potential to increase localized discharge through
preferential seepage along soil—structure interfaces remain insufficiently understood. This gap underscores the need for
integrated experimental-numerical approaches capable of capturing the complex coupled mechanisms governing
deformation, seepage, and reinforcement effects in tunnel-slope systems subjected to rainfall. Figure 1 shows the
structure of the article.
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Figure 1. The structure of the study
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2. The Methodological Approach

The theoretical framework of this study integrates similarity theory, unsaturated soil mechanics, and coupled hydro-
mechanical analysis to investigate rainfall-induced deformation in slopes containing twin parallel tunnels. Similarity
theory was applied to the physical model to ensure geometric, mechanical, hydraulic, and temporal consistency between
the laboratory model and the prototype, enabling realistic reproduction of rainfall infiltration, pore-pressure evolution,
and deformation processes.

2.1. Mode Test-Physical Modelling

In this stage of the study, the slope model was subjected to simulated rainfall to examine its hydraulic and mechanical
response under infiltration conditions. The rainfall was applied uniformly across the slope surface using a controlled
artificial rainfall system designed to reproduce natural precipitation intensity and duration at a scaled level consistent
with similarity requirements. The primary objective of this phase was to observe the development of pore water pressure,
deformation patterns, and potential failure mechanisms induced by rainfall infiltration.During the test, sensors were
installed at different depths and sections of the slope to monitor variations in pore water pressure, displacement, and
surface deformation in real time. The rainfall infiltration process caused a gradual increase in pore water pressure within
the slope, leading to a reduction in effective stress and a subsequent decrease in the factor of safety. In this stage of the
investigation, the rainfall event was applied after the completion of tunnel excavation. Consequently, the excavation
process itself was not considered as an influencing factor in this phase of analysis. The slope and surrounding ground
had already reached a post-excavation equilibrium condition prior to the initiation of rainfall. Therefore, the focus of
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this stage was exclusively on evaluating the hydrological and stability response of the slope to rainfall infiltration under
the existing geometric and stress conditions created by the completed tunnels. This experimental setup allows for
isolating the effects of rainfall infiltration on the slope’s mechanical behavior without the interference of excavation-
induced stress redistribution. It provides a clear understanding of how rainfall alone influences pore water pressure
development, deformation patterns, and overall stability in a slope that has already undergone structural modification
due to tunneling. The model test calculation would be as the following:

For the rainfall time:

t model tets _ 1 (1)
t numerical simulation Vel

For the intensity of rainfall:

qmodel test _ 1 (2)
q numerical simulation cl

The applied rainfall intensity in the prototype was set to 200 mm/day in accordance with the relevant Chinese design
code, with a corresponding rainfall duration of 0.2 days, equivalent to approximately 4.8 hours. This duration was
selected to simulate a short-term, high-intensity rainfall event representative of extreme precipitation conditions
commonly used in slope stability and infiltration analyses. Figure 2 illustrates the procedures of the physical model test.
Figure 2(a) presents the process of preparing and mixing the model materials before placing them into the model box.
Figure 2(b) depicts the setup of the instrumentation, including the data acquisition sensors and the model box. Figure
2(c) displays the device employed to simulate rainfall infiltration on the slope surface. Finally, Figure 2(d) shows the
complete experimental setup, including the model box integrated with the rainfall simulation system.

To ensure the reliability of the physical model test, similarity theory was applied to maintain consistency between
the prototype slope—tunnel system and the scaled laboratory model. Geometric similarity was achieved by adopting a
constant length scaling ratio, under which all geometric dimensions of the slope, tunnels, and reinforcement elements
were proportionally reduced. Mechanical similarity was ensured by selecting model materials whose density, stiffness,
and shear strength parameters satisfied the required similarity relationships with the prototype. The stress similarity ratio
was controlled through the self-weight of the model materials and the imposed boundary conditions, allowing the stress
distribution within the model to realistically represent that of the prototype system. Hydraulic similarity was achieved
by adjusting the rainfall intensity and duration, according to the time and permeability similarity ratios. A controlled
artificial rainfall system was employed to reproduce scaled precipitation conditions, ensuring that seepage paths, pore
water pressure evolution, and saturation processes remained consistent with similarity requirements.
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Figure 2. (a) The model test similar materials; (b) building the model test with sensors testing; (c) they used tool for rainfall
and; (d) the model test design

