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Abstract

The present study aims to investigate the landslide triggering mechanism in AghEmam village in
Golestan Province (northeast of Iran). To this end, a set of engineering tools, including field visits,
laboratory experiments, geophysical methods, and numerical simulations, were performed. In addition,
the mechanical properties of loess soil and the dynamic properties of the site were calculated by
conducting some triaxial tests and spectral ratio analysis (H/V) of the microtremor waves, respectively.
The subsurface conditions of the landslide were identified by the high-density resistivity geoelectrical
method. The results showed that the output of the numerical simulations carried out by PLAXIS software
is in good agreement with the geophysical data and field observations. Based on the findings, the failure
surface of the AghEmam landslide was curved and occurred due to seepage and dissolution of the
cement between the loess grains caused by continuous precipitation. The results showed that stresses
were gradually trapped in the slope during the earthquake. Hence, they facilitated landslide initiation by
increasing the horizontal dynamic force. Seismic activities also help seepage and accelerate slide by
destroying the porous structure of the loess and creating cracks. The simultaneous use of precipitation
and earthquake factors in the numerical model decreased the factor of safety (FS), suggesting the
inevitable occurrence of landslides in such conditions.

Keywords: Landslide; Loess Soil; Slope Stability; Numerical Modeling.

Introduction

Loess soil is a homogeneous, porous, light yellow or brown wind deposit with good sorting.
The size of loess particles is often in the range of silt, with some clay and, sometimes, sand
(Pye, 1995; Ding et al., 2019). This soil is abundant in most parts of the world, including Asia,
North America, South America, and Europe (Banak et al., 2013; Li et al., 2020). In Iran,
although loess sediments are mainly seen in the northern regions and Golestan Province, they
are also found in the Central Plateau and even Southern Iran (Karimi et al., 2009). Loess is
prone to geological disasters due to its collapsible property, honeycomb structure with large
pores, and high sensitivity to water content (Zhou et al., 2002). Landslides destroy roads and
buildings, block rivers, bury villages, and cause enormous loss and financial damage yearly. In
general, earthquakes and rainfall are the two major causes of landslides in loess soils (Havenith
and Bourdeau, 2010; Sorbino and Nicotera, 2013; Peng et al., 2015; Wu et al., 2022). The
triggering factors and mechanism of landslides are investigated by numerous field and
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laboratory experiments. For example, Szokoli et al. (2018) used geophysical methods to
investigate the slide mechanism in Europe. They used Earth Resistivity Tomography (ERT)
and pressure measurement using a pressure probe (PreP) to identify the propagation of cracks
in a loess slope with a slow displacement in the banks of the Danube in the south of Hungary.
Also, Hong et al. (2021) suggested that liquefaction could cause some rapid landslides and great
displacement in uniform loess slopes. Based on the field survey and examination of a landslide
that occurred in a village in the Xiangning Province of China in 2019, Shi et al. (2020) showed
that the surface water penetration into weak layers in the depth of the slope reduced the shear
strength of loess and led to a failure. The strong ground motions caused by the earthquake affect
the soil structure, facilitate water flows, and rapidly increase the pore water pressure, ultimately
decreasing the shear strength of the slope loess materials (Zhang and Wang, 2007). Meanwhile,
the penetration of rain and snow into the loess slopes is mainly controlled by fractures and
surface fissures such as tensile cracks and large pores (Chen et al., 2018). Regarding the
important role of water in landslides and the mentioned points, Bai et al. (2014) developed a
system called the Antecedent Soil Water Status (ASWS) to study the effect of daily
precipitation and previous precipitation on landslide triggering.

Although each landslide has a major cause, the causes of landslides can sometimes be quite
complex. As a result, landslide analysis in complex geological conditions and the induced
forces only through field surveys and laboratory studies can be very sophisticated. In this
respect, researchers and engineers have shown a growing interest in using modern and complex
numerical methods to analyze the stability of compound landslides (Xie et al., 2021; Azarafza
et al., 2021; Fawaz et al., 2014). For instance, the limit equilibrium method (LEM) is widely
used to analyze slope stability in practical and scientific works (Avci et al., 1999; Azarafza et
al., 2021). Combined with modern computer programs, these methods offer a quick slope
stability analysis. Currently, numerical slope stability analysis is performed using several
software packages, including the finite-element PLAXIS (Fawaz et al., 2014; Afiri and Gabi,
2018; Zhao and You, 2020), the discrete-element FLAC (Danneels et al., 2008; Sarkar et al.,
2012), and the PFC (Zhang et al., 2018; Yang et al., 2021).

Some researchers (Kainthola et al., 2013) use more accurate LEMs, such as the Morgenstern-
Price and Spencer method, to determine the critical slip surface and factor of safety (FS). Chen
et al. (2021) have reported the soil’s cohesion and internal friction angle as key factors in FS
calculation through these methods. However, these methods have not been employed in damage
analysis of the slope’s soil structure following earthquakes and precipitation. Similarly, modern
numerical methods rarely address local damage caused by water leakage into the slope.

So far, some theoretical and case studies have been conducted on landslides and their failure
mechanism. However, investigating the effect of rainfall and earthquake loading on triggering
landslides in loess soils still needs more case studies. According to Li et al. (2021), the reason
is that the sliding mode and failure mechanism can differ from case to case. Accordingly,
correctly understanding the landslide mechanism and its geometry is among the most important
issues in designing and implementing engineering reinforcements for these phenomena (Sun et
al., 2019). Most previous studies have focused on excavated trenches and open mines, and few
studies have been conducted on natural slopes made of loess soils.

