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Abstract

This research is focused on examining the influence of crack position on slope stability, pore water pressure dynamics, and
groundwater level rise induced by prolonged rainfall using seepage analysis. The adoption of a novel integrated method
that coupled finite element (SEEP/W) and limit equilibrium (SLOPE/W) analyses led to the introduction of a systematic
methodology for evaluating the effectiveness of horizontal drains specifically designed to suit pre-existing crack locations.
The results showed that surface cracks in unsaturated soil triggered pore water pressure build-up and groundwater rise,
forming localized saturated zones at crack tips after 40 days of continuous rainfall (6 hours/day). Horizontal drains
significantly improved stability when positioned near cracks, increasing safety factors by approximately 13% and 6% for
slope-surface and mid-slope cracks, respectively. However, it proved ineffective for drains located away from the slope
edge. The main novelty centered on quantifying the location-dependent efficacy of drains, establishing a critical zone of
influence for optimal drain placement. In addition, the conventional one-size-fits-all method adopted for drain installation
was disputed. Field validation using Electrical Resistivity Tomography (ERT) showed that deeper rainwater infiltration
realized through cracks during wet seasons supported numerical predictions. The results obtained were in line with the
critical role of crack location in drain design. These also provided actionable, location-specific insights for landslide
reduction on cracked slopes.
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1. Introduction

Slope instability is the leading cause of landslides, which occur frequently, specifically during and shortly after
rainfall. This instability is due to the significant impact of rainwater infiltration on soil stability factors such as pore
water pressure and shear strength parameters. Additionally, the amount of water that infiltrates the soil depends on the
intensity of rainfall and several related parameters, including hydraulic conductivity and porosity. Nam et al. [1] reported
that hydraulic conductivity enabled water to steadily pass through the soil under transient conditions. Excess rainwater
tends to generate surface runoff when the intensity of rainfall exceeds the soil's capacity to absorb water, as proven by
the hydraulic conductivity. However, a large amount of rainwater infiltrates the ground if this parameter exceeds the
rainfall intensity [2, 3]. This parameter varies significantly among different soil types, as well as impacting the rate and
extent of infiltration. For example, cohesive soils have lower infiltration capacities than the non-cohesive. Clay also has
a reduced ability to infiltrate rainwater compared to the sandy type. In this context, clay with hard consistency or rock-
like texture exhibits limited infiltration capacity.
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Landslides triggered by rainfall frequently occur in hilly areas characterized by cohesive and stiff to hard soil or rock
consistency [4, 5]. These areas are characterized by poor hydraulic conductivity, which leads to low water transmission
rates. As a result, a significant amount of rainwater tends to be converted into surface runoff rather than infiltrating the
ground, adversely affecting the slope. In certain conditions, such as the presence of a water channel, rainwater easily
infiltrates the cohesive, stiff, and hard soil layers. This scenario triggers weathering by weakening the soil parameters at
deeper elevations, leading to landslides after rainfall. Following the description above, the cracks on the slope surface
cause rainwater to infiltrate cohesive, stiff, and hard soil layers. In addition, the shallow vertical cracks served as
pathways for rainwater infiltration and potentially propagated deeper due to water pressure buildup [5]. Several research
reports indicated that this opening changed soil parameters, leading to degradation of intact or fused soil, thereby causing
variation in seepage and shear strength [5-9]. Cracks provided rapid pathways for rainwater to infiltrate the ground,
resulting in soil saturation and degradation of parameters at greater depths. Despite this significance, few research had
been conducted on how soil cracks affect slope stability, particularly concerning landslides.

Some research had addressed the influence of cracks and rainfall on slope stability. Cai et al. [10] reviewed a landslide
case in China by integrating geological surveys, laboratory testing, and numerical simulation. The results showed that
crack depth was the main controlling factor for failure pattern and mode of soil slope. The presence of cracks weakened
the slope structure and facilitated softening by rainwater. Meanwhile, rainfall deepened the cracks, producing a
damaging feedback cycle that triggered landslide disasters. The present research failed to address the impact of crack
location on slope stability. Zhang et al. [11] adopted Finite Element Method (FEM) simulations using OptumG2
software, found crack depth, water filling level, and slope inclination were interacting parameters that significantly
influenced slope stability sensitivity. Subsequently, Zhang et al. [12] developed an upper-bound kinematic analysis
method, used to evaluate the stability of unsaturated, non-uniform, cracked soil slopes, by considering two variations,
namely open and formation cracks. The results indicated that the factor of safety was greatly influenced by soil
properties, slope geometry, crack type, unsaturated flow conditions, and variations in soil strength with depth. This
research focused mainly on crack types without examining the impact of the location and position on the slope.