2.2. Numerical Simulation-FEM analysis

In this numerical simulation, the rainfall condition was applied once the completion of tunnel excavation, meaning
that the excavation process was not included as an active phase in this stage of the analysis. At the beginning of the
rainfall simulation, the model represented the post-excavation equilibrium state, where the stress field and deformation
were already stabilized following tunnel construction. By excluding the excavation process, the model isolates the
influence of rainfall on pore water pressure generation, effective stress variation, and slope displacement behavior. This
approach ensures that the observed responses can be attributed entirely to rainfall effects rather than to excavation-
induced stress redistribution. The similarity ratio adopted for this study is 100, ensuring consistency between the
prototype and the scaled model in accordance with similitude principles.

The construction process was divided into four main stages. (1) The gravity stage, which represents the initial phase,
was conducted to establish the self-weight equilibrium of the slope and surrounding materials. (2) The tunnel excavation
stage was then performed, during which appropriate support systems were installed to ensure structural stability. (3) The
coupled analysis stage incorporated the effects of rainfall infiltration as an external condition to simulate hydro-
mechanical interactions within the slope. (4) Finally, the safety analysis stage was carried out to evaluate the overall
stability of the slope by determining the corresponding factor of safety. Figure 3 shows the FEM model. While, Figure
4 shows the sensors positions. The lateral boundaries of the model were constrained against horizontal movement, while
the base was fully fixed in all degrees of freedom. The upper boundary was left free, allowing natural deformation under
loading conditions. The distance between the tunnel edge and the model boundaries on both sides was set to 6.3 times
the tunnel diameter, which is sufficiently large to eliminate boundary effects and ensure that the excavation-induced
deformations do not interact with the model limits. The distance was determined based on a sensitivity analysis of the
boundary conditions, supplemented by reference to relevant studies in the existing literature.

Fill

The infiltration surfaces

The rock

Figure 3. FEM main model
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Figure 4. Sensor’s position

3. Geotechnical Parameters

In this section, the geotechnical parameters used in the study are presented. The parameters adopted in the numerical
simulation are listed in Table 1, while the corresponding parameters applied in the physical model test are summarized
in Table 2. This comparison enables the validation of the numerical simulation results against the experimental
observations under equivalent geotechnical conditions. Table 3 presents the material properties employed in the model
test, all of which were selected based on the similarity material testing principles to ensure appropriate scaling between
the prototype and the model. The similarity ratio, which has a value of 100, is defined by the following equation.

Numerical simulatoin

Similarity Ratio (Cl) = (D

Physical model

Finally, Table 4 provides the details of the materials used in the proposed support system, which were designed to
replicate the mechanical and structural behavior of the actual reinforcement elements under model conditions. The
Mohr—Coulomb (M—C) constitutive model was adopted to represent the mechanical behavior of both the fill material
and the underlying rock strata. This model was selected due to its robustness and suitability for simulating geomaterials
whose shear strength is governed primarily by cohesion and internal friction. The M—C model provides a linear elastic—
perfectly plastic framework that captures the essential features of soil and rock response under tunnelling-induced stress
changes. Its parameters—elastic modulus, Poisson’s ratio, cohesion, friction angle, and dilatancy—allow for an
appropriate representation of the stress—strain behavior of both the engineered fill and the relatively stiffer rock layers.
Given the objectives of this study and the available geotechnical data, the Mohr—Coulomb model offers a reasonable
and computationally efficient approximation for evaluating ground deformation and tunnel stability.

