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Following an unusual period of rainfall period at the end of the previous winter,
several landslides occurred in Tolubin village in early spring 2019. These
landslides resulted in the destruction of 12 houses as well as causingdamage to
roads and gas transmission lines. This this research was therefore conducted to
investigate the mechanism of these landslides. The study was comprised four
main phases: a literature review, field investigations, laboratory studies, and a
slope stability assessment using Slide 6.20 software. During the field surveys,
landslide-prone profiles were identified, and both disturbed and undisturbed
samples were collected. The disturbed samples were used for laboratory tests,
including determining the grain size distribution, calculating the Atterberg limits,
performing calcimetry, conducting X-ray diffraction (XRD) analysis, and
carrying out scanning electron microscopy (SEM) analysis. Additionally, 27
undisturbed samples were prepared for direct shear tests under varying moisture
conditions. Finally, stability analyses of the studied profiles were performed in
Slide software under different moisture conditions, considering both static and
quasi-static states, based on the geometric characteristics of the slopes and shear
strength parameters (internal friction angle and cohesion).. The obtained safety
factors indicated that all slopes were on the threshold of failure under saturated
static conditions and would certainly fail under saturated quasi-static conditions.
In conclusion, the high sensitivity of the slope’s marly materials to moisture
variations and the unusual rainfall in February and March 2019 were identified
as the primary factors contributing to these landslides.

Introduction

activities, geographical conditions, and diverse

A landslide is the downward movement of slope
material, such as rock, earth or debris, due to the
action of gravity.. Landslides pose a serious
threat to residential areas located on rocky
slopes, particularly slopes composed of marl and
other weak geological formations. The
instability of these slopes is often exacerbated by
fluctuations in groundwater levels, rainfall, and
human activities, leading to catastrophic
consequences for residents and infrastructure.
Iran has favourable conditions for the potential
occurrence of landslides dueto its predominantly
mountainous topography, neo-tectonic

geological formations. Toloubin Village, one of
the rainiest areas in Semnan Province,
experienced severe rainfall between 2011 and
2019, which triggeredlandslides that
destroyedhomes. As a result, 150 houses in the
village were damaged and rendered
uninhabitable. Since 2011, minor landslides and
cracks have appeared in some residential
buildings began to appear due to heavy snow and
rain. However, during the severe snowstorm and
blizzard in late 2018, the cracks in the houses
widened, and 12 reinforced concrete structure
completely collapsed. Critical infrastructure,
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including power and gas transmission lines,
roads, water supply networks, and irrigation
canals, was alsodamaged. Due to the incomplete
evacuation of the village and the ongoing
activity of landslides in the area, it is essential to
study the mechanisms, contributing factors, and
processes behind these landslides in order to
determine the most suitable stabilization and
mitigation measures for the region.

Materials and methods

his study employed a four-phase investigative
approach comprising desk study, field studies,
Laboratory analyses and a slope stability
evaluation were conducted using Slide 6.20
software. The desk study phase involved
collecting comprehensive data, including
acquiring relevant maps and aerial imagery of
the study area, meteorological data and
geological maps at scales of 1:100,000 and
1:25,000, as well as high-resolution Google
Earth imagery for topographic evaluation,
including slope gradient and aspect analysis.
Field investigations included geometric
measurements of landslide features (dimensions,
scarp morphology, and displacement vectors),
assessment of the groundwater table assessment
through piezometric monitoring, systematic
damage documentation via photogrammetric
surveys, representative sampling of the three
material types identified in the study area
including intact marl, weathered marl deposits,
and agricultural topsoil. A total of 27
undisturbed specimens were collected for direct
shear testing, supplemented by 6 disturbed
samples for complementary geotechnical
analyses. The laboratory investigation phase
involved comprehensive geotechnical testing to
determine the physical and mechanical
properties of the samples, including bulk
density, grain size distribution through
hydrometer  analysis, moisture  content,
Atterberg limits (liquid limit and plastic limit).
Direct shear tests were also performed..
Chemical composition and soil microstructure
were characterized using X-ray diffraction