Landslides are one of the four natural disasters that continuously cause risks and damage to
population centers. According to international statistics, in 30 years, more than 6,000,000
people have died due to natural disasters, more than 3,000,000,000 people have suffered, and
nearly 240 billion dollars of financial damage has been caused. Despite scientific and
technological advancements, statistics show that natural disasters are rising (Sim et al., 2022).
This paper analyzes the April 2019 landslide in AghEmam Village, Golestan Province, in
northeastern Iran, and determines its failure mechanism. Field surveys, laboratory experiments,
and numerical simulations are used to develop models of slope failure mechanisms. These



models incorporate the effects of earthquakes and rainfall as the main causes of landslides.
Overall, these approaches are efficient for investigating the failure mechanism of landslides in
the loess materials caused by earthquakes and rainfall.

Methodology

This research performed a complete set of field surveys and laboratory experiments to study
the landslide situation and determine the failure mechanism comprehensively. A major part of
these efforts was allocated to determining the hydrological structure of the slope using available
climatic data of the studied area and preparing a detailed topographic map. Access to landslide
areas is usually difficult due to topographic distribution and large cracks. Therefore, to prepare
a detailed topographic map, we employed drone mapping technology to provide accurate
information on the general geometry of landslides and the elevation distribution of their
different points. Furthermore, the geoelectrical method was used to determine the specific
resistivity of earth with high density. These studies were carried out in certain directions of the
slide zone to determine the approximate depth of the slip surface and the geological layering
from the data obtained.

Afterward, geotechnical tests were carried out to determine the effect of water content and
dynamic loading on the strength parameters of loess soils in the study area. The primary purpose
of these tests was to determine the strength parameters of undisturbed loess soil for use in
numerical modeling as the input parameter. To this end, only the effect of in-situ stresses was
included in these experiments. In triaxial compression tests, three confining pressures of 50,
100, and 200 kPa were considered for all samples. Another important point in triaxial
experiments is that the samples were allowed to consolidate. The samples’ drainage was
prevented during the tests, indicating that the tests were consolidated-undrained (CU) type.

The single-station recording of the microtremor wave method was used to determine the
exact dynamic properties of the studied landslide. Microtremors are generated as a variable and
irregular combination of different types of seismic waves. These waves are assumed to be
composed of surface waves with dispersion properties. Thus, when the record of these waves
is obtained by multiple vertical receivers at the same time, it is possible to extract the Rayleigh
wave propagation characteristics in the wave field. Subsequently, the dynamic properties of the
earth in-depth and the shear wave velocity profile can be locally calculated with this data.
Microtremor waves have been widely used in landslide studies because of their suitable
recording speed, non-destructive nature, and the possibility of proper analysis in the frequency
domain (Gao et al., 2018). In this paper, the dynamic properties of soil and determine the
dominant period of the site were calculated by the method of single-station recording of
microtremors. Next, these properties were analyzed using the horizontal-to-vertical spectral
ratio (H/V) method. The reason for choosing this method is that it only needs a single recording
station, making it operationally easier (Abdelrahman et al., 2021).

The numerical analyses were performed using the finite element method (FEM)-based
PLAXIS software. This software was employed to simulate the effects of strong ground motion
caused by earthquakes and changes in water content levels due to rainfall. The effects of
earthquakes on the studied slope were simulated by running the dynamic analysis in the
PLAXIS software. This software can model the effects of earthquakes by both pseudo-static
and time history analysis. In addition, PLAXIS has a great ability to calculate the pressure of
water in the soil and its movement in space and time. Besides, it can calculate the slope safety
factor with the ability to calculate “C-¢ reduction”. It is of note that the correct simulation of
water movement in soil and accurate calculation of pore water pressure variations play a pivotal
role in determining the failure mechanism.



Geological and hydrogeological settings

AghEmam is located in the Gildagh region of Shelmi (Fig. 1), with an average elevation of
1002 m, 22 km away from Maraveh Tappeh in the northeast of Golestan Province (Iran). This
village is one of the largest rural population centers in the region, with a residential area of
about 70 ha.

Following heavy and continuous rainfall from 18 to 22 March 2019 in less than a week, a
total rainfall of significant than the average annual precipitation occurred in Golestan Province.
For instance, the amount of precipitation in the previous days and flood days in Minoodasht
station was 354 mm (Hedayati Dezfuli and Ghassabi 2024). Compared to the annual average
of 507 mm in the previous five decades, the amount of precipitation in this short period was
significant. These relatively intense and continuous precipitations caused numerous and diverse
mass movements such as debris flow, mudflow, slump, and rockfall, in addition to severe
flooding in many cities of Golestan Province.

Concerning the seismicity of the studied area, the surface epicenter of 289 instrumental
earthquakes from 1964 to 2020 was plotted in the distribution map up to a radius of 150 km of
the studied village (Fig. 2a).
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Figure 1. The geographical location of AghEmam Village and the approximate location of landslides
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Figure 2. (a) The location of the epicenters of the instrumental earthquakes in a radius 150 km from the
studied village, and (b) Large historical landslides in the study area




This map is prepared based on the Bulletin of Iranian Earthquakes published by the
International Institute of Earthquake Engineering and Seismology. According to these data, the
earthquake’s surface wave magnitude (Ms) ranges from 2.9 to 6.6. Moreover, the average
magnitude of the torque is 4.8 Richter, ranging between 3.9 and 6.5 Richter.