Table 1. The parameters used in the numerical simulation process

C (kN/m?) @ (degree)  E (kN/m?) n ¥ (kN/m®)
Fill 26 33 30000 0.4 18
Rock 200 33 2100000 0.2 24

Table 2. The reduced parameters in the numerical simulation

C(kN/m?) @ (degree)  E (kN/m?) n y (KN/m?)
Fill 0.26 33 300 04 18
Rock 2 33 21000 02 24

Table 3. The reduced parameters for the parametric numerical simulation

C (kN/m?) d(degree) E (kN/m?) n v(KN/m?)
Fill 10 33 20000 0.4 18
Rock 150 33 500000 0.2 24

Table 4. The piles parameters in the parametric study

d/t (m) E (GPa) p
Piles 0.8 30 0.2
Plates 0.035 200 0.2
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4. Results
4.1. The Model Test Validation

Figure 5 presents the validation of numerical simulation results against experimental data in terms of excess pore
water pressure along a specific section of the slope in the straight part of the slope. It can be observed that the overall
trend of the numerical simulation is in good agreement with the experimental data, confirming that the numerical model
can reasonably capture the pore pressure distribution along the section. The small discrepancies between the two datasets
may result from several factors, such as simplifications in the boundary conditions, heterogeneity in soil properties, or
measurement limitations during the physical experiment.

The section length (m)
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Figure 5. The straight part of the slope

Figure 6 illustrates the validation of numerical simulation results against experimental measurements of excess pore
water pressure along the inclined part of the slope which located in the rock. The comparison shows that both the
experimental and numerical results follow a similar overall trend, with excess pore water pressure increasing
significantly at certain positions along the slope (notably between 165 m and 190 m). These peaks correspond to zones
of higher rainfall infiltration and local stress concentration caused by the geometry of the slope.
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Figure 6. The inclined rock
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Figure 7 presents a comparison between the numerical simulation and experimental results of excess pore water
pressure along the slope section between 103 m and 117 m. The comparison indicates a generally consistent trend
between experimental and numerical data. Both datasets show a gradual decrease in excess pore water pressure along
the section length, reflecting the dissipation of pore pressure with distance and depth. The numerical simulation
successfully captures the overall behavior and magnitude of the pore pressure distribution, with values ranging
approximately between —100 and —450 kN/m?, which aligns well with the experimental observations.

The section length (m)
101 103 105 107 109 111 113 115 117

-102

-152 A1

-202 A

-252 1

-302 A

Pore water pressure (kPa)

-352 A1

Numerical Simulation

-402 A
® Experiment

-452 -

Figure 7. The inclined fill

4.2. Parametric Study

To comprehensively examine the effect of rainfall on slope behavior, the rainfall condition in this section was defined
as continuous rainfall. In PLAXIS 3D, this configuration enables the user to specify the rainfall duration directly within
the calculation phases. The rainfall intensity was assigned as a constant value to maintain a uniform precipitation rate
throughout the simulation period, thereby facilitating controlled analysis of the hydromechanical response. The
investigated domain corresponds to the inclined section of the slope, which is directly exposed to rainfall infiltration and
thus represents the most critical zone for evaluating rainfall-induced instability and pore water pressure development.
The parametric study presented in this section was conducted under a constant total rainfall quantity to isolate the effects
of rainfall characteristics on slope stability. Four principal cases were examined to evaluate the influence of rainfall
intensity, duration, and reinforcement measures under varying soil strength conditions. Specifically, the study addressed
the following:

The effect of rainfall intensity under high-strength soil parameters.

The effect of rainfall duration under high-strength soil parameters.

The slope response under low-strength soil parameters.

The performance of the proposed reinforcement system. In this section, two types of support were used: piles and
a plate with equivalent thickness

Each scenario was systematically analyzed to assess how variations in rainfall intensity and duration influence slope
deformation behavior, overall stability, and the development of pore water pressure within the soil mass.

