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Abstract
A destructive landslide occurred in spring 2019, in Hosein Abad Kalpush Village, Northeast of Iran, after an unusually rainy 
period. Significant damages were observed in buildings and roads located on the slope failure zone. This paper represents 
a preliminary reconnaissance report prepared through the site visit done by the authors, a few days following the landslide 
occurrence. Then, the geotechnical and geophysical properties of the sliding area are reported using the site investigation 
tests. Subsequently, the rainfall data are incorporated for numerical slope stability analyses. This study shows the variation 
of the failure mechanism of the slope before and after rainfall. The results confirm that the factor of safety decreases 1.78 
times after a 3-month period of rain with rainfall intensity about 6 times the long-term average. Finally, the performance of 
two slope stability improvement strategies is evaluated to mitigate the landslide hazard. The results of the study can provide 
a perspective on the climate change impacts in Iran for future geosystem designs, geohazard prediction, and the selection of 
rainfall-induced landslide mitigation strategies.
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Notation
CL  Clay layer
RQD  Rock quality designation
Vs  Shear wave velocity
LL  Liquid limit
PI  Plasticity index
γwet  Wet unit weight
γsat  Saturated unit weight
Gs  Specific gravity of soil
C′  Soil cohesion
ϕ′  Soil friction angle
K  Permeability coefficient
FS  Factors of safety
I  Rainfall intensity threshold for landslide triggering

D  Rainfall duration
Disp.  Displacement
E  Elastic modulus
v  Poisson’s ratio

Introduction

Climate change can considerably affect the intensity, 
frequency, and duration of extreme precipitation events 
(USGCRP 2009; IPCC 2013). The variations of precipita-
tion characteristics can lead the behavior of a slope toward 
instability conditions. In recent years, many landslides have 
been reported worldwide and heavy precipitation was the 
main cause of failure. For example, a rain-induced landslide 
occurred in Aranayaka, Sri Lanka, in 2016 killing 127 peo-
ple and destroying 75 houses (Dang et al. 2019). In March 
2019, a 40-m wide landslide with an approximate volume of 
35,000  m3 displaced and ruptured a gas pipeline after heavy 
rain in Taleghan County, Iran, resulting in the suspension 
of gas supply to more than 12,000 users (Vasseghi et al. 
2021). Accordingly, the combination of an unusually rainy 
period and a landslide can lead to a costly disaster when the 
failure/triggering mechanism is not appropriately predicted.
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Failure mechanisms of rainfall-induced landslides have 
recently been investigated by researchers to achieve a suit-
able prediction of slope failure behavior (e.g., Chien-Yuan 

et al. 2005; Zhang et al. 2022). Different approaches were 
generally employed in this field including (1) analytical 
methods (e.g., Di et al. 2021), (2) semi-empirical models 

Fig. 1  Location map of the Kalpush dam and Hosein Abad Kalpush Village

Fig. 2  Dam position and topography contour lines of the study area
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that present the rainfall threshold for the initiation of the 
landslide (e.g., Guzzetti et al. 2008), (3) physical mod-
eling (e.g., Askarinejad, et al. 2012; Li et al. 2016), and (4) 
numerical (e.g., Rivera-Hernandez et al. 2019; Paswan and 
Shrivastava 2022). The analytical methods are based on the 
determination of slope safety factor using an analytical solu-
tion and cuspidation of the variation of soil shear strength 
due to matric suction. The calculation of semi-empirical 
models is based on the statistical analysis of individual or 
multiple rainfall events that resulted in landslides in the past 
to define a threshold model (e.g., Caine 1980; Dahal and 
Hasegawa 2008). However, it is tough to analyze the actual 
mechanism of a rainfall-induced landslide only using the 
analytical methods and semi-empirical models because of 
the unpredictable nature of rainfall-induced landslides (e.g., 
Li et al. 2016). The numerical analyses can appropriately 
simulate the failure mechanism of slope since the interaction 
between the solid and fluid is considered by these analyses 
as an important factor in rainfall-induced landslide modeling 
(e.g., Zhao et al. 2017; Vahedifard et al. 2017). However, the 
numerical analysis of a rainfall sliding needs a case study 
for verification of the model and the lack of appropriate case 
studies and input parameters can affect the accuracy of the 
numerical models. Accordingly, a case study of rainfall-
induced landslides can provide a suitable comprehension of 
the interaction between sliding failure mechanisms, rainfall 
intensity, and structural damages for practicing engineers. 
Moreover, the selection of suitable ground improvement 
techniques for the mitigation of landslide hazards depends 
on the landslide triggering factors besides site properties 
and project requirements (e.g., Alimohammadi et al. 2022).

Climate change can have a different impact on the rain-
fall patterns (e.g., amount of rainfall or rainfall duration) in 
different parts of the world (Loo et al. 2015). Many studies 
demonstrated that the failure mechanism of a slope can be 
different subject to a local rainfall pattern. The numerical 
stability analysis by Kristo et al. (2017) showed that the 
factor of safety significantly decreases from 2003 to 2050 
due to an increase in rainfall intensity in Singapore. Vaghefi 
et al. (2019) showed that Iran will experience a climate 
of extended dry periods interrupted by intermittent heavy 
rainfalls in the future. Moreover, Iran is subjected to diffuse 
phenomena of landslide, due to its topographic and geo-
logical characteristics (e.g., Alborz Mountain in the north 
and Zagros Mountain in the west). Accordingly, the evalua-
tion of the failure mechanism of rainfall-induced landslides 
can provide a perspective on the climate change impacts 
in Iran for future geosystem designs, geohazard prediction, 
and landslide mitigation strategies. However, a few studies 
(e.g., Alimohammadlou et al. 2014) have focused on the 
numerical simulation of slope performance during rainfall 
by providing the details of a case history.

In this study, the characteristics and failure mechanisms 
of the landslide are investigated during rainfall. First, the 
characteristics of the landslide and the structural and geo-
technical damages are presented by the field surveys. Sec-
ond, the geotechnical and geophysical properties of the 
sliding area are estimated using the site investigation tests. 
Third, the rainfall data are presented and discussed the possi-
ble causes of the landslide. Subsequently, a series of numeri-
cal simulations were carried out to comprehend the failure 
mechanism of the landslide for three sections of slope using 
the safety factor and deformation analyses. Furthermore, the 
results are compared to the observed damages. Finally, the 
performance of two landslide mitigation techniques is ana-
lyzed and compared to improve slope stability.

Study area

The Kalpush landslide occurred in Kalpush Village, Meyami 
County, Semnan Province, Northeast of Iran at coordinates 
of N 37° 11′ 42″ and E 55° 44′ 29″, where the Kalpush 
dam, which is an earth dam, was constructed near it on 
Hosein Abad river in 2013. The height of the dam from 
the foundation, the length of the crest of the dam, and the 
normal capacity of the dam are 43 m, 273 m, and 16.7  Mm3, 
respectively. The normal water height of the dam reservoir 
is around 41 m. This dam supports agriculture. The deposits 
of the Hosein Abad Village and the Kalpush dam are shown 
in Fig. 1.

The residents of Hosein Abad Village reported several 
slow-moving landslides after the construction of the earth 
dam. Moreover, water seepage was reported from the dam 
reservoir/rivers in downstream of the dam in February 
2019. The first significant landslide was observed in Febru-
ary and March 2019 after heavy rainfall in this area. During 
the first landslide, about 120 houses were damaged, and 
about 50 houses tolerated near the collapse level. The site 
visit of the authors in June 2019 indicated that the damaged 
houses increase to about 570 that about 250 houses expe-
rienced collapse or near-collapse levels. Accordingly, the 
Kalpush landslide provides a unique opportunity to study 
the failure mechanism of the slope after heavy rainfall and 
landslide damage at the urban area scale.

The study area has a lot of climatic variety since it was 
located on the border of the Semnan and Golestan prov-
inces. These provinces have very diverse climatic condi-
tions. The climate of Semnan Province has relatively a hot 
desert climate, while the Golestan Province has a mild and 
humid climate due to being close to the Caspian Sea. The 
average annual temperature and rainfall of the study area 
are about 1.1°C and 440 mm, respectively, so that 50% of 
the total annual rainfall occurs in January, February, and 
March. The topography contour lines of the study area are 
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shown in Fig. 2. As shown in Fig. 2, its topography includes 
mountains and valleys so that the elevation of the dam crest 
decreases from 1343 to 1213 m on the valley floor within 
972 m. Accordingly, the topographic variation has increased 
the potential of landslide occurrence in this area (e.g., Jafar-
ian and Lashgari 2017a; Lashgari et al. 2018). It is noted 
that the seismic hazard level is very high in this area based 
on the seismic standard of Iran (BHRC 2014). Accordingly, 
an earthquake can also lead to a larger displacement during 
the sliding (e.g., Jafarian et al. (2019); Lashgari et al. 2020; 
Javdanian and Pradhan 2019; Lashgari et al. 2021; Javdanian 
et al. 2022).

Characteristics of the landslide

The landslide zone is shown in Fig. 3. The field surveys 
indicate that the characteristics of the Kalpush landslide 
correspond to the behavior of a translational landslide 
(Highland and Bobrowsky 2008). As shown in Fig. 3(a), 
the area and volume of sliding mass are 146,000m2 and 
1,071,640m3, respectively. Moreover, the sliding length is 
around 684 m, while its maximum width is about 339 m. 
The crown of the landslide started from the left wing of 
the dam in the downward stream, as shown in Fig. 3(a). 
The distance between the crown of the landslide and the 
upstream water level is about 166 m. The toe of the land-
slide was located in the down of the valley. The eleva-
tion of the crown and toe is 1349 m and 1234 m, respec-
tively. It is noted that water flow was observed at the toe 
of the landslide during the field survey. Figure 3b shows 

Fig. 3  Location of the landslide. 
a 2019 and b 2010
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the properties of the landslide area in 2010. Comparison 
between Fig. 3 a and b shows the variations of the ground 
surface between 2010 and 2019.

The sliding direction is shown in Fig. 4(a). The sliding 
mass has gradually moved downward from January 2019 to 
March 2019. The average slope angle is around 8.93°, while 
the maximum slope angle is around 17.23°. The maximum 
displacement was observed at the head of the sliding area 
where the access road of the dam moved around 20–25 m. 
The cross section along line A-A is plotted in Fig. 4(b).

Landslide damages

Field investigation in May 2019 indicated that different dam-
ages occurred during this landslide. The access roads of the 
dam and village and the structures located on the sliding sur-
face have experienced large displacements. The scattering of 
damages is shown in Fig. 5. As seen in Fig. 5, the structures 

located on the center axis of sliding tolerated a large deforma-
tion at near-collapse and collapse levels. The building damage 
level is classified based on the deformations of the building 
elements. Palmisano et al. (2018) proposed a damage classifi-
cation for masonry and reinforced concrete buildings. Accord-
ing to Palmisano et al. (2018), buildings with crack width of 
more than 5 mm in masonry elements and more than 4 mm in 
reinforced concrete beams and floors are categorized into the 
damage level of near collapse and collapse, respectively. Gen-
erally, more than 200 houses experienced collapse or are near-
collapse levels. Moreover, the dam access road was destroyed 
and a new road has been established to access the dam.

Figure 6 shows the different landslide-induced damages. 
Figure 6a and c indicate that the movement of sliding mass 
significantly affects the structures built on the main body 
of the landslide. Figure 6c demonstrates a school that was 
destroyed due to the large displacement of sliding mass. Fig-
ure 6b shows a masonry structure located on the eastern bor-
der of the landslide that has moved downstream of the dam. 

Fig. 4  a Characteristics of the 
landslide and b cross section 
of slope
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Fig. 5  Distribution of landslide damages in the study area

Fig. 6  Geotechnical and 
structural damages during the 
Kalpush landslide
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Figure 6d indicates a road pavement that was destroyed during 
the landslide.

Geotechnical and geological properties

The geological map of the Kalpush landslide is shown in 
Fig. 7. Figure 7 demonstrates that the dam has been con-
structed on the sedimentary rocks of the limestone formed 
in the Jurassic period. The RQD values of the rocks (< 50) 
indicated that the rock mass quality is in terms of poor and 
very poor (IRHFS 2019). The rocks are highly weathered 
based on the field investigation and the correlation between 
weathering and RQD values (Ayalew et al. 2002). Moreover, 
the permeability of rocks has increased due to weathering. 
Accordingly, the grouting technic was used to decrease the 
permeability during the construction of the dam. The control 
test after grouting has shown that the degree of permeability 
decreased as an impervious layer (IRHFS 2019). Furthermore, 
the soft clay covered the slopes of the dam.

The geotechnical and geophysical data are not available in the 
sliding area. However, geotechnical borehole and geophysical 
down-hole data were provided near the landslide area. The loca-
tion of the boreholes is shown in Fig. 8. As shown in this figure, 
the boreholes were carried out about 400 m far from the Kalpush 
landslide. Moreover, the variations of the shear wave velocity 
(

V
s

)

 were plotted versus depth in Fig. 8. The shear wave velocity 
was measured up to the depth of 12 m by a down-hole test. The 

average value of V
s
 is around 359 m/s at depths of 0–12 m. The 

different geotechnical tests including the physical and mechani-
cal tests were carried out on the soil samples. The results of 
the tests are summarized in Table 1. The