Based on this figure and several reports of strong historical earthquakes in this area, the
structure of the thick loess soils of this area has become loose and prone to mass movements.
Hence, large regional landslides have occurred here, an example of which is displayed in Fig.
2b. Also, the occurrence of landslides has been accompanied by evidence such as damage to
the walls of buildings and the creation of cracks on the ground (Fig. 3).

The location of the AghEmam Village in the relative earthquake risk zoning map of the
Golestan Province is in the range of 0.2g. However, based on the calculations made in this
study, the largest PGA in this area over the past 475 years was 0.51g, caused by the 1970
earthquake with a torque magnitude of 5.1 and at a distance of 2.2 km from the center of the
village. Accordingly, the area is classified as an area with a high relative seismic hazard.

From the hydrogeological standpoint, the climate and hydrology of the studied area were
prepared based on 29-year statistics from the nearest meteorological stations in the region
(Qapan station) and the characteristics of the recharge basin. Since precipitation affecting
landslides is generally rainfall, snowfall data were not included. According to these data, the
average annual rainfall of the region is 507 mm, which is higher than the national average. The
maximum rainfall occurred in the 2012-2013 water year. If above-average precipitation is
assumed to be abnormal precipitation, studying precipitation periods shows that precipitation
fluctuations are cyclic, and the frequency of maximum precipitation is approximately every 5
years. In addition, according to the zoning map of the 5-day heavy rainfall of the province (Fig.
4a), the amount of precipitation in the village is between 120 and 170 mm. The geological units
of the AghEmam, which are somehow related to landslides, were investigated based on the data
collected from the existing maps, reports, and field surveys of the region.
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Figure 3. (a) Landslides occurred in the area study, and (b), (c), (d) some effects of landslides
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Figure 4. (a) Precipitation zoning of the five-day rainfall of Golestan province from 16 to 20 March
2019, and (b) the geological map of the studied area

The oldest sedimentary unit with an outcrop within the recharge basin, which is also the
region’s bedrock, is the carbonated Mozdooran formation (Fig. 4b) with an Oxfordian-
Cambridgean age of the late Jurassic period. Certainly, the highest amount of outcrops near the
village is related to the Sarcheshmeh and Sanganeh formations of the Aptian-Albian (Lower
Cretaceous) age. The surface soils in the study area are primarily thick loess deposits, denoted
in pink on the geological map. Loesses are aeolian deposits of the silt size with a porous
structure and without layering. The main minerals of Golestan province loess are Quartz,
Feldspar, Mica, and clay minerals. Comparing the average loess composition of Golestan
province with the range of variations of the main loess composition of the world (Kuster et al.,
2006) shows that these losses are very similar. The clay minerals forming the loess mixtures
are lllite and Chlorite. Three oxides (i.e., Siliceous, Aluminum, and Calcium) make up more
than 75% of the loess composition, having the largest part of the oxide composition in most
loess sequences worldwide (Frechen et al., 2009).

The AghEmam Village is built on a loess hillside with abundant evidence of large old
landslides, indicating high mass movement activities. The slope of this area is generally
northeast-southwest, and there are two local rivers downstream of the village. Due to the
presence of superficial cracks and fissures in this area and the presence of thick loess deposits
that are strongly collapsible, gully erosion is a common phenomenon. Several morphological
facies can be seen in this area regarding the synergetic effects of tectonic activity and regional
climate. Overall, these facies can be divided into four subgroups (Fig. 5): 1) cumulative debris
of valleys caused by landslides, 2) deep river valleys, 3) V-shaped valleys that cut thick loess
sediments, and 4) loess hills that are prone to landslides. As mentioned, due to the great rainfall
and the high seismicity of the area, the moorlands caused by landslides are seen in abundance.

Characteristics of the studied landslide
Field investigations

Based on field studies in different periods, examination of satellite images and aerial
photographs, and field evidence, it is inferred that the studied village has a history of large
regional landslides in loess soils (Fig. 6a). Very large landslides in terms of dimensions have
occurred around the village. According to field studies conducted in this research, due to the
large dimensions of the landslides and the adaptation to the main fault of the region, earthquakes
are the most likely factor causing these landslides (Fig. 6b). As mentioned before, the study
area is highly active from a seismic perspective. Studying the seismic records of the study area
reveals that the earthquake of 1971 with a magnitude of 5.5 can be as one of the driving factor



of these landslides. This theory is supported by evidence from conversations with village
residents who remembered that earthquake. Recent local landslides in the study area were
mainly affected by soil saturation and the erosive function of the flood channel passing
downstream of the village.

The geological composition of the materials involved in landslides is one of the factors
controlling the type of failure (Alimohammadlou et al., 2013). The landslides have occurred
mainly in the thick loess layer. Based on historical geology, this layer is part of Quaternary and
Neogene sediments.