4.2.1. The Effect of the Rainfall Intensity on Fill Slope (High Strength Parameters)

In this section, various parameters of rainfall intensity were examined. Four primary rainfall intensities were
considered: 100 mm/day, 200 mm/day, 300 mm/day, and 400 mm/day. The results indicate that the first three intensities
(100, 200, and 300 mm/day) produce negligible differences in the observed settlement. However, when the rainfall
intensity increases to 400 mm/day, the settlement rises noticeably to approximately 0.2 mm. Furthermore, the results
indicate that the majority of the displacement is attributed to soil swelling, whereas settlement predominantly occurs
under higher rainfall intensities. This swelling is primarily attributed to moisture-induced volumetric expansion as
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partially saturated soil absorbs water, particularly in fine-grained materials. Under moderate rainfall conditions, partially
saturated soils tend to exhibit volumetric swelling due to moisture absorption, whereas higher rainfall intensities and
sustained infiltration lead to soil saturation, effective stress reduction, and settlement [24].

With respect to the excess pore water pressure, the findings reveal that in the inclined section of the slope exposed
to rainfall infiltration, the pore water pressure at an intensity of 200 mm/day was noticeably higher compared with that
at 100 mm/day. Additionally, when the rainfall intensity increased to 300 mm/day, the corresponding pore water
pressure was relatively lower than that observed at 400 mm/day. This suggests that elevated rainfall intensity
significantly amplifies pore water pressure within the slope, thereby influencing its overall stability and deformation
behavior. This phenomenon can be attributed to the infiltration—saturation dynamics of the slope soil. At moderate
rainfall intensities (e.g., 300 mm/day), the infiltration rate is close to the soil’s permeability limit, allowing part of the
rainfall to percolate gradually without causing full saturation. Consequently, pore water pressure remains comparatively
moderate. However, when the rainfall intensity reaches 400 mm/day, the rainfall rate exceeds the soil’s infiltration
capacity, leading to surface ponding and rapid saturation of the near-surface layers. This excess water infiltration results
in a sharp rise in excess pore water pressure within the slope body. The increase in pore pressure under such high-
intensity rainfall reduces the effective stress and contributes to larger deformations or potential instability. Figure 8
shows the effect of rainfall intensity on the settlement and pore water pressure.
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Figure 8. The effect of the rainfall intensity of: (a) The settlement and; (b) The pore water pressure
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4.2.2. The Effect of the Rainfall Duration on Fill Slope (High Strength Parameters)

In this section, several rainfall durations were analyzed to evaluate their influence on soil response. The results
indicate that when the rainfall duration reached 0.4 days, both the settlement and pore water pressure attained their
maximum values. Moreover, at rainfall durations of 0.2 days and 0.3 days, the variations in settlement and pore
water pressure were relatively minor, exhibiting nearly identical values. By comparing the two influencing factors—
rainfall intensity and rainfall duration—the results reveal that rainfall duration exerts a more significant impact on
soil deformation. Prolonged rainfall, however, enables continuous moisture migration, cumulative pore-water
pressure buildup, and progressive weakening of the soil structure. Consequently, long-duration rainfall events pose
a greater risk to slope stability and tunnel-induced settlement than short-duration, high-intensity storms. For
instance, the maximum displacement reached 1.2 mm under a rainfall intensity of 400 mm/day, whereas it increased
to 1.9 mm when the rainfall duration extended to 0.4 days, indicating that the duration of rainfall plays a more
dominant role in controlling the magnitude of displacement. Figure 9 illustrates the effect of rainfall duration in the
settlement and pore water pressure.
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Figure 9. The effect of the rainfall duration on: (a) The displacement and; (b) The pore water pressure
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4.2.3. The Behavior under the Effect of Low Parameters

To accurately capture the effect of rainfall on slope stability, the strength parameters of the slope materials were
deliberately reduced, as presented in Table 3. Figure 8 illustrates the corresponding factor of safety (FS) values and their
spatial distribution. As shown, prior to the reduction of the strength parameters, the FS was approximately 3.6, indicating
a stable slope condition. However, after the reduction in shear strength parameters—representing the deterioration of
soil strength—the FS decreased to 3.1. This reduction demonstrates the adverse influence of rainfall on slope stability,
as the infiltration process leads to softening of the soil mass and a subsequent decline in the overall safety margin. The
reduced parameters adopted in the model test and parametric study were determined through a systematic sensitivity
analysis rather than arbitrary selection. Key soil parameters, including stiffness and shear strength properties, were
progressively reduced within logical and physically realistic ranges reported in previous experimental and numerical
studies. The purpose of parameter reduction was to simulate rainfall-induced degradation of soil behavior, such as
strength softening and stiffness loss due to increased pore water pressure and reduced effective stress. During the
sensitivity analysis, the influence of each reduction level on slope deformation, pore water pressure development, and
stability response was evaluated. The selected reduction factors correspond to ranges that produced significant but
realistic changes in system response, thereby ensuring that the adopted parameters accurately reflect real soil behavior
under adverse hydrological conditions.