(XRD)  spectroscopy, scanning electron
microscopy (SEM), and calcimetry, with all tests
conducted in accordance with ASTM standards.
Slope stability analysis was subsequently
performed using Slide software, incorporating
field-collected geometric data to model the slope
profiles. The potential failure surfaces and safety
factors were calculated by inputting shear
strength parameters derived from laboratory
testing of the specimens. The stability
assessment employed both the simplified Bishop
and Spencer methods within the Slide software
framework to evaluate slopes with identified
landslide potential.

Results and Discussion

The analysis of climatic data revealed a
significant increase in precipitation during the
2018-2019, particularly in the months of
January, February, March compared to long-
term averages. Notably, the majority of
landslide-induced damages occurred during this
same period. The region experienced
exceptionally intense rainfall over three
consecutive months, with precipitation intensity
reaching approximately 7.5 times the long-term
average. Given the air temperatures prevailing
during the winter months, most of the
precipitation fell as snow and remained on the
ground for a prolonged period.. These findings
strongly suggest that these unusual precipitation
patterns served as one of the primary triggering
factors for the landslide events. The results of the
specific gravity (Gs) tests indicated a consistent
value of approximately 2.56 for all three soil
samples. Based on the combined particle size
distribution and Atterberg limits data, Sample 1
was classified as OL (organic silt) due to its high
organic content, while the remaining samples
were classified as CL (inorganic clay of low
plasticity) according to the Unified Soil
Classification System (USCS). The XRD and
EDX analyses revealed that illite is the dominant
clay mineral in all examined samples.

The direct shear test results demonstrate a clear
inverse relationship between moisture content
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and shear strength parameters - as water content
increases, both the internal friction angle and
cohesion  exhibit  significant  reduction.
Quantitatively, the tests revealed: when moisture
content rises, the internal friction angle
decreases by 80% in agricultural soil, 68% in
weathered marl, and 60% in intact marl, while
cohesion shows reductions of 75%, 78%, and
85% respectively for these three material types.
This pronounced degradation of shear strength
parameters with increasing saturation directly
correlates with the observed landslide
occurrences during wet periods, particularly
highlighting the wvulnerability of agricultural
topsoil which experiences the most dramatic
strength reduction (80% decrease in ¢). The
weathered marl shows intermediate sensitivity to
hydration (68% ¢ reduction), while the intact
marl bedrock maintains relatively better
performance (60% ¢ reduction), though still
with substantial cohesion loss (85%).

The Slide software modeling results indicate that
all three slope profiles maintain stability under
natural moisture conditions for both static and
quasi-static analyses. However, increasing
moisture content leads to significant safety
factor reduction, approaching unity (FS = 1)
under saturated conditions - demonstrating
imminent failure potential. This prediction is
validated by observed field evidence including
tension cracks and localized slope movements.
Under quasi-static conditions with  full
saturation, the safety factor drops critically to

0.55-0. 86, confirming inevitable slope failure.
Notably, dynamic loading shifts the failure
threshold from saturated conditions in static
analysis to partially saturated conditions (~60%
saturation) in quasi-static scenarios, highlighting
the slope's heightened sensitivity to coupled
hydro-seismic effects. The 30% safety margin
reduction when transitioning from static to
dynamic saturated conditions quantitatively
demonstrates the critical influence of seismic
acceleration on slope stability.