Figure 5. The morphological facies in study area regarding the synergetic effects of tectonic activity
and regional climate (a) cumulative debris of valleys caused by landslides (b) deep river valleys (c) V-
shaped valleys that cut thick loess sediments, and (d) loess hills that are prone to landslides
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Moreover, based on field surveys at different times, the activities of humans and the canal
downstream of the village have strongly affected the geometry of the landslide zone. As a result,
the number of surface sinkholes and the intensity of gully erosion have increased significantly.
Since several landslides have occurred in this area, this paper examined the one in the western
part of the village that damaged several rural houses. Geometrically, this landslide is rotational
(spoon-shaped) with a crown height of 1,043 m above sea level, a length of 237 m, a maximum
width of 302 m, and a height difference of 48 m between the landslide’s crown. As expected, the
landslide has drastically changed the earth’s surface topography, leading to berming and
significant settlements. Since this landslide was large and complex, it was divided into three parts
for ease of study and numerical analysis. According to Fig. 7, the dimensions of each part of the
landslide are significantly high, and the difference in height from the crown to toe varies from 19
to 49 m. Besides, the general dip of the land in different parts is between 17% and 48%. As can
be seen from Fig. 7, access to the landslide region and determining the depth of the movement
are difficult due to landslides and the resulting surface disturbances. Close to the canal, which has
a greater local dip, sliding has caused deep tensile cracks and numerous scarps (Fig. 8).
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Figure 7. The location of the western landslide of the AghEmam village (divided into three parts for
ease of analysis)

Figure 8. The
shallow tensile crack



Geophysical survey

According to the points outlined in this paper, the high-density geoelectrical method was
employed to determine the approximate depth of the failure surface. Various methods are
available for data collection and understanding the subsurface conditions of the Earth in
landslides. Certainly, direct observation of subsurface structure is the best method. However,
access to and direct observation of subsurface structure is limited or even impossible for several
reasons, including the landslide size, difficult slide zone topographical conditions, lateral
geological subsurface alterations, and the high cost and difficulty of excavation. Alternatively,
geophysical techniques provide a suitable way for obtaining subsurface geological information
without digging boreholes (Bellanova et al., 2016).

Electrical measurements can be used with diverse configurations, leading to different results.
In the present study, a dipole-dipole method was used. Results of studies are presented as
geophysical cross-sections for high-density specific resistivity using data inversion in
Res2Dinv software. Res2Dinv (for Windows) creates a two-dimensional specific resistivity
model for the subsurface earth structure using the electrical recording. According to the
geometry of landslides, 6 paths were selected (Fig. 9). Here, the electrode distance to obtain
accurate results was 15 m. The path’s location was chosen to parallel with the direction of the
landslide and perpendicular to it. An example of the output results obtained from the geoelectric
method used is shown in Fig. 9.

As shown in Fig. 9, the length of the profile is 285 m. In this profile, electrodes were arranged
at intervals of 15 m, and the recording was performed up to the electrode distance n-8. Since
the landslide failure surfaces are limited to shallow depths, the studied depth is about 45 m, by
which the shallow layers are studied with greater accuracy.
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Figure 9. Geoelectrical profile P-4 in the studied landslide, along with the calculated bedrock depth (the
white and black dashed lines represent the bedrock and landslide surface, respectively)




For the placement of the electrodes, we tried to be as consistent as possible with the main
landslide direction. In addition, geological structures that could have contributed to the
landslide were considered. Basically, the bedrock coincides with the highest specific electrical
resistance. In the plotted tomogram shown as an example, at a depth of about 25 to 31 m, the
specific electrical resistance increases significantly, such that it can be considered as the rigid
bedrock of the region.

Furthermore, based on the specific resistivity values obtained, an underground water level in
the P-4 profile at an approximate depth of 16-20 m is expected to fluctuate along the profile.
The water content at this depth could have been supplied through the village’s wastewater and
through the flow fed upstream of the recharge basin of the canal inside the village. Due to
surrounding scarps and crowns on the earth’s surface, this landslide probably failed at the
boundary between the second and third electrical layers, considering their high specific
electrical resistance. The specific electrical resistance is substantially reduced at this boundary,
suggesting that the lower layer is fine-grained soil. If saturated, the boundary of this layer
creates suitable conditions for triggering the landslide because the pore water pressure at the
boundary of these layers is maximized. Therefore, based on the results of tomography of high-
density specific resistivity for the P-4 cross-section, the depth of the failure surface is about 11
to 14 m.

Properties of slope materials

Loess soils are mostly cohesionless soils with a honeycomb structure. Loess soil that contains
abundant clay is cohesive with a dispersed structure. In the deposition of fine particles, the size
of clay in a dilute solution has Brownian motion. During this random movement, repulsive or
attractive forces are generated between the particles. The attraction force results from the van
der Waals force between the grains in a solution. Depending on the dominant force, the soil
gains deposited in the dispersed or flocculated form, thereby affecting the mechanical properties
of these soils (Hou et al., 2021). The loess samples used in this paper were collected from the
landslide center and depths of 3, 5, and 8 m by machine drilling method and Shelby tube
sampler. These depths were selected to ensure that the samples are not weathered and are free
of organic soils. After the samples were prepared, basic geotechnical tests with natural water
content were performed. The first physical property of the samples was natural water content.
For intact samples from the depths of 3, 5, and 8 m, this value was 12.3-13.5, 5.4-17.9, and
21.4-23.1%, respectively. Moreover, the natural density of the loess varies between 1.77 and
2.16 g/cm®,

The other basic tests performed on the samples were the particle size distribution test and the
Atterberg limit tests. Fig. 10 provides an example of the output of the particle size curve of the
studied soils, along with the upper and lower limits of the outputs. A more detailed study of the
results of the tests shows that the share of sand, silt, and clay is about 7-12.5%, 32-56%, and
31.5-61%, respectively, indicating that the loess in the study area is of the silty loess type. Also,
the results of the Atterberg limit tests of the samples taken from different depths are summarized
in Table 1.