However, both figures show similar geometry but slightly different stress or pore-pressure distributions. The color
concentration at the upper slope area (red zone) indicates potential plastic deformation or failure initiation.

e Figure 10(a) FS = 3.6, the red/yellow zone is smaller and more localized, suggesting that the soil body still has
high resistance and the slope is relatively stable.

e Figure 10(b) FS = 3.1, the red/yellow zone becomes more extended, indicating that a larger part of the slope is
reaching the plastic limit, and thus the stability is reduced.

@

Figure 10. Slope stability without rainfall dry conditions: (a) FS =3.6 and; (b) FS =3.1

4.2.4. The Proposed Reinforcement Design

Under the condition of reduced material parameters, two primary reinforcement measures were proposed to
enhance slope stability. The first reinforcement type consists of piles, which provide deep anchorage and improve
the overall load-bearing capacity. The second involves the use of reinforcing plates, which offer surface
confinement and contribute to the redistribution of stresses within the slope body. Figure 11 shows the two
proposed reinforcement methods.
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Figure 11. The proposed reinforced models in the numerical simulation: (a) Plates and; (b) Piles

The Piles as Support System

Figure 12(a) presents the displacement response of the slope section under four principal scenarios, each
encompassing four specific conditions. The results indicate that the first three scenarios (1) without support, (2)
subjected to rainfall without support, and (3) subjected to rainfall with support—exhibit nearly similar displacement
patterns, suggesting that the installation of support prior to rainfall does not significantly alter the overall deformation
trend. Nevertheless, when the support system is introduced after the rainfall event, the slope demonstrates a noticeable
swelling (heaving) behavior instead of settlement. This phenomenon can be attributed to the redistribution of pore water
pressure and stress within the soil mass following rainfall infiltration. The subsequent installation of the support structure
restricts lateral deformation and vertical settlement, causing an upward movement because of the confined excess pore
pressure and the limited drainage pathways within the saturated zone. This behavior highlights the complex interaction
between rainfall-induced pore pressure variation and post-rainfall reinforcement timing on slope deformation
characteristics.

Figure 12(b) illustrates the saturation distribution within the slope under rainfall conditions. The results indicate that
there is no significant difference in the degree of saturation between the supported and unsupported slopes. This suggests
that the presence of structural support has a limited influence on the overall infiltration pattern and moisture migration
within the slope. The similarity in saturation behavior implies that rainfall infiltration is primarily governed by the soil’s
hydraulic properties rather than by the mechanical boundary conditions imposed by the support system. From a hydro-
mechanical perspective, structural supports such as piles or plates primarily function to redistribute stresses and limit
deformation, but they do not substantially modify the soil’s pore network or hydraulic conductivity at the slope scale.
As a result, rainfall infiltration follows comparable seepage paths in both cases, driven by gravity and capillary forces,
leading to similar saturation profiles.