Several research projects had evaluated the connection between moisture content and soil cracks. Some reported an
increase in soil moisture content, enhanced infiltration capacity, alterations in matric suction, and increased saturation
levels [13-15]. According to Xing et al. [16], the infiltration rate increased alongside the number of cracks until it reached
a saturation point (approximately 50 cracks in a sample), beyond which the rate of increase gradually declines. Larger
crack apertures improved the initial infiltration rate, diminishing after the cracks close. A reduction in aperture from 10
mm to 1 mm decreased the infiltration rate by 31.2%. This also showed the occurrence of an internal catchment
phenomenon, where water was trapped within the cracks before being absorbed by the soil matrix. Non-uniform crack
closure at various depths led to uneven water distribution that affected the propagation of the wetting front. The condition
caused the formation of localized water traps at specific depths with varying dimensions. An effective method was to
stabilize the internal catchment or water trap at cracked locations by draining infiltrated water from the soil through the
use of horizontal drains. Previous research focused on the positive impacts of using horizontal drains [17, 18], while a
few examined the extent to which their presence influenced the effect of water traps caused by cracks with uncertain
positions, including scattered distribution across the slope area.

Based on the description above, soil cracks influenced rainwater infiltration and potentially led to the formation of
water traps, which affected slope stability. Horizontal drains were adopted as a reduction measure to decline the
instability induced by these water traps caused by soil cracks. However, specific research that investigated the influence
of crack position, area of water trap formation due to cracking, and placement of horizontal drains on slope stability
were significantly excluded from the literature. The present research examined the effect of crack location on the slope
connected to the position of water trap formation and its impact on the reduction of the safety factor. In this context,
horizontal drains were modeled within the varying slope in crack locations. The method was used to assess the
effectiveness of the drain placement in relation to the existing cracks and corresponding improvement in the safety factor
realized. Additionally, rainwater infiltration in cracked soil through seepage analysis, alongside the implementation of
reduction measures using horizontal drains, was also explored.

2. Theoretical Approach

The effect of rainwater seepage into the soil, including the potential to trigger slope instability, was critically
reviewed. Furthermore, the result showed that it altered shear parameters and increased the groundwater level, affecting
the safety margin of the slope. The extent of the seepage was determined by the transmission ability of the soil.
According to Dourte et al. [19], heavy rainfall increased surface runoff and decreased groundwater recharge because of
the low hydraulic conductivity of the soil. This scenario showed that the seepage coefficient or hydraulic conductivity
played a crucial role. Zheng et al. [20] also found that extreme rainfall mainly contributed to groundwater as well as
effectively replenished deep soil layers. He et al. [21] used ARC GIS to model how rainfall seepage impacts groundwater
flow on slopes. The result showed that rainfall seepage altered the level of groundwater and flow on the slope, thereby
affecting its stability. The formula proposed by Sangrey et al. [22] was used to calculate rainfall recharge, influenced by
many factors and stated as follows:

R=P-Q,—E+S,~5~-S @

where, R = rainfall recharge, P = rainfall, @, = surface runoff, E = evaporation, S; = rainfall interceptions, S,= water
storage, and S = bedrock seepage. The surface runoff was calculated using the following equation:
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Qr=P—Ir_5j (2)

where, I,. = seepage volume, meanwhile some of the parameters had a value of 0, such as E, S;, and S. The evaporation
(E), and water storage values (S;) were equivalent to zero because of continuous rainfall, and seepage caused by lack of
unsaturated water content, respectively. Bedrock seepage (S) was equivalent to zero in the impermeable clay layer;
hence, by substituting the two equations above, the formula for rainfall recharge was simplified to R = I.. The seepage
volume depended on various factors, such as soil characteristics, layer thickness, rain intensity, slope, and duration of
rainfall.

During the initial stages of rainfall, soil water content is low, and its permeability is high. However, when the
permeability exceeds rain intensity, the rainwater tends to infiltrate the soil [21]. At this stage, the rate of seepage is
equivalent to the intensity. The gradual rise in cumulative seepage volume raises the content of water in the unsaturated
and seepage zones, but steadily decreases soil permeability. Finally, it declines lower than the rainfall intensity, causing
water runoff to occur. In this situation, the seepage rate was equal to the saturated rate, with the accumulation of
water/hydrops observed when the accumulated rainfall seepage reached the I,, value, which was determined using Mein
& Larson formula [23]:

(65—60)S
I,=—1—L=2,00 3)
KS
where, K, = saturated permeability coefficient, I = rain intensity, 6, = initial water content volume, 6, = saturated water
content volume, Sy = suction in a wet front, Z,, = rainwater seepage depth at the time water was collected, and 40=
deficit water content (6, — 6,). Hydrops was detected between runoff and rainfall seepage, and its time formulated as
follows:

I
tp = p/I (4)
Supposing the rain intensity surpassed the soil seepage capacity, the equation for calculating the rainfall rate was
stated as follows, with t representing the duration:

1+Sf'A9
Ip = I, + K(t —t,) + S - A6 - In (Ip+sf_w) 5)

Figure 1 shows the seepage process and changes in soil conditions through a schematic diagram of rainfall seepage
on a slope. Furthermore, the three diagrams showed the initial state conditions, adopted rainfall seepage path from He
et al. [21], and cracked soil, considered the main topic of discussion.

The depth of the wet front, denoted by Z1, is the ratio of seepage volume to deficit water content. However, storage
time must be considered when analyzing the transformation of rainfall seepage into groundwater and its flow through
the unsaturated zone. In cracked soil conditions, the depth of the wet front tends to be greater than without cracks,
leading to differences in the unsaturated area. The existence of cracks intensifies water seepage and affects the humid
zone. Sasekaran [24] reported that surface crack changes an existing seepage pattern by increasing soil water content in
deeper layers during the wet season. Moreover, a deeper crack triggers the occurrence of saturated conditions in soil as
well as rapidly increases the groundwater level. It also exhibited different shear and hydraulic parameters, which
potentially led to a more rapid decrease in slope stability.