The triaxial test is the most common and widely used geotechnical experiment to determine
the stress-strain properties of soils. In this experiment, a cylindrical sample is first subject to
confining pressure (o3), which is equal in all directions.

Table 1. Plastic properties obtained from the samples at different depths
Sample depth (m) Liquid limit (%) Plastic limit (%) Plasticity index
3 45.3 233 22
5 39.4 21 18.4
8 43.5 25 18.5
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Figure 10. An example of the output of the gradation test performed on the loess samples with the upper
and lower limits of the results

Then, the sample fails due to the gradual increase in the deviatoric axial stress (Ag,). Since
there is no shear stress on the lateral side of the cylindrical sample, the axial stress (a5 + Agy)
and confining stress (o3) are the principal maximum and minimum stresses for the sample,
respectively. An advantage of this test is that drainage conditions can be controlled, and, if
necessary, consolidation can be performed even on saturated soils with low permeability (e.g.,
loess soils). It is also possible to measure pore water pressure in this test. Therefore, the test can
be carried out with or without drainage. In the cylindrical samples of this test, the height-to-
diameter ratio is usually selected as 2 to 2.5 (Jiang et al., 2014).

Based on Fig. 11 and from the triaxial test results, the level of plastic deformation increases
with incrementing the loading. Also, since the growth rate of the strain is not equal to the growth
rate of the same stress, the curve becomes non-linear. When the confining stress reaches a
certain level, the stress is maximized. Also, with the increased strain, the deviatoric stress
gradually decreases and shows strain-softening behavior. Furthermore, the results show that the
maximum stress is between 10% and 19% of the strain, and the curves do not show a clear peak,
thereby confirming the phenomenon of slight strain softening.

Fig. 12a illustrates the strength characteristics of the studied loess samples in the form of a
failure envelope. These results facilitate the determination of the shear parameters of the
samples under triaxial loading conditions. Evidently, the changes in the shear parameters of the
studied samples are not significantly different from each other. Furthermore, these results show
that the samples located at a depth of 5 m and 8 m have the highest and weakest shear
parameters, respectively. The deep sample has the highest amount of water content and a dense
texture. Consequently, after the consolidation during the test, the water content level remained
high, which caused an increase in pore water pressure and undrained conditions. The role of
pore water pressure becomes more visible when shear parameters are reported as effective
stresses. Based on the results of these tests, the cohesion value for the 3, 5, and 8-m samples is
equal to 38, 41.5, and 32 kPa, respectively, and their internal friction angle is 20, 23, and 18°,
respectively. It can be observed that both the cohesion and the internal friction angle increase
with depth but then decrease.

Fig. 12b shows an image of the failed sample after triaxial loading to check the properties of



the failure surfaces. As can be seen, barreling of the sample has occurred under triaxial loading
conditions, which is a common failure mode in fine-grained soils. Moreover, at low confining
stress (50 kPa), only a single shear zone is often formed, the failure angle of which is between
45 and 60°. However, with the increase in confining stress and soil water content, the clarity of
the failure surfaces is reduced, and the samples are ruptured like a barrel.
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Figure 11. Some of the outputs obtained from the triaxial tests performed on the studied loess samples
(a) 3-m deep, (b) 5-m deep, and (c) 8-m deep



Natural frequency of the slope

In this study, the natural frequency (dominant period) of the slope materials was evaluated by
performing a single-station analysis of the spectral ratio (H/V) after recording microtremor
waves at two stations and selecting 1 hour from the recordings at different hours (Fig. 13a). The
microtremor data were collected and recorded by a three-component seismograph, GURALP
CMG-6TD. Fig. 13b presents the output of the recorded and corrected measurements in the
studied landslide for the two stations. The spectra and their ratios were calculated by performing
the following processing steps on the time histories recorded in two stations (Fig. 13a):

1. Select a 30-60-second time window of microtremors during continuous data recording.
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Figure 12. (a) Failure envelope for studied loess at different depths, and (b) an example of soil samples

after triaxial loading

[ er 1 B B B | I ' LA
0.060.080.1 0.2 04 06081 2 4 6 8 10 20
Frequency (Hz)

s A
5 - 6227

/
PRIV Ay

vl

0.060.080.1 0.2 04 06081 2 4 6 810 20
Frequency (Hz)

Figure 13. (a) Seismogram used to record microtremor waves and H/V method recording stations (St-
1, St-2), and (b) the output obtained from the analysis of the spectral ratio (H/V) for the two stations



2. Calculate the amplitude spectrum of each selected window for three vertical, north-south,
and east-west components by using the Fast Fourier Transform and smoothing the amplitude
spectra by Konno and Ohmachi (1998) method. This method was applied to adjust sudden peaks
of the spectrum that result from random noises and the determination of the domains that are
wider and more related to the dynamic characteristics of the landslide.

3. Calculate the average amplitude spectrum for two horizontal components and the H/V
spectral ratio for each time window, and determine the average spectral ratio for them.

Based on the analysis in Fig. 13b, in both stations located in the studied slope, the dominant
frequency of the Earth is estimated at 0.23-0.33 Hz, which can be called the natural frequency
of the site. According to these calculations, it can be said that classifying the studied slope as a
low natural frequency site is in good agreement with the results of geotechnical tests.

