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ABSTRACT A landslide was experienced in Karyamekar Village, Cilawu District, Garut Regency, West Java, on 12 February 2021 at approximately 300

m length with a depth of 20 m, leading to a steep slope. Therefore, this study aimed to use 3D back analysis to determine soil shear strength to be

subsequently applied in analyzing the possibility of further landslide with due consideration for tension crack and rainfall effect. It was also used to

understand the influence of these factors on slope stability. Filled tension crack and rainfall effects were modeled using Finite Element Method (FEM)

while Limit Equilibrium Method (LEM) was applied for back analysis. The results of back analysis showed that peak shear strength value of φ was 31.18°

at a cohesion of 8.01 kPa while the residual shear strength value of φ was 10.35° with 2.31 kPa. The φpeak value was found to be close to the estimated

32°, but there was a significant difference in the φresidual which was approximated to be 30°. This discrepancy could be attributed to several factors

such as the accuracy of rainfall data and geometry as well as the absence of some soil samples during the investigation. The cohesion values for peak

and residual soil shear strength were considered acceptable because of the smaller values compared to the typical cohesion of SM (Silty Sand) which

was set at 20°. Moreover, slope stability analyses conducted using only the effect of tension crack produced a safety factor of 0.996 while those with only

the effect of rainfall had 1.172. The results showed that water pressure in tension crack had a more significant influence on slope stability compared to

rain. However, it was important to state that the variation in the significance of each factor was based on the assumptions made during the analysis.
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1 INTRODUCTION

The accurate determination of soil shear strength

parameters is becoming challenging in slope sta-

bility analysis despite the importance of these val-

ues (Sonmez et al., 1998; Lin and Chen, 2017; Zuo

et al., 2022). Soil strength is defined as the resis-

tance to shear stress based on the effective inter-

nal friction angle (Φ′) and effective cohesion (c’). It
normally depends on the composition of soil par-

ticles, soil water, and the compaction level of soil

(ABG Creative Geosynthetic Engineering, 2021).

The highest shear strength obtained through a di-

rect shear test under a given normal load is known

as peak strength and it normally reduces when the

shear displacement increases. Shear strength at

any displacement after the peak has been exceeded

is called the post-peak strength. Meanwhile, the

strength where no further loss is recorded due to

the increase in displacement is known as residual

(Thiel, 2001). Soil shear strength concept is shown

in Figure 1, where Sf is peak strength, Sr is resid-

ual strength,C is cohesion at peak strength, and Cr

is cohesion at residual strength (Fang et al., 2020).

It is important to state that peak shear strength is

used only in cases of first-time slope failure (Kon-

dalamahanthy, 2013). Meanwhile, residual shear

strength is normally applied in stability analysis of

ancient landslides, evaluation of reactivation po-

tential, and understanding of progressive failure

mechanisms (Chen and Liu, 2014).

Deformation in slope is typically not uniform be-

cause some sections normally experience signifi-

cant deformationwhile others areminimal. Resid-

ual shear strength parameter is normally used in

sections with large deformations while peak shear

strength parameter is appropriate for those with

small deformation. The limit equilibrium method

does not account for the influence of deformation

behavior on shear strength. This is the reason
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Figure 1 Concept of soil shear strength (Fang et al., 2020)