This behavior indicates a decoupling between the hydraulic and mechanical responses of the slope under the
investigated conditions, where mechanical reinforcement enhances stability without significantly impeding or
redirecting water flow. Previous studies have emphasized that structural reinforcement elements such as piles, soil nails,
and plates function primarily as mechanical stabilizers that enhance slope stability through stress redistribution and
deformation control, rather than by altering hydraulic conditions within the soil mass. Duncan et al. [25] noted that
seepage behavior and moisture migration are generally unaffected by mechanical reinforcement unless specific
hydraulic measures, such as drainage systems or impermeable barriers, are incorporated into the design. In the absence
of such measures, rainfall infiltration continues to follow the natural seepage paths governed by soil permeability and
gravity-driven flow mechanisms. Consequently, mechanical reinforcement can significantly improve slope stability
while having a limited influence on infiltration patterns or saturation distribution, which supports the observation that
structural support enhances stability without substantially impeding or redirecting water flow.
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Figure 12(c) shows the variation of pore water pressure along the slope section under two conditions: rainfall without
piles (gray line) and after rainfall with piles (orange line). Overall, the results show that both curves follow a similar
trend, but noticeable differences appear at specific sections where the piles are installed. Under the rainfall without piles
condition, the pore water pressure remains relatively uniform with moderate fluctuations, reflecting the natural
infiltration and drainage behavior of the soil mass. In contrast, after the installation of piles, the pore water pressure
distribution becomes more irregular, with localized peaks and drops along the section. This behavior can be attributed
to the interaction between the piles and the surrounding soil, which alters the hydraulic conductivity and drainage paths.
The piles create zones of stress concentration and reduced permeability, leading to the temporary accumulation of pore
pressure near the pile—soil interface.

At the same time, adjacent areas may experience pressure dissipation due to water migration along the structural
boundaries. Although the overall saturation distribution remains largely unaffected by the presence of piles, as
shown in Figure 12(b), localized variations in pore-water pressure may still occur due to soil-structure interaction.
Saturation represents an averaged moisture condition over the slope, whereas pore-water pressure is more sensitive
to local changes in permeability and flow paths. Therefore, similar saturation profiles do not necessarily imply
uniform pore-pressure distributions, particularly in reinforced slopes where structural elements locally influence
seepage behavior. Which means, At the slope scale, the hydraulic response remains largely unchanged; however, at
the local scale, soil-structure interaction can induce pore-pressure heterogeneity without altering the overall
saturation pattern.
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Figure 12. The effect of the support system on the soil parameters piles: (a) The settlement, (b) The saturation, and
(c) The pore water pressure

With regard to the factor of safety Figure 13, the results reveal a substantial variation influenced by the timing of
pile installation in relation to the rainfall event. Three primary scenarios were analyzed. In the dry condition (without
rainfall), the slope exhibited a high level of stability with a factor of safety of FS = 3.3. When rainfall occurred without
any supporting system, the factor of safety markedly decreased to FS = 1.3, indicating a significant reduction in stability
due to rainfall infiltration and the consequent loss of matric suction within the soil. Conversely, when the rainfall
occurred in the presence of installed support, the factor of safety slightly increased to FS = 1.5, demonstrating that the
reinforcement contributed to enhancing slope stability by providing additional resistance against deformation and
potential failure. These findings emphasize the critical importance of the timing of reinforcement installation, as pre-
rainfall support conditions yield improved stability compared with post-rainfall or unsupported conditions. In summary,
the correlation between the factor of safety and sustainability highlights that proactive stabilization measures, such as
installing piles prior to rainfall, contribute significantly to sustainable slope management. By integrating geotechnical
resilience, environmental stewardship, and lifecycle efficiency, such practices ensure that slope reinforcement systems
remain safe, durable, and resource-efficient under both ordinary and extreme hydrological conditions.

(b): FS=1.3

(c): FS=1.5

Figure 13. FS before and after the rainfall: (a) The pile installed in the dry condition, (b) the rainfall without support and
(c) the pile installed before the rainfall
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Plates Support System

In this section, plate elements are employed as a slope support system. Figure 13(a) illustrates the displacement
distribution along the inclined portion of the slope under four primary conditions. The first case represents the slope
without any support and without rainfall. The second case considers the effect of rainfall in the absence of support. The
third case examines the condition of the slope with support but without rainfall. Finally, the fourth case investigates the
combined effect of rainfall and support. The results show that the maximum displacement occurred when the slope
supported after the rainfall. The reason may be due to the following:

Before the installation of support, the unreinforced slope experiences increased pore water pressure during rainfall
infiltration, which reduces the effective stress and leads to softening and downward movement of the soil mass due to
gravity. In this condition, deformation primarily occurs in the downward and outward directions as there is no structural
restraint to resist the movement. However, after adding support elements such as piles, nails, or retaining walls, the slope
gains stiffness and lateral restraint. The reinforcement resists the downward displacement and partially transforms it into
upward or lateral reactions. When the boundary conditions are fixed or partially constrained, the compressive forces
within the reinforcement can generate upward reaction pressures, resulting in localized heaving or “swelling-type”
displacements near the slope face or crest. This phenomenon is mainly attributed to stress redistribution within the slope—
support system. The introduction of reinforcement alters the stress path, transferring part of the load from the soil to the
structural elements, and in some cases, pushing back against the soil mass. In numerical models such as PLAXIS, this
effect is often visible near the interface between the wall and soil due to stiffness contrasts and stress rebalancing during
support activation. Additional factors such as initial stress reset, pore pressure dissipation, and boundary or meshing
effects may further contribute to the apparent uplift. Overall, after reinforcement, the slope behavior transitions from
gravity-driven settlement to a stiffness-controlled equilibrium state, where the restraining action of the support can
induce localized upward displacements despite the soil remaining under overall compressive stress.

Figure 13(b) illustrates the variation of excess pore water pressure along the slope section under two conditions:
rainfall without support (blue line) and rainfall with support (orange line). The variation of excess pore water pressure
along the section shows that both the supported and unsupported slopes experience abrupt changes at specific points,
indicating zones of hydraulic or mechanical transition. However, these fluctuations are not synchronized; when the
supported case shows a sharp rise or drop, the unsupported case tends to remain relatively stable, and vice versa. This
alternating pattern suggests that the presence of support elements alters the local stress—pore pressure interaction rather
than uniformly reducing or increasing the pore pressure. In supported slopes, the reinforcement elements constrain the
soil deformation and modify the seepage path, causing pressure concentration or dissipation near structural interfaces.
In contrast, in the unsupported slope, the absence of such constraints allows a more continuous redistribution of pore
pressure, but local zones still show sudden changes due to soil heterogeneity or transient infiltration effects. The lack of
synchronization in excess pore-water pressure fluctuations highlights the localized nature of soil-structure interaction
under rainfall conditions, where reinforcement alters stress—strain—seepage coupling at specific locations rather than
uniformly modifying the hydraulic response of the entire slope. Figure 13(c) which shows the saturation chart shows
almost the same results.

Figures 14(c) and 14(b) reveal that pore-water pressure does not increase uniformly along the slope but instead
exhibits pronounced spatial variability, with higher peaks occurring mainly in the mid-to-lower slope sections
(approximately 100—115 m). From a hydro-mechanical perspective, these peaks result from the convergence of seepage
paths driven by gravity, combined with reduced drainage efficiency in zones affected by tunnel excavation and stress
redistribution. In the unsupported slope, the absence of structural constraints allows infiltrated rainfall to accumulate
more freely, producing higher excess pore-water pressures and sharper pressure gradients. This behavior significantly
reduces effective stress and increases the likelihood of deep-seated or progressive failure along potential slip surfaces.
By contrast, in the reinforced case, although the global saturation distribution remains similar, soil—structure interaction
locally modifies stress transfer and deformation patterns, leading to reduced pore-pressure magnitudes. This indicates
that reinforcement primarily mitigates instability by limiting deformation and stress concentration rather than by altering
the overall hydraulic regime, thereby shifting the failure mode from global sliding toward more localized deformation.