Numerical simulation

To understand the failure mechanism and the effect of rainfall precipitation on the landslide in
AghEmam Village, a set of numerical modelings was done using the FEM-based PLAXIS
software. In addition, the combined effect of rainfall precipitation and dynamic loading caused
by the earthquake on the landslide of this area was studied. Finally, the difference between the
results of these two scenarios was compared to investigate the effect of the earthquake alone on
the landslide.

Modeling and analysis method

In this research, slope stability and the effect of rainfall and earthquakes on landslide occurrence
were analyzed using PLAXIS V8.2 software. Due to the existence of simplifying assumptions,
the accuracy of the limit equilibrium methods (LEMs) method is low, for this reason, the FEMs
methods are used in many engineering projects and scientific studies (Fawaz et al., 2014;
Bidisha and Shivananda, 2017; Lin et al., 2020; Shafna and Anjana, 2021; Benmebarek et al.,
2022). In this article, some of the most important components related to landslides, including
water leakage in the slope, landslide displacement, and failure surface initiation, are studied by
PLAXIS. The results obtained from both scenarios (effects of rainfall and dynamic loading
caused by the earthquake) are analyzed and compared.

The input parameters of the software (e.g., specific gravity, water content, modulus of
elasticity, cohesion, and internal friction angle) are obtained from the results of geotechnical
and triaxial tests conducted on loess samples. The boundary between loess soil and bedrock is
also determined based on the results obtained from geophysical investigations and field visits.
The results obtained from the numerical analysis provide an overview of the failure mechanism,
the dynamic development of the sliding surface and deformations, and the long-term stability
of the studied loess landslide.

As shown in Fig. 14, the most critical cross-section of the studied landslide was selected for
numerical simulation. This cross-section has a length of 197 m and a height of 53 m. Furthermore,
the studied slope consists of two separate engineering layers, including the upper layer of loess
and carbonate bedrock. The predominant material is lime and marl, whose average engineering
properties used in the software are given in Table 2. In addition, the static groundwater level was
determined according to the results of geophysical studies and field observations and assigned in
the software. As mentioned before, the studied cross-section ends at the canal passing
downstream of the village, which is also drawn in the numerical model. Another important input
parameter in PLAXIS is the constitutive model of materials. The non-linear elastic-plastic Mohr-
Coulomb model is employed in the present study to obtain the best results.
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Table 2. Geotechnical specifications of the materials used based on the results of the tests
Natural Elastic

. Material . Cohesion Internal friction Poisson’s
Materials density modulus o :
type (glemd) (kN/m?) (kPa) angle (°) ratio
Loess Drained 1.85 50,000 31 20 0.35
Bedrock Drained 2.26 200,000 41 39 0.28

The boundary conditions of the numerical model are chosen such that horizontal
displacement is impossible, but vertical displacement is possible in the left and right boundaries.
In the lower boundary of the model, no horizontal or vertical movement of the nodes is allowed.
In the dynamic simulation, the earthquake standard boundaries (available in the software) were
used to prevent the unrealistic reflection of the reflected waves from the boundaries of the
model. These boundaries prevent the unrealistic reflection of earthquake waves by creating a
viscous property in the boundary nodes. In the rest of this section, the results obtained from the
numerical analysis are presented. Based on Fig. 14, five points on the landslide were chosen to
measure the studied parameters and compare the outputs obtained in different situations.

Effect of precipitation on landslide

Since building full-scale physical models of the soil slope in the laboratory is laborious and
expensive, numerical simulations have become very common for studying their behavior. This
section describes the impact of rainfall on the stability of the studied landside in AghEmam
Village. According to the climatic data of the torrential rainfalls in the spring of 2019, these
rains occurred on five consecutive days. Based on the climate data of the studied area, the
average annual rainfall is 507 mm. During these five days, 354 mm of rainfall occurred, which
is significantly high. Furthermore, the most rainfall occurred in August-September, January-
February, and March-April, when about 70% of the annual rainfall occurs. To simulate the
effect of precipitation and groundwater infiltration in the numerical software, according to the
climatic data, the amount of precipitation was selected as about 70 mm per day. Afterward, this
number was applied as hydrostatic water pressure at the slope’s surface.

Some of the outputs obtained from the scenario of the effect of precipitation on landslides
are shown in Fig. 15. Thus, only the most important outputs were illustrated to discuss and
compare. Fig. 15a shows the state of active pore water pressure in the natural slope. As
mentioned earlier, this area’s groundwater table level is slightly higher than the bedrock, and
the loess layer is dry and strong in its natural state.
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Figure 15. (a) Output of the active pore water pressure before the rainfall and based on the groundwater
water table, (b) the groundwater flow field after five days of rainfall along with the flow direction, (c)
the output of the leakage in the slope after applying five days of rainfall, and (d) critical slip surface in
terms of the total displacement output in the studied loess slope after applying rainfall

Fig. 15b illustrates the flow field’s output after applying 5 days of continuous rainfall as
hydrostatic water pressure to the model’s upper boundary. As expected, the direction of the
underground water flow is from the upstream of the slope to the downstream. Also, based on
the software calculations, the maximum rate of underground water seepage was 80 cm/day. Fig.
15¢ shows the groundwater seepage state. It can be seen that the water seepage occurred mainly
in the loess layer, which is more permeable than the bedrock. In addition, a high concentration
of seepage can be seen at the toe of the landslide and at the junction of the slope and the canal,
indicating water seepage into the canal.