either the peak shear strength or residual shear

strength value is often assumed to apply to the

entire slope. However, slope safety factor has the

possibility of falling between safety factor calcu-

lated using both strengths. It is important to state

that actual safety factor is the same as safety factor

calculated using peak shear strength when there is

no deformation (Yang and Vanapalli, 2019). Soil

shear strength values can be obtained through

back analysis which focuses on using the reverse

limit equilibrium method to calculate slope sta-

bility. This method is often applied to avoid the

complexities and subjectivity of testing by mak-

ing assumptions about the state of slope (Lin and

Chen, 2017). Moreover, the shear strength val-

ues obtained through back analysis can be used for

different things such as preventive and remedial

measures, redesigning of failed slopes, or projects

with similar materials (Sonmez et al., 1998). Slope

conditions need to be modeled in back analysis

with close similarity to the situation on the field

in order to achieve accurate shear strength val-

ues. A previous study reported that groundwater

table conditions significantly reduced safety fac-

tor (Ariesta, 2019). It was also discovered that in-

filtration was another variable influencing the re-

duction of safety factors in addition to the wa-

ter table (Budiarti et al., 2020). However, Ariesta

(2019) stated that wetting process did not signif-

icantly reduce safety factor. Another study re-

ported that the earthquake factor on rain-affected

slopes caused a decrease in safety factor due to

increased pore water pressure (Faris and Fawu,

2014). Rainfall was also found to have the ability

to increase the potential for landslide (Faris and

Wang, 2014). On 12 February 2021, landslide oc-

curred after heavy rainfall in Karyamekar Village,

Cilawu District, Garut Regency, West Java, and

spanned approximately 300m longwith a depth of

20 m (Al Ghifari, 2021), leading to a steep slope as

presented in Figure 2. Therefore, this study aimed

to conduct a 3D back analysis to determine soil

shear strength with due consideration for the ef-

fect of tension crack and rainfall on slope stabil-

ity. The results were expected to be subsequently

used to analyze the potential for further landslide.

The field conditions considered include the pres-

ence of tension crack in slope and heavy rainfall

before landslide occurred. This showed that the

factors of tension crack, water table, and rainfall

were included in back analysis.

1.1 Tension crack and groundwater table effect

The effect of water-filled tension crack was in-

cluded in the modeling as the pressure head while

the effect of groundwater level was the total head

(Rocscience, 2018). These factors were subse-

quently applied in analyzing pore water pressure

which was further used in back analysis.

1.2 Rainfall effect

Infiltration analysis was conducted using Green-

Ampt method in order to model the effect of

rainfall on slope. The method proposed an ana-

lytical simplified solution for infiltration of one-

dimensional vertical rainfall with the occurrence

of ponding or excess water on soil surface. Under

ponding, infiltration was assumed through homo-

geneous soil with a uniform initial moisture dis-

tribution. The model also assumed a uniformly

increasing wetting front (piston type), with con-

stant soil matric suction, separating themaximum

saturated soil from the unsaturated soil at initial

moisture as presented in Figure 3a (Dolojan et al.,

2021).

The original Equation of Green-Ampt is shown in

Equation 1:

f = Ks(1 +
Ψ ∆θ

F
) (1)

Where, f is infiltration capacity, Ks is the saturated

hydraulic conductivity,Ψ is the matric (capillary)

suction at wetting front, δθ is the change in volu-

metric water content, and F is the cumulative in-

filtration. Equation 1 can only be applied when

the assumption of ponding at soil surface is ful-

filled. Therefore, Green-Ampt Equation has been
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(a) Landslide area (Prihammanda and Putra, 2021) (b) Landslide area (Google Earth, 2023)

Figure 2 Aerial photograph

Figure 3 (a) Green-Ampt piston-type water content profile com-
pared to the actual water content profile, where z is wetting
depth, and θinitial and θsaturated are the initial moisture and
saturated conditions, respectively, and (b) infinite slope model
(Dolojan et al., 2021)

continuously developed to ensure the application

in models before and after ponding conditions, on

erratic rainfall, and sloping surfaces as shown in

Equations 2 to 6. (Dolojan et al., 2021).

1. f > i: rainfall intensity is smaller than infiltra-

tion capacity. Soil can absorb all rainfall and

this means there is no ponding. The cumula-

tive infiltration, Fn, is equivalent to the cumu-

lative rainfall. Meanwhile, infiltration capac-

ity, fn, is calculated using the following Equa-

tion 2,whereα is slope angle, andΔθ is θs (sat-
urated volumetric water content) - θi (initial
volumetric water content).

Fn = Ks(cosα+
Ψ ∆θ

Fn
) (2)

2. f = i: rainfall intensity is equal to infiltration

capacity, leading to the initiation of ponding.

The cumulative frequency, F = Fp, is calculated

using Equation 3, and fn is calculated using

Equation 2.

fp =
KSΨ∆θ

1−Kscosα
(3)

3. f < i: rainfall intensity is greater than infiltra-

tion capacity. Ponding and runoff occur be-

cause not all rainfall can infiltrate soil. The

cumulative infiltration, Fn, is calculated using

Equation 4, and fn is calculated using Equa-

tion 2.