Figure 15 presents the factor of safety values for the slope under different conditions. The results indicate that the
slope was in an unstable condition prior to the installation of support. After rainfall, the factor of safety for the
unsupported slope is recorded as 1.15, confirming its susceptibility to failure. However, when support is introduced
following rainfall, the factor of safety increases to 1.53, demonstrating a significant improvement in overall stability.
This enhancement highlights the effectiveness of the support system in reinforcing the slope, increasing its resistance to
deformation and reducing the likelihood of failure under rainfall conditions.
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(a): FS=1.15

(b): FS=1.53

Figure 15. The factor of safety: (a) After the rainfall (No support) and (b) After the rainfall with support

5. Discussion Between the Two Cases

Based on the previous findings, it can be observed that the presence of support structures leads to a higher flow rate
compared with the unsupported condition. In the section, which is located between the two tunnels, when there is a
support system, the total discharge is 16.95 m*day. While, when there is no support, the total discharge is 7 m*/day as
shown in Figure 16. The same happened for the plates as shown in Figure 17. When there are plates, the total discharge
is 8.8 m*day. While when there is no support, the total discharge is 7 m3/day. This phenomenon can be attributed to the
alteration of hydraulic pathways within the slope caused by the installation of structural elements such as piles or
retaining systems. In other words:

This behavior can be explained by the difference in hydraulic pathways and pore pressure distribution induced by
the presence or absence of structural support within the slope. When support is installed, the structural elements (e.g.,
piles, retaining plates, or slabs) create preferential flow channels and localized stress concentrations at the soil—structure
interfaces. These interfaces often contain micro-gaps or less compacted zones that facilitate water movement, resulting
in higher seepage flow rates. Additionally, the installation of support alters the natural drainage pattern by redirecting
infiltrated water along the structural boundaries, thereby increasing the overall measured flow. In contrast, when no
support is present, the slope remains as a homogeneous and more compacted soil mass, which resists rapid water
percolation. The absence of artificial interfaces or stress discontinuities limits the permeability and reduces the hydraulic
conductivity of the slope system. Consequently, the infiltrated rainfall tends to move more slowly through the soil
matrix, leading to a lower overall flow rate. In summary, the higher flow in the supported slope is primarily attributed
to the formation of preferential seepage paths and altered hydraulic gradients induced by the support installation, whereas
the lower flow in the unsupported slope results from the more uniform and less permeable soil structure that restricts
water migration.

@

Figure 16. The rainfall flow diagram: (a) Piles with a support system and (b) Piles without support
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Figure 17. The rainfall flow diagram: (a) Plates with support and (b) Plates without support

6. Conclusion

This study investigated ground settlement and slope deformation induced by the excavation of twin parallel tunnels
within a slope, with particular emphasis on the coupled effects of rainfall infiltration and reinforcement measures. The
numerical results obtained from the finite element method (FEM) showed strong agreement with the physical model
tests, confirming the robustness and reliability of the adopted numerical framework. The consistency between
experimental observations and simulations demonstrates that the Mohr—Coulomb constitutive model is adequate for
capturing the mechanical behavior of the slope material under both dry and rainfall conditions in this case. The analysis
further confirms that tunnel excavation significantly alters stress redistribution within the slope, leading to measurable
surface settlement and localized deformation zones, which are further amplified when rainfall is introduced.

A key finding of this research is that rainfall duration plays a more critical role in slope deformation than rainfall
intensity. While increases in rainfall intensity beyond 300 mm/day result in elevated pore-water pressure and limited
additional settlement, prolonged rainfall duration (up to 0.4 days) produces substantially greater displacement and pore
pressure accumulation. This highlights that long-duration rainfall events pose a higher risk to slope stability due to
sustained saturation, reduction in matric suction, and progressive loss of effective stress. In addition, the study reveals
that reinforcement systems, including piles and plates, influence not only the mechanical response but also the hydraulic
behavior of the slope. Reinforced slopes exhibited higher total seepage discharge than unsupported slopes, attributed to
the development of preferential flow paths along soil—structure interfaces. This finding underscores the importance of
integrating hydraulic considerations into reinforcement design, particularly under rainfall conditions. Overall, the results
demonstrate that timely reinforcement combined with advanced numerical modeling can significantly enhance the
resilience of tunnel-affected slopes under extreme rainfall. Future research should focus on fully coupled rainfall-
reinforcement interaction models and long-term field monitoring to better assess slope performance under changing
climatic conditions.

7. Symbols
Ci Similarity Ratio C Cohesion
E Modulus of Elasticity Phi Friction angle
u Poisson ratio v Unit weight
d Pile diameter t Plate thickness
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