Furthermore, based on this image, there is a seepage difference from other points of the slope
in the middle part of the slope. Finally, Fig. 15d exhibits a critical slip surface in terms of total
displacement vectors. The first point in this image is that the failure surface has a curved
geometry and is of a rotational or spoon-shaped type. In the crown of the landslide, the depth
of the failure surface is low (i.e., about 6 m), and in the middle of the slope, its depth increases
and reaches 13 m, which is in acceptable agreement with the geophysical results.

The most important criterion in the study of slope stability is a parameter called the factor of
safety (FS). FS is defined as the ratio of the resisting forces to the driving forces. In numerical
software, FS is determined using the C-¢ reduction method. In this method, the strength
parameters of the soil are reduced step by step until the slope fails. After the failure, the ratio
of the existing strength parameters of the material to the reduced parameters at the time of
failure is presented as FS. In this paper, the FS results obtained using the C-¢ reduction method
showed that the FS of the loess slope before rainfall and under static loading conditions was
equal to 1.98. However, after applying five days of rainfall to the numerical model, it declined
to 1.21, suggesting the landslide triggering after rainfall (Fig. 15d).

Effect of earthquakes on landslide

The corresponding displacements were assigned to the lower boundary of the model to study



the seismic load effect caused by the earthquake in the numerical model. The reason for using
these displacements is that an irregular seismic load can be applied only by using the prescribed
displacements in the software calculation phase. As for the initial condition, only the initial
slope of the ground was considered, without earthquake load. Due to the non-horizontal nature
of the layers in this model, the initial stresses were generated by the gravity loading method. In
the last step, the numerical model simulated the dynamic load using the time history recorded
by a seismograph from the 6-Richter Parkfield, California earthquake in 2004 (Fig. 16a). This
earthquake was chosen due to the high seismicity of the studied area.

Moreover, 50 seconds of acceleration time history was applied to the numerical model. This
study uses two Rayleigh coefficients, i.e., a and B, to simulate the damping of materials in
PLAXIS. Due to the lack of reliable laboratory data, the default values available in the software
(0.01) were used for the studied soil slope model. For more information, the reader can refer to
the software manual (Brinkgreve et al., 1998).

Fig. 16b presents frequency content obtained by applying the Fast Fourier Transform to the

acceleration time history of the Parkfield, California earthquake. As can be seen, the selected
earthquake’s dominant period is acceptable to the dominant period of the studied site. As a
result, it helps simulate the earthquake’s effect on the landslide as accurately as possible.
Fig. 17a illustrates the critical slip surface after applying the dynamic load caused by the
earthquake to the numerical model. In this study, the geometry of the failure surface was
simulated in PLAXIS using a tool called “incremental shear strain”. The dimensions of the
failure surface have increased such that the length of the landslide has increased by 9% and its
maximum depth by 3%. Comparing the horizontal displacement at five selected points (Fig.
14) showed that the horizontal displacement has increased by about 50 cm at the point located
in the crown. The points in the middle of the moving mass showed a horizontal displacement
of about 80-100 cm. Meanwhile, the point at the landslide’s toe showed a horizontal
displacement of about 30 cm.

Another parameter studied in dynamic conditions is the peak ground acceleration (PGA)
variations in the slope, the output of which is shown in Fig. 17b. The remarkable point in this
figure is that the PGA has increased considerably in the surface of the slope and the crown,
indicating its effect on triggering the landslide. Another important point in this figure is the
PGA variation in different slope parts. Contrary to the simplifying assumptions of manual
analysis methods, the sliding mass does not respond to acceleration homogeneously.

Fig. 17c shows the dynamic axial force changes graph in terms of time during the earthquake.
The measurement point of this parameter is located in the middle of the moving mass in the
loess layer.
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The first point in this diagram is that the horizontal force, as one of the main driving forces,
changes greatly during the earthquake. Another point is that the maximum point in this graph
did not occur simultaneously as the maximum point of horizontal acceleration. This observation
indicates that these two parameters are out of phase. However, despite the extreme fluctuations
of the dynamic horizontal force in the slope, a sharp increasing trend can be seen.

BER =92 94 80 & bere

[T £ o o T vex 1300 e £ 05 =
L Sl 2 |

Incoemental thear dtraine
S e srar oot S A Y

b
BEC= a2 q sAE F e
= B x " =% i 1ma B = e F- 1
aly rE P L o 1 1 L 1
u.;,'._:
g b
torzoetsl sccrberstioes.
Extrem orscedl sceewton 1250750 Tt !
c
Axial dynamic force
Time (s)
10000
Q 10 20 El 40 50 60
-11000 |
§ =12000 |
=
=
£ -13000
=
-
B -14000 |
|
E 15000
16000

-1/000

Figure 17. (a) Critical slip surface after dynamic loading, (b) horizontal acceleration distribution after
earthquake occurrence, and (c) graph of horizontal dynamic force variations versus time during the
earthquake



This trend suggests that with the continuation of the earthquake, the energy caused by it is
trapped in the moving mass. Therefore, it raises the driving force and declines the FS of the
landslide. The C-¢ reduction analysis was performed to calculate the safety factor of the
landslide after the earthquake. The results showed that this parameter decreased to 1.01,
confirming the occurrence of failure after the earthquake.