Fn = F0 +Kscosα∆t+
Ψ∆θ

cosα
[ln

Fncosα+Ψ∆θ

F0cosα+Ψ∆θ
]

(4)

Wetting front can be calculated using Equation 5,

z∗ =
Ψ∆θ

Fn
(5)

Where, z* represents wetting front, normal to sur-

face slope as presented in Figure 3b. Wetting front

measured vertically from surface can be calculated

using Equation 6.

z =
z∗

cosα
=

F

∆θcosα
(6)

Lee et al. (2014) reported that the amount of daily

rainfall and the duration of preliminary rainfall

contributed to the formation of landslide mech-

anisms. Therefore, preliminary rainfall data ob-

tained 3 days before the event were used in this

study in line with the method adopted by Hidayat

and Zahro (2020) and Yuniawan et al. (2022)

2 METHODS

2.1 Slope geometry modeling

Modeling was conducted by converting DEMNAS

contour into a volume with a base at zero ele-

vation and served as slope model before the oc-
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Table 1. Soil parameters from laboratory test

Test

point

Moisture

content

Specific

Gravity

Void

Ratio

Degree

of Saturation

Finer

#200
Classification γ bulk γ dry Direct shear

Unconfined

Strength parameters

wN, (%) Gs e Sr, (%) (%) Unified (gr cm-3) (gr cm-3) φ(o) c, (kg cm-2) qu, (kg cm-2)

P-3 49.46 2.60 1.48 87.18 18.21 SM 1.57 1.05 31.27 0.01 -

Table 2. Green-Ampt input parameter

Ks

(cm h-1)
A (o) Ψ(cm)

θ s

(cm3 cm-3)

θ i

(cm3 cm-3)

Δθ

(cm3 cm-3)

13.64 19.80 0.44 1.53 1.11 0.42

(a) RS3 (b) Slide3

Figure 4 Model

currence of landslide. The dimensions of tension

crack, including length and width, were parame-

terized based on aerial photographs provided by

PVMBG. The depth of tension crack was simulated

until it intersected with the slip surface. In RS3

software, a novel plane was generated to accom-

modate a pressure head mirroring the depth of

tension crack in order to facilitate the integration

of realistic conditions into the model. Slope ge-

ometry in RS3 and Slide3 software are presented

in the following Figure 4. Moreover, soil parame-

ters applied to the model are listed in Table 1.

2.2 Landslide back analysis

Back analysis was conducted to determine the pa-

rameters of shear strength and this was achieved

through the application of the finite element and

limit equilibrium methods.

2.2.1 Finite element method (FEM)

Finite element method (FEM) was used to model

the pore water pressure on slope affected by

groundwater table and water-filled tension crack.

The depth used for the water table was 15 m and

modeled as a total head of 25mwith surface eleva-

tion of 40m from the datum. The drainagewas ob-

served from the field to have been damaged due to

ground movement before landslide. This further

had a quite complex effect as shown by the need

to provide additional load to the water pressure on

slope. The influence was also observed from the

extension of tension crack near the drainage path.

This condition led to the assumption that tension

crack was filled with water. The fully saturated

tension crack was modeled as a pressure head of

7 m based on its depth up to the sliding plane.

Moreover, the area of tension crack was adjusted

to PVMBG ground movement report as shown in

Figure 5.

Pore water pressure was analyzed using Roc-

science RS3 software based on soil hydraulic pa-

rameters such as permeability coefficient, ini-

tial moisture, moisture at saturation, and soil

type. The values of these parameters were ob-

tained through Philip-Dunne permeability test

conducted in the field as shown in Tables 1 and 2.

The results obtained from the hydraulic computa-

tions used to determine pore water pressure are

presented in the following Figure 6. The results

were later exported as pore water pressure grid for

slope stability analysis using the limit equilibrium

method in Rocscience Slide3 software.

2.2.2 Limit equilibrium method (LEM)

The effect of rainfall was considered as infiltration

causing the development of a saturated soil layer

in slope stability analysis. The depth of the sat-

urated soil layer was calculated using Green-Ampt

infiltration in Equations 2 to 6 based on the param-

eters listed in Tables 1 and 2. Infiltration was ana-

lyzed three days before the event through wetting

depth analysis conducted using Green-Ampt infil-

tration method. The results presented in Figure

7 showed that wetting depth was approximately 3

cm.

2.3 Back analysis to obtain shear strength

The analysis was continued by determining land-

slide according to the area measured on the field
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Figure 5 Creeping situation map of Cipager, Karyamekar (Kementrian ESDM Badan Geologi PVMBG, 2020)

Figure 6 Pore water pressure analysis result

Figure 7 Green-Ampt infiltration analysis result chart

while landslide slip surface was defined according

to the contours obtained from the drone capture.

Moreover, Slide3 software was also used to search

for a combination of soil shear strength parame-

ters in order to determine the specific safety fac-

tor for slope. This step was followed by the acti-

vation of the statistical feature in the project set-

ting to achieve the statistical analysis of soil shear

strength. The process focused on inputting the

laboratory values as initial values and using the

software to determine several possible combina-

tions of soil shear strength. The initial value of

φ inputted in the software was 31.27° obtained

from laboratory test results. Cohesion value was

found to be 1 kPa from the laboratory test but the

value inputtedwas >1 kPa because a percent of fine

grains classified as silty sand or SM was identified

in the results. This consideration led to the selec-

tion of 20 kPa as the maximum cohesion value in

line with the methods used by Dysli (2001).

3 RESULTS

Residual shear strength was obtained through

back analysis of slope section that collapsed on

12 February 2021 because soil experienced large

deformations (Yang and Vanapalli, 2019). Back

analysis was performed by defining the slip sur-

face in the modeling according to the field condi-

tions. Moreover, Slide3 software was used to pro-

vide different residual c-Φ combinations with sev-

eral slope safety factor values. Some points are

presented in Figure 8 with different colors to show

the combination of c andΦ, and similar safety fac-

tor value of 0.95-0.97 was obtained. The values

were used because the slope in the field had failed,
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Figure 8 c-φ residual combination

thereby indicating the safety factor was <1.00.

Figure 8 shows the combination where one of the

parameters, c or Φ, is more dominant. The single

value used as residual shear strength was selected

through the application of two combinations in

the table to the initial slope in the model before

landslide aswell as the combinationwith the high-

est Φ value and the one with the highest c value.

The legend was set to ensure the uppermost color

contour, which was dark blue, showed safety fac-

tor of 0.95while the other colors had a lesser value.

Figure 10 shows the difference in landslide area ex-

pected when a combination of shear strength with

dominantΦ value or a combinationwith dominant

c value was used. The modeled landslide area rep-

resented using other colors apart from dark blue is

observed to be closer to the field situation shown

by the shaded part when using the dominant Φ
combination compared to the dominant c value.

This showed that residual shear strength from the

combination of Φ at 10.35°and c at 2.31 kPa was

used.

Landslide back analysis was conducted again to

determine shear strength of slope that has not

failed. The purpose was to produce peak shear

strength value since slope has not been deformed

in the area. This was achieved by testing slope

model from themoment after landslide up towhen

the safety factor ≥ 1.00 was obtained. The results

presented in Figure 9 showed somepointswith dif-

ferent colors, implying the combinations of c and

Φ of soil had the same safety factor values of 1.00

to 1.10. Back analysis was also applied to validate

peak strength values produced through the labo-

ratory test (Thiel, 2001). This was achieved using

the value that was closest to the 31.18° in the labo-

ratory test with cohesion value of 8.01 kPa. More-

over, peak shear strength value was also validated

through slope stability analysis using the previ-

ous model, and slope was found to be safe against

landslide with a minimum safety factor of 1.08, as

shown in Figure 11. The result showed there was

no landslide on the modeled slope in line with the

field conditions. Therefore, peak shear strength

modeled was considered relevant for slope shear

strength in further landslide potential analysis.

4 DISCUSSION

The peak friction angles obtained were observed

to be close to the values estimated by Ortiz et al.

(1986) in the technical note presented by ABG

Creative Geosynthetic Engineering (2021)for fine-

grained uniform sand. This classification was se-

lected because it was closest to the field soil clas-
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Figure 9 c-φ peak combination

(a) Combination of shear strength with the largest c (b) Combination of shear strength with the largest φ

Figure 10 Application of residual shear strength on Slide3

Figure 11 Landslides did not occur in the model to which the
peak shear strength of back analysis was applied

sification of silty sand or SM. The laboratory and

modeled soil friction angles were discovered in

this study to be 31.27° and 31.18°, respectively,

and these were not too far from the Φpeak shear

strength estimated by Ortiz et al. (1986) to be 32°

with proof that SF from themodel was 1,08. More-

over, the cohesion value was considered accept-

able because it was smaller than the 20°found in

SM soils (Dysli, 2001). A significant difference was

identified in the value of soil Φ residual which was

reported by Ortiz et al. (1986) to be 30° while the

value obtained based on the model was 10.35°.