Rainwater Rainwater

infiltration infiltration
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Figure 1. Slope rain schematic diagram. a) Initial state, b) Rainfall seepage path, c¢) Rainfall seepage path in cracked soil

Regarding the investigations on rainwater seepage into the ground, Lumb [25] proposed a formula for calculating
the depth of the wetting front, which was stated as follows:

(6)

= TL(Sf—Si)

where, h = depth of wetting front, K = saturated soil permeability, ¢ = rainfall duration, n = porosity, Sy = final degree
of saturation (100%), and S; = initial degree of saturation. This formulation is unsuitable for the infiltration of rainwater
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into the saturated soil. A simpler infiltration model, Green & Ampt [26] proposed a model based on Darcy's law. This
model was later adopted by Pradel et al. [27] and represented by the following formula:

f, = 2 [h ~C,In (%)] )

where, h = wetting depth, 6, = water content volume of saturated soil, &,, = water content volume of in situ soil, K; =
saturated soil permeability, and C; = wetting front suction or the negative pore water pressure just before the soil is
saturated. It is crucial to understand the mechanism of water flow in soil, after gathering information about rainwater
infiltration. Consequently, this research adopted several theories about water flow.

Following the description above, water flow occurred due to the gradient in the hydraulic head. Its total consisted of
velocity (which can be disregarded), pressure, and elevation heads, as reported by the following equation:

Uw

where, U,, = pore water pressure and y = elevation head above arbitrary datum. Darcy's law applied to characterize
water movement through soil in both unsaturated and saturated states [28]. Moreover, the discharge per unit area (q)
was determined by the coefficient of permeability (K;) and total head gradient (i), calculated as follows:

q=K,-i (9)
The seepage and water flow in the soil was estimated using partial differential equation, which considered

heterogeneous, anisotropic, and saturated-unsaturated soil conditions. It was assumed that the total stress remained
constant throughout the transient process. In addition, the 3D formula used for the calculation was stated as follows:

8 Sh ) Sh ) Sh _w, . %

ox (k‘”" sx) + sy (k‘”y 6y) e (k‘”" 62) =M Y, 5 (10)
where, k., k,,,, and k,,, represented the permeability coefficients in the x, ¥, and z directions, respectively, and m%’
denoted the slope of soil water characteristic curve, which describe water storage. This equation proved that two soil
properties, namely permeability coefficient and water storage, played key role in solving the transient seepage problem

associated with a saturated-unsaturated soil system [29, 30]. According to Lam et al. [31], the equation was stated as
follows:

) Sh 5 Sh ) Sh 66,
g("xa)m("yg)m(kx;)”—; (11)

where, g = external boundary flux and 6,, = volume water content (VWC). This equation was used to determine the
fluid mass conservation in soil, which stated the sum of flow rate changes in x, y, and z directions including at the
external boundary was equivalent to the water content change rate per unit time. Supposing the amount stress had
remained constant and the phase of air is presumed to be continuous in the unsaturated soil, the change in VWC could
be simplified as follows:

66, =m, - du, (12)

where, u,, = pore water pressure and m,, = slope of soil water characteristic curve (SWCC). The equation for 2-D flows
is stated as follows:

%(kxi_:)-}'%(ky%)'i'q:mw'yw'% (13)

This research was conducted using the 2-D formulation above, where the hydraulic conductivity parameter played a
significant role. The process was observed in unsaturated soil conditions due to the existent close relationship with the
matrix suction parameter. Several models were proposed to describe the relationship between matrix suction and relative
hydraulic conductivity. A typical example was the van Genuchten model, which defined the function of hydraulic
conductivity with respect to negative pressure head (matric suction) using curve-fitting parameters n also m, as follows:
_ [1-(an)"L{1+(@anyy~m]?

k(h) =

(14)

m
[1+(an)"]Z

where, k(h) = calculated relative hydraulic conductivity, h = negative pressure head, and a,n,m = curve-fitting
parameters. Additionally, a, n, and m were denoted to the air entry head for suction, distribution of soil pore size, and
equal to 1 — 1/n, respectively.

Apart from soil hydraulic parameters, shear factors were crucial in this analysis. In slope stability analyses, the shear
strength of unsaturated soil accounts for the negative pore water pressures, or suction, within the matrix. This was
according to the equation by Fredlund & Xing [32], which was stated as follows:

T =c"+ (0, —uy)tane’ + (u, — u,,)tang® 4

where, 7 is the unsaturated soil shear strength , ¢’ denotes the effective cohesion, (¢, — u,,) represents the net normal
stress, a,, shows the total normal stress, u, is the pore-air pressure, u,, imply pore-water pressure, ¢’ is the effective
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angle of internal friction, (u, — u,,) denotes the matric suction, and ¢? represents the angle showing the rate at which
shear strength increases in relation to matric suction.