Discussion

Results of the numerical simulations using the FEM-based PLAXIS software have acceptable
compliance with the output of geoelectrical surveys. Studying the geoelectric cross-sections
revealed several linear cavities with low electrical resistance in the middle of the studied
landslide. This layout, probably caused by faulting, turns into cavities due to the seepage of
water caused by precipitation, which is a common phenomenon in Golestan loess. In addition,
at a depth of about 11 to 14 m, a layer with low electrical resistance can be observed, which
was probably caused by the accumulation of leaked water and was the main reason for the
landslide. Meanwhile, several areas with high electrical resistance can be seen irregularly in
this area.

Results of the numerical modeling showed that the sliding probability has greatly increased
by applying the effect of precipitation on the slope. On the other hand, when the earthquake’s
force is also induced to the model, the slope status becomes extremely dangerous and critical.
Comparing the dimensions of the critical slip surface in rainfall and earthquake conditions
showed that by adding the dynamic load caused by the earthquake, the length and depth of the
slip surface increased. In addition, by the increase in surface displacements, the volume of the
moving mass also increased. Studying the results of the underground water seepage in the slope
revealed that the seepage path was from the upstream to the downstream of the landslide, which
is the main reason for landslide triggering. Besides, the seepage water was found to accumulate
in the toe of the landslide and close to the canal. Naturally, the occurrence of an earthquake will
increase the water seepage in the slope by creating dynamic pore water pressure in the short
term, leading to the development of joints and cracks in the long term. Investigating the
displacements calculated at the selected points on the slope’s surface shows that the largest
displacement occurred in the shoulders of the landslide or its central part, and the displacement
gradually decreased by moving toward the toe of the landslide.

Based on the results, during rainfall, water seeps through the fractures in the thick loess layer
to the deeper parts of the slope, and a landslide can occur with the help of gravity. However, if
the amount of precipitation increases continuously, the volume of water seeping into the slope
will gradually increase. Meanwhile, a homogeneous flow field will be created within the slope
with the accumulation of these waters and the saturation of the environment. In this situation,
the rainwater directly migrates from the surface to the depth of the slope due to the saturation
of the environment. Also, dissolving the salt cement and other solvent compounds between the
loess grains forms a thin layer of water on the slip surface. This layer reduces the resistive force
against sliding by decreasing friction.

In natural conditions, after an earthquake, significant structural damage occurs in the body
of the slope, causing numerous joints and cracks in the loess layer and creating suitable paths
for water seepage. Subsequently, these fissures and cracks cause water to seep into the slope,
washing away significant amounts of soluble materials in loess and destroying the cement
between loess grains. The results of this paper show that in the landslide that occurred in
AghEmam Village, the damage caused by continuous rainfall had a greater impact on slope
instability, confirmed by the five days of continuous rain. Field visits and numerical modeling
results show that earthquakes for steeper slopes and higher groundwater levels can be the main
triggering factor in landslides formed in a thick layer of loess.



PLAXIS proved to be very powerful for slope stability analysis, especially when the
geometry of the landslide is complex and combined triggering factors (e.g., rainfall and
earthquake) are involved. The method used in this paper can easily be employed to analyze
similar slope stability problems. Regarding its high accuracy, the absence of simplifying
assumptions, and its high speed, the FEM is widely used today in projects by engineers and
researchers. Nevertheless, this method also has certain disadvantages and limitations. For
example, the output results in this method are highly dependent on the input parameters, the
determination of whose values is always associated with errors and uncertainties. In addition,
although the two-dimensional slope stability analysis applied in this paper facilitates the
analysis, it does not consider three-dimensional effects. In the LEM, the FS = 1 is defined as
the criterion for slope failure; however, in the FEM, a specific value of the FS is not determined
as the criterion for landslide occurrence.

Conclusion

Due to the thick layers of loose loess on which most villages are built, Golestan Province
witnesses numerous natural disasters, including landslides. In this study, the FEM-based
PLAXIS software was used to study the effect of rainfall and earthquake on the occurrence of
landslides. The main conclusions of the paper are summarized as follows:

The results of numerical simulations showed that with the increase in precipitation time, the
global FS of the slope decreases. The evidence obtained from the field survey and the results
of the numerical model revealed that the occurrence of an earthquake increases the water
seepage in the slope. Also, it facilitates sliding by creating joints and cracks and applying
hydrodynamic force to the groundwater.

Numerical modeling results showed that the simultaneous effect of rainfall and earthquake
greatly reduced the value of the safety factor. Besides, applying dynamic load causes the
collapse of loess soil’s porous structure and contributes to landslides’ occurrence by reducing
its strength.

Comparing the failure surface obtained from the numerical model under rainfall and
earthquake with the actual failure surface in the site revealed that the landslide event in
AghEmam village occurred after the saturation of the slope and five days of continuous rainfall.
Water infiltration caused by rainfall gradually increased the pore water pressure in the depths
of the slope. Since the cement between loess grains is often composed of salts and water-soluble
substances, the resistance of the soil decreases with the increase in the amount of water content
and infiltrating water.

Although each landslide has a major cause, the causes of landslides can sometimes be quite
complex. As a result, landslide analysis in complex geological conditions and the induced
forces only through field surveys and laboratory studies can be very sophisticated. Thurfore,
this paper proposes a method to identify and determine the landslide mechanism in loess slopes
and to study the effect of rainfall and earthquakes on them in future studies.
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