This showed that the back analysis value was sig-

nificantly smaller than the estimated value. Apos-

sible reason was the usage of a smaller residual in-

ternal friction angle in the model compared to the

value used by Ortiz et al. (1986). This showed that

the conditions applied in the model had less sig-

nificant influence on the collapse of slope. The less

significance was proven by the fact that residual Φ
obtained was required to be very small for slope to

fail. Moreover, the gaps identified between the re-
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(a) Aerial photos (b) Model geometry

Figure 12 Comparison between the south slope

sults and the field conditions were associated with

several assumptions:

1. This study used rainfall data from satellite

recording on GSMaP rain map with an accu-

racy of 0.1° latitude/longitude or equivalent

to 11.1 km. The data was used because the

closest rainfall station that provided data was

nearly 11 km away, and the maximum value

recorded was lower than those from the satel-

lite. This reason was also supported by the re-

sults of Rifai et al. (2022) that the application

of satellite rainfall data for landslide thresh-

olds was better than using data from one local

rainfall station in the study area. However, the

11 km distance covers an extensive area and

this means rainfall from one point to another

in an 11 km radius is probably different. The

distance can lead to the possibility that rain-

fall in the field is greater than rainfall in the

model.

2. Drainage has a complex role in contributing

additional water stress to slope. Therefore,

tension crack was assumed in this study to be

filledwithwater because itwas adjacent to the

area of the damaged drainage as presented in

Figure 5. This assumption usedwas theworst-

case scenario due to thewater pressure in ten-

sion crack.

3. Landslide geometry modeled was different

from the aerial photographs of the area. This

is observed from Figure 12 where slope ap-

pears steeper than the contour from the DEM

drone in the aerial photo. These differences

are possibly due to the variations in the accu-

racy of DEMs becauseDEMNASobtained from

the BIG web has a resolution of 8 m while the

drone DEM has a resolution of 0.3 m which

can reduce the accuracy level of the model.

The marked section shows that slope on the

south side is steep but the drone DEM shows

it is flatter. Meanwhile, steep slopes have

the ability to significantly influence collapse

more than flat slopes.

4. There was no soil boring or sounding test

at the study area, leading to the usage of

the same soil parameters at all depths. This

could have led to overestimated or underes-

timated soil shear strength at certain depths

or areas.Meanwhile, an underestimated shear

strength has amore significant effect on slope

failure.

Stability analysis was conducted to determine the

effect of rainfall and tension crack on slope stabil-

ity by eliminating one of these factors. The consid-

eration of only tension crack produced safety fac-

tor of 0.996 while rainfall had 1.172. The results

showed that the water pressure in tension crack

had a more significant influence on slope stability

compared to rainfall. This was in line with the as-

sumption that water was considered to have filled

tension crack in the worst-case scenario condition

while rainfall only provided wetting depth of 3 cm

as presented in Figure 7. The influence of each fac-

tor was different based on the variations in the as-

sumptions used. This showed that accurate data

was needed to make the assumptions considered
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most suitable to the field conditions.

5 CONCLUSION

In conclusion, landslide back analysis produced

peak shear strength with Φ at 31.18° and c at 8.01

kPa while residual shear strength was 10.35° and

2.31 kPa, respectively. The Φ peak values were

proved to be close to the 32° estimated by Ortiz

et al. (1986) in the technical note by ABG Creative

Geosynthetic Engineering (2021) for fine-grained

uniform sand. Meanwhile, the Φ residual was sig-

nificantly different as shown by the 30° estimated

by Ortiz et al. (1986). This variation was due to

several factors, including rainfall data covering a

larger area, geometry differences due to DEM ac-

curacy before and after the landslide, and the ab-

sence of investigation on soil borings and sound-

ings. However, cohesion values for peak and resid-

ual soil shear strength were considered acceptable

due to the small values recorded compared to the

20° required in SM soil (Dysli, 2001). Filled ten-

sion crack was discovered to have a more signifi-

cant influence than rainfall on slope stability. This

was shown by safety factor of 0.996 recorded when

only the effect of tension crack was considered

compared to the 1.12 observed for rainfall. The

lesser value recorded for rainfall was because the

study area did not have sufficient rainfall as ob-

served from wetting front depth of 3 cm which

was insignificant compared to the 20 m reported

for landslide. Moreover, the drainage showed a

very complex behavior in providing additional wa-

ter pressure on slope. This was associated with

the assumption that the water from the drainage

flowed into tension crack, causing excess pressure

and placing slope in a worst-case scenario. The in-

fluence of each factor was different based on the

variations in the assumptions used. This showed

that accurate data was needed to make the as-

sumptions considered best suited to the field con-

ditions.
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