The transient flow modeling was adopted to analyze how flow and pore pressure change over time. Additionally, the
modeling of surface crack and its propagation into deeper layers was conducted through transient water flow modeling.
This included adjusting the hydraulic and shear parameters on the crack plane. The modeling process in SEEP/W and
SLOPE/W was performed in three stages, namely 1) considering time-dependent boundary conditions, 2) implementing
time steps from a known initial condition, and 3) accounting for changes in boundary conditions and drainage that
influence the volume of water content. Therefore, the flow in porous media was driven by the temporal changes in
boundary conditions, the soil's capacity to store water, and variation in water content volume caused by boundary
conditions or drainage.

3. Research Methodology and Modelling
3.1. Research Methodology

The flowchart in Figure 2 started with a literature review, which focused on landslides during rainfall. The review
specifically analyzed rainwater infiltration, cracks, and its reduction processes. These were realized using horizontal
drains to manage rainwater that infiltrated through soil cracks. Meanwhile, modeling was carried out in two dimensions,
namely, rainwater infiltration observed using real-time rainfall data acquired over 90 days and the homogeneous soil
parameters used to simplify the observed impact on cracked soil. The result aimed to ascertain the influence of real-time
rainfall observation duration on rainwater infiltration in cracked soil. The position of the cracks was also a determining
factor in assessing the effectiveness of horizontal drains adopted as a reduction method. Additionally, field validation
was conducted using ERT tests to observe changes in soil resistivity during rainy and dry seasons. The essence was to
compare the results of the numerical modeling with actual field conditions.

Literature Literature on rainfall-triggered landslides, Soil
<+ seepage mechanisms, Soil cracks and their

Research effects, Horizontal drains for slopes
- - Analysis of real-time rainfall data (obtained
Coﬁlztdrs?atﬁjr'}lgtlgnrgfh from BMKG, the Indonesian Meteorological,
pograpny Climatological, and Geophysical Agency)
I [

SEEP/W and SLOPE/W
analysis for several scenario

I
v v v v

Without crack Crack at the top of slope Crack at the surface of slope Crack at spread along of slope

Homogenous Soil Layer

o Unsaturated Parameter: a = 10 Kpa, n:1, m:1, sat. Wc:0.4; Residual water content of 0.05.
o Seepage parameter: K= 1 x 10 (m/s)

o Shear strength parameter: y = KN/m®, ¢’=10 Kpa, ¢p= 26°

Crack Parameter

e Unsaturated parameter: Sat Wc =0.8
o Seepage parameter: 0.01 m/s
o Shear strength parameter: y = 15 KN/m?, ¢ and ¢’ both equal to 0

v v v v

Analysis slope stability using horizontal drain. The boundary condition uses water flux = 0 m%s

v

Field validation using ERT (Electrical resistivity
tomography) in rainy and dry season

v

Result analysis

v

Conclusion

Figure 2. Flowchart of research methodology
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3.2. Research Modelling

A uniform soil slope was modeled and exposed to rainfall for 90 consecutive days. However, to assess infiltration
and change in groundwater levels, finite element analysis was performed employing SEEP/W. The slope stability was
assessed through the method of limit equilibrium using SLOPE/W. Considering that the slope instability in the field was
three-dimensional (3-D), this research was conducted using a two-dimensional (2-D) model because the safety factor
was equivalent to 2-D and 3-D when the landslide's width-to-height ratio exceeded two [33]. The real-time rainfall data
used was acquired from the Indonesian Meteorological and Geophysics Agency in the Malang area of East Java, within
January to March 2020. Rainfall was assumed to occur uniformly for six hours daily, and its intensity for the entire 90
days is shown in Figure 3. Groundwater levels were found to be below the slope, as in Figure 4(a). The slope geometry
adopted was based on a cut slope from the Gempol-Pandaan toll road in East Java, Indonesia. Meanwhile, three
variations in crack position were incorporated into the slope model, with each extending to a depth of four meters. The
cracks were located at the top of the slope, alongside, or distributed across the surface. Horizontal drains were
incorporated at the toe and middle of the slope, as shown in Figure 4(b to d), to reduce the impact of these cracks on
slope stability.

Rainfall Rainfall Rainfall

3,50E-06 Time (d) intensty | Time (d) intensty | Time (d) intensty

(m/sec) (m/sec) (m/sec)
3 00E-06 o 0 0,000000962] 31 |0,000000659| 59 | 0,000000306
_ ——6 hour/day 2 0,000000376] 32 |0,000000187| 60 |0,000001473
2 3 0,000000522] 33 |0,000000029| 61 [0,000000942
& 2,50E-06 4 0,000000082] 34 |0,000000402| 63 | 0,000000700
= 5 0,000000152] 35 [0,000001021| 64 [0,000001053
g 6 0,000000087] 36 |0,000000394] 65 | 0,000000919
£ 2,00E-06 7 0,000001467| 37 |0,000000350| 66 | 0,000000096
= 9 0,000000190] 39 |0,000001304| 70 | 0,000000017
% LS0E-06 10 0,000000146] 40 |0,000000178| 71 | 0,000000787
g 11 0,000000047] 41 [0,000001242] 72 |0,000000510
13 0,000000688] 43 |0,000000598| 74 | 0,000000157
1 00E-06 18 0,000000102] 44  |0,000000324| 75  [0,000000073
19 0,000000003] 45 [0,000001310| 77  [0,000001525
20 0,000000195] 47 |0,000002406| 78 | 0,000000379
5.00E-07 21 0,000000344] 48  |0,000000023| 80 | 0,000000817
22 0,000001035] 51 |0,000000723| 81 | 0,000000087
Iﬂr 11, lll L I | | M I I Iy | ' I 23 0,000000890] 52 |0,000000190| 82 | 0,000001487

0,00E+00 LU e ] e aa WERETR LT Ul il

24 0,000000656] 54 |0,000001132] 84 | 0,000000009
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 26 0,000002202] 55 |0,000000720| 89 | 0,000000117
rainfall day 27 0,000000044| 56 |0,000000478| 90 |0,000000000

20

Figure 3. Real-time rain intensity for 90 days
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Figure 4. (a) The positions of the horizontal drain and the applied boundary condition; Variations in crack position on the slope:
(b) Crack at the top, (c) Crack on the slope, (d) Crack spread along the slope

The modeling of crack parameters was motivated by the previous results. The crack was modeled as a thin vertical
layer in respect to different parameters from other soil layers. Several existing theories reported that weak layers in soil
existed as cracks initiated from the surface. Prior research conducted by Alexsander et al. [4], Gofar et al. [9], Wang et
al. [34], Zhang et al. [35], and Suryo [36] reported the presence of major cracks from the vine surface into and around
the weak zone. According to Alexsander et al. [4] and Gofar et al. [9], it allowed rainwater to directly infiltrate the slope
soil. A high hydraulic conductivity parameter of thin materials (under 10 cm) was used in crack modeling to enable
infiltration to a deeper depth. The model designed by Suryo [36] showed the weak layer was a saturated soil surface that
was affected by direct rainwater seepage along deep cracks. This research only modeled the main crack to observe the
propagation and formation of a weak zone, as performed initially.

The infiltration of rainwater into cracks weakened the subsurface layer, altering soil parameters, as reported in
previous research. For example, Zhang et al. [35] reported that increasing the water content from 13.5% to 30% led to
a reduction of approximately 80% in the shear strength. This result was consistent with the analyses conducted by Gofar
et al. [9], Wang & Li [34], and Sari et al. [37]. In addition, Gofar et al. [9] and Wang & Li [34] stated that the shear
strength of fractured materials had a zero value, showing weak interaction or bonding of soil particles. Another parameter
that differed from the existing ones was the hydraulic conductivity (K) value, of the crack, assumed to be 10 cm/sec.
Based on this perspective, the crack was modeled as a porous material similar to gravel. Wang & Li [34] expanded the
characterization of cracking parameters in unsaturated conditions by evaluating SWCC graphs, including the hydraulic
conductivity of soil with random apertures.

The parameters input for SEEP/W analysis were derived from previously established values, with the
homogeneous slope modeled using the Unsaturated Soil Model. This also included the incorporation of parameters
based on the Fredlund-Xing function. The parameters were set at a:10 Kpa, n:1, m:1, and sat. WC:0.4. Hydraulic
conductivity parameters were determined using Van Genuchnten model, with a saturated horizontal (K,) parameter
and residual water content of 1x10® m/sec and 0.05, respectively. The analysis was conducted within a suction
range of 0.01 Kpa -10000 Kpa, and the evaluation of slope stability performed employing SLOPE/W, where both
the soil and its cracks were modeled using Mohr-Coulomb method. The soil parameters included a unit weight (y),
cohesion (c’), and friction angle (¢) of 20 KN/m?, 10 Kpa, and 26°. Suryo [36], reported that the parameters for soil
crack were set at a unit weight (y) of 15 KN/m?, including ¢' and ¢' both equal to 0. The hydraulic conductivity for
soil crack was determined using Van Genuchnten modeling, with a saturated K,= 0.01 m/s and residual water
content of 0.08. The saturated water content for crack modeling was set at 0.8, representing the material comparable
to sand. This modeling method and parameter configuration were also adopted by Sari et al. [37] to examine how
varying rain intensities affect slope stability. In addition, the recapitulation of the parameters used in this research
is shown in Table 1.

Table 1. Soil parameters used in the analysis

Description Unsaturated Parameters Ksat (m/s) Shear Strength Parameter

a=10Kpa, n:1, m:1, sat. Wc:0.4

i -6 - 3 o= = 260
Homogenous soil layer Residual water content of 0.05 1x10 y = KN/m3, ¢’=10 Kpa, ¢= 26!
Crack Sat Wc=0.8 0.01 y =15 KN/m?, ¢’ and ¢’ both equal to 0
Horizontal drain The boundary condition uses water flux = 0 m3/s
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Boundary conditions were considered in respect to the slope by using the applied flux (g) to stimulate rainfall
intensity over the entire soil surface. A no-flow boundary condition was imposed on the right and left sides of the slope
above the groundwater level, with a constant type of 0 m3/second. The total head on the left and right sides were constant
at 9.5 meters and 6 meters, respectively. For horizontal drains, the boundary condition used water flux = 0 m3/sec, and
this was in line with several research studies [38-41].

4. Results and Discussion
4.1. Effect of Crack Position on Changes in Porewater Pressure and Level of Groundwater

The modeling outcomes from the SEEP/W and SLOPE/W program modeling showed that surface cracks
affected matrix suction and pore water pressure. In particular, cracked soil exhibited a more rapid increase in matrix
suction than uncracked, as in Figure 5. During the 90 days of rainfall, groundwater level fluctuations only occurred
after the 40th day. The cracks altered soil saturation conditions, causing a saturated layer to appear at the end of a
sloping crack on the 40™ day of rainfall. This phenomenon occurred on the 60th day, supposing there was a crack
on the upper side. Furthermore, the intensity and duration of rainfall affected the increase in the saturated zone of
soil due to cracking.

Initial state (without crack) Initial state (crack in the upper side) Initial state (crack on the slope)

Saturated zone at the
end of the crack

Rainfall day-60 Rainfall day-60 Saturated zone at the Rainfall day-60 Saturated zone at the
o ; end of the crack

Increase in a ground end of the crack
water level elevation o ==

Elevatien

_ _Increase in aground
-~ ~water level elevation

~ " “water fevel elevation_

= BN I |

TR i il ST

- istance

Rainfall day-90 Saturated zone at Rainfall day-90 Saturated zone at the
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Figure 3. Pore water pressure and groundwater level changes observed on days 40, 60, and 90 under the following
conditions, namely 1) without crack, 2) with crack on the upper side, and 3) with crack on the slope side

Crack location had a significant effect on the increase in groundwater level in response to rainfall. When it is situated
close to the level of groundwater, the rise in the water level is intensified. The phenomenon was also observed with
fewer cracks in soil, distributed in different positions as in Figure 6. Under these circumstances, the groundwater level
rapidly increased at the toe of the slope on the 60™ day of rain, where the zone of water saturation existed earlier due to
the crack located near the water level.
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Figure 4. Changes in pore water pressure and groundwater level in cracked conditions with spread locations

Based on these results, surface cracks, which served as infiltration pathways for rainwater, intensified the seeping
process into the deeper layers of the soil. This scenario is consistent with numerous landslide occurrences in the field at
rock hill sites that had not experienced collapses. The process of water movement in the soil is typically slow, and
laminar, implying it takes time for rainwater to soak into the soil, saturate the layer, resulting in unstable slope. The
results of the analysis revealed that rainwater affected the pore water pressure in the unsaturated soil, for over 40 days
causing a saturated condition. Sufficient time is required for water to increase soil saturation zone, leading to the lose of
slope stability before sliding. In this context, the sliding of a hill that had not collapsed in a long time was considered a
lasting effect of rainwater seepage in the ground, specifically with the initial occurrence of a surface crack. The saturated
zone caused by the crack tended to spread, with the dimensions continuously increasing, thereby causing a weak layer
to form around the main crack. This condition was similar to a weak layer reported by many research and proven through

a field-scale geophysical test and numerical modeling [2, 4, 8, 9, 38, 42].

The results were consistent with laboratory and numerical research which mainly investigated preferential flow in
cracked soil. Xing et al. [16], and Liu & She [43], explored the influence of surface cracks on the wetted region in soil,
using laboratory and numerical models to examine preferential flow. The results of the laboratory test conducted by Liu
& She [43] showed that water infiltrated through a modeled crack 15 cm deep, started the filling process from the tip
within the first minute. Wetting in the crack area continued throughout the 180-minute observation period, eventually
forming a saturated zone, as represented in the simulation model in the Figure 7. Preliminary research reported that these
laboratory results were aligned with the outcomes of numerical modeling [16]. Furthermore, the numerical simulations
in previous analyses clearly showed the formation of a saturated water trap zone initiating from the crack tip. This
resulted from water applied under specific pressure, and a similar water trap formation was observed in the present

research.

55cm

20 cm

Figure 5. Experiment by Liu & She [16] for preferential water flow along crack in a soil surface

In the numerical model, the crack was modeled to a depth of 4 meters, and required a prolonged rainwater infiltration
period of over 40 days to form a water trap at the crack tip. Slight variations in results were observed among surface,
slope, and distributed cracks, caused mainly by differences in length. The formation of a water trap was detected after
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40 days of rainfall for cracks situated on the slope face, a significantly shorter duration than the relatively 50 days
required for those found at the crest. This rapid formation was caused by the inclination of the slope, which resulted in
smaller crack dimensions compared to those on flat ground. The distributed cracks proximal to the groundwater level
prompted an increase in the water table, which was pronounced at the slope toe.

Cai et al. [10] investigated the impact of crack depth as well as rainwater infiltration on slope stability. The major
result was that the pressure of pore water in the superficial soil layer of a landslide mass was generally higher than in its
deeper parts. However, as rear cracks deepened, rainwater readily infiltrated into the lower sections of the soil mass.
This gradually reduced the pore water pressure difference between the superficial and deeper soil layers.

These results were consistent with the results of the present research, where deeper cracks allowed rainwater to
penetrate more easily into the layers, thereby influencing the pore water pressure. The cited research also reported that
the rainwater infiltration depth increased significantly at crack depths of 4.5 m and 6.0 m. This intensified the wedging
action of water within the crack, leading to the softening of the soil on both of inner walls. Similarly, soil softening
caused by rainwater seepage around the crack area was observed in zones where a water trap had formed.

The numerical results were validated by conducting field tests with the aim of evaluating the impact of rainwater
seepage on subgrade soil conditions, particularly the moisture content. Changes in soil moisture were intricately
connected to variations in saturation, forming the basis for comparing outcomes derived from numerical models.
Meanwhile, the focus was directed towards the development of a saturated zone at the tip of a crack. The field testing
was carried out in an area characterized by a rocky cutting slope in Pandaan, East Java, Indonesia, where landslides had
previously occurred on three occasions in the surrounding vicinity, as shown in Figure 8. Geophysical methods, such as
Electrical Resistivity Tomography (ERT) tests, were adopted during rainy and dry seasons. These were aimed at
examining how rainfall and soil conditions affect fluctuations in water content. The correlation detected between soil
resistivity and water content was aligned with the analysis conducted by Acosta et al. [44], Kazmi et al. [45], and Rostami
& Ozouli [46].

Mindanao
Basilan Island
Malaysia
Celebes Sea # Bojonegoro

Kuala Lumpur.

Singapore

. EASTUAVA

@Malang
Indonesia £ « Tulungagung
Banda Sea ‘ o

Java Sea e

+ Surabaya

Figure 6. The landslide case research location where ERT testing was conducted during the rainy and dry seasons

During the dry season, ERTs were conducted in July 2022, followed by post-rainy season tests in early May 2023.
Based on the analysis of meteorological data from pertinent agencies, rainfall was observed from September 2022 to
April 2023. Intense rainfall persisted for three months from November 2022 to January 2023, followed by a continuation
at a lower intensity until April 2023.

An examination of ERT results obtained from the field showed that there were changes in resistivity score during
the dry and rainy seasons. Furthermore, in the rainy season, a subsurface region showed a reduction in resistivity
compared to the dry season, as in Figure 9. The zones characterized by low resistivity values at specific depths exhibited
expansion during the rainy period. Surface layers at shallower depths were subjected to minimal alteration, thereby
maintaining relatively high resistivity values. The proposed hypothesis stated that rainwater infiltrated the deeper layers
of the soil through a vertical surface crack, and this led to a zone of diminished resistivity, as in Figure 9. The surface
cracks were believed to have occurred, though it was not properly detected, leading to several landslides at the location.
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Figure 7. Results of soil resistivity tests conducted during the dry season and rainy season

The validation of vertical cracks' existence in the field required further confirmation. However, these results showed
that subsurface zones exhibiting low resistivity values were a consequence of surface cracks. In its absence, rainwater
could not rapidly permeate deeper layers, leading to the formation of a low-resistivity zone. This scenario played a
relevant role in the research area, characterized by hilly terrain and rocky soil conditions, which caused a significantly
low water infiltration rate.

4.2. Effect of Using a Horizontal Drain for Slope Stability on Cracked Soil

The results showed that the cracks generated zones of soil saturation, raising groundwater level. An effort to restore
slope stability entailed removing water trapped inside the slope by using a horizontal drain. In this context, the horizontal
drainage system made of PVC pipe, as previously investigated by Royster [47] and Barrett [48], was used. Figure 10
shows the slope and groundwater level condition after a horizontal drain had been installed at the base of the slope
during rain. The comparison of the groundwater level increase with the horizontal drain in Figure 10 showed that it
effectively maintained the water level, thereby preventing escalation. Similar results were also recorded regarding slope
with dispersed cracks.

The installation of a horizontal drain improved slope stability and safety, apart from maintaining the groundwater
level during rainy seasons. However, its effectiveness depended on the locations of the crack and drain. Several research
reports indicated that the location of the installed drain significantly influenced its ability to improve slope stability [49-
51]. Cook et al. [52] further stated that horizontal drains positioned to intercept water before reaching the unstable zone
were more effective. These drains should be installed near the crack and saturated soil layer to enhance the safety factor
of the slope. The effectiveness was maximized when installed in areas with cracked soil, provided that the groundwater
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level was lower than the horizontal drain. Under these circumstances, the drains removed rainwater trapped in the slope
found at the end of the crack, thereby increasing the safety factor.
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Figure 8. The condition of the slope and groundwater level that occurs when it rains after installing 1 horizontal drain at the
toe of the slope

Figure 11 shows the impact of horizontal drains on the safety factor when the crack spreads on the surface of the
ground. The outcome proved that the safety factor of soil with cracks was lower than the uncracked after over 27 days
of rain. However, the horizontal drain enhanced the slope’s safety factor after more than 57 days of rainfall. This was
because the rise in groundwater level on the lower side was observed after 57 days of continuous rain, enabling the
horizontal drain positioned beneath the slope to effectively increase the safety factor. When the crack was located above the
slope and far from the edge, the horizontal drain offered only a minor improvement to the safety factor, as in Figure 12.
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Figure 9. The influence of a horizontal drain on the safety factor if the crack is spreading on the ground surface
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For the slope with a crack on the upper side, a horizontal drain was installed at the toe, resulting in a moderate
increase in the safety factor. However, the effect of the horizontal drain under these conditions became noticeable only
after the 60th day of continuous rainfall, as shown in Figure 13. A more significant improvement was achieved by
installing a drain in the cracked area at the middle of the slope, which directly removed rainwater trapped in the saturated
soil zone caused by the crack. The combined presence of two horizontal drains; one at the toe and one in the middle of
the slope within the cracked area; resulted in a substantial and immediate increase in the safety factor at the onset of
rainfall.
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Figure 11. The influence of a horizontal drain on the safety factor if the crack is on the slope

The results of the analysis presented above showed that a crack in the ground affected the slope stability. In addition,
Kang et al. [53] conducted a landslide case in China, outlining the role of soil cracks in the incidents. During the heavy
rains in 2016, several cracks were formed, which prompted the installation of a crack meter to measure its speed. The
results indicated that infiltration caused an average displacement rate exceeding 30 millimeter/year in the main crack.
Furthermore, the soil with cracks has decreased shear strength during the first 30 d of continuous rainfall. This was
caused by the interaction of soil and water. A similar scenario was observed, where the safety factor of the cracked slope
decreased after 27 days of rain due to the formation of a saturated layer at the crack tip. Mukhlisin & Aziz [54],
Alexsander et al. [55], and Wang et al. [56] also found that the presence of cracks significantly reduced slope stability.

Several previous studies reported the efficacy of horizontal drains in reducing landslides by declining groundwater
levels [57-59]. Investigation into the effectiveness of horizontal drains under rainy conditions was conducted using a
higher hydraulic conductivity value. For example, Tang et al. [60] found that adding a horizontal drain raised the safety
factor by approximately 25 percent when monitored for 48 hours after 9 hours of rainfall at a rate of 60 mm/hour, and
the investigation was carried out on K, = 9.2x10% m/s soil. Similarly, Rahardjo et al. [51] reported that installing a
horizontal drain raised the SF from 1,193-1,303 when Ks was 2.1x107 m/s. These drains were placed at the toe of the
slope, measuring 12-18 meters in length, with Tang et al.'s [60] installed within 25-30 meters in length. Liu et al. [2]
reported that increasing the safety factor using horizontal drains combined with subsurface drainage raised the value
from 1,098 to 1,228. Although horizontal drains had not been tested on cracked soil in previous research, it had been
proven to increase the safety factor by reducing the groundwater level on the slope.
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Matti et al. [61] reported the effectiveness of horizontal drains installed in Hong Kong for landslide reduction.
Moreover, a typical observation was that not all horizontal drains functioned properly at the same location. Some drains
tended to quickly reduce water, and others hardly emitted any fluid. This observation was consistent with the formation
of saturated zones caused by vertical cracks that only occurred in certain locations because of faults in the soil. An
anomaly in the effectiveness of horizontal drains was triggered by the crack that was formed previously. A horizontal
drain that rapidly released water was installed in an area with a saturated zone due to this condition. Meanwhile, a drain
that failed to emit water was installed in an unsaturated area. Ismail et al. [62] obtained similar results by assessing the
difference in the efficiency of installed horizontal drains based on the resistivity values from geophysical tests in the
field.

Based on these results and other validated research, crack presence significantly reduced slope stability. The crack
in soil created a new saturated zone at its tip after several days of rain, and the position influenced the formation of the
saturated zone. The duration of rainfall required for the formation and subsequent reduction in slope safety factor was
also observed. Fortunately, this negative impact could be reduced by installing horizontal drains in the appropriate
position. Appropriately placed horizontal drains tended to effectively increase the slope safety factor during extended
periods of rainfall. Crack position in the ground must be considered when determining the optimal location for drain
installation.

5. Conclusion

In conclusion, the critical influence of crack position on slope stability and the effectiveness of horizontal drains as
a mitigation measure, analyzed through integrated transient seepage and limit equilibrium methods, were successfully
investigated. The results can be summarized as follows. Cracks accelerated infiltration and weakened slopes. Their
presence in unsaturated soil triggered rainwater infiltration, leading to a rapid build-up of pore water pressure and the
formation of localized saturated zones at crack tips. This process was observed after 40 days of continuous rainfall,
resulting in the development of weak layers within the slope. In addition, it significantly reduced the safety factor,
thereby compromising long-term stability.

Crack location was another determining factor, as it influenced the failure mechanism. Cracks located on the slope
face led to faster formation of saturated zones compared to those at the crest. Furthermore, cracks near the groundwater
table rapidly caused a rise in the water level, intensifying instability. The effectiveness of horizontal drains was strongly
dependent on their location. Drains installed near crack locations and associated saturated zones were highly effective,
increasing the safety factor by approximately 13%. In contrast, drains positioned away from these critical zones provided
minimal improvement, challenging conventional uniform installation approaches.

Field validation and practical application using ERT revealed deeper rainwater infiltration patterns during the wet
season, supporting the numerical model predictions and reinforcing the practical relevance of the results. Therefore, a
proactive, diagnosis-based approach is essential for effective landslide mitigation. ldentifying crack locations and
understanding their roles in forming critical zones enable optimized placement of horizontal drains to intercept and
remove trapped water. This strategy ensures efficient use of mitigation resources and significantly enhances slope
stability in cracked soil environments subjected to prolonged rainfall.
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