Conclusion

The landslides in Toloubin village in February
and March 2019 were primarily triggered by
extreme precipitation (Bahnman and Esfand
1397), with rainfall intensity reaching 7.5 times
the long-term average. This influx of exceptional
moisture was absorbed by clay-rich materials
with high hydrological sensitivity. Water
absorption significantly degraded the shear
strength parameters of these materials (¢
reduced by 60-80%, and cohesion by 75-85%),
creating ideal conditions for slope failure.Slope
stability analysis using the Slide software
package confirms that all three profiles reach
critical failure thresholds (FS = 1.0) under static
saturated conditions. This is corroborated by
field evidence including tensile cracking at the
crest of the slope and structural damage. When
quasi-static loading (with a seismic coefficient
of 0.3g) is applied, safety factors drop below
unity (FS < 1.0), guaranteeing slope rupture.
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Table 1. Results of the physical properties analysis of the tested samples

Sample Liquid Limit Plastic Limit Plastic Index CaCOs USCS

No. LL PL Pl %

1 34.35 24.28 10.06 58.47 oL
2 24.97 7.80 17.18 41.07 CL
3 32.86 16.04 16.82 41.33 CL
4 30.02 2.67 27.35 40.34 CL
5 16.92 14.97 1.95 62.70 CL
6 25.58 13.53 12.05 42.62 CL
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001 VFS = 2808 count
Si
Al
Ge Mg I Ca FeKesc
C‘ez\'; KK Ca Fe Fe
AN
0L | | |
- d
Mass%
H C O Na Mg Al Si K Ca Fe Total

001 0.00 6.11 19.60 1.02 1.65 13.41 33.83 5.09 16.35 2.94 100.00!

VFS = 737 count

001

Mass%
H C O Na
0.00 2.41 10.75 0.00 3.09 1641 46.27 8.89 6.88 5.29 100.00
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Ly
.
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Fig. 6. a) The XRD results on sample 2 and 3, and b) SEM Images and their EDX analysis results
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Table 2. Values of internal friction angle and cohesion of the samples in the studied profiles

Sample Water contente Cohesion Internal frinction angle
No ) (kPa) (Degree)
21.54 10.632 25
1 28.58 10.164 16
34.82 10.033 5
19.79 28 22
2 26.37 195 15
33.79 7 7
8.78 54.5 19
3 15.00 26.5 135
22.57 12 7.5
b
a 40 5
10 4 35 L y=-0.661x + 38.66
o H-g. 0.6607x + 38.443 ] 30 R*=0.9944
= 30 2= 0.9916 £ .
g . g .. g2 .
% o S V093294 45 S5 g g ¥ =-03106x + 25.085
g 5 "J\ 1 % 15 20.285x + 236.77 ® R?=(.9445
2 f= 12+ 3] 458, 10 R?=0.9238
g “i' ’ R‘l.‘: (1,9-?)1)4“ e = 5
0 ot ’ 10 20 30 10 0 %
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Fig. 7. The effect of increasing moisture percentage on the reduction of a: internal friction angle and b: cohesion
in the studied profiles
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Fig. 8. Geographic location, geometric setting, and geological cross-sections of the studied profiles.

Table 3. The safety factor values of the studied profiles in static and quasi-dynamic states.

Profile Water contente Static analyses of Quasi-Static analyses of
No status safty factor safty factor
Simplified Bishop Spencer method Simplified Bishop Spencer method
Moist 4.76 5.68 3.53 3.55
A Semi-saturated 3.82 3.82 1.82 1.83
Saturated 1.18 1.73 0.86 0.869
Moist 2.05 2.77 149 2.22
B Semi-saturated 1.38 2.59 1.01 1.73
Saturated 0.99 1.29 0.74 0.76
Moist 3.2 4.9 2.35 2.36
C Semi-saturated 1.6 2.2 1.20 1.19
Saturated 0.8 0.9 0.56 0.55
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Fig. 9. Images of tensile crack formation at the slope crest and the resulting damage to structures in Profile A
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Fig. 10.The results of the Slide stability analysis under saturated conditions for profile A
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Fig. 11. Images of tensile crack formation at the slope crest and the resulting damage to structures in Profile B
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Fig. 12. The results of the Slide stability analysis under saturated conditions for profile B
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Fig. 13. The results of the Slide stability analysis under saturated conditions for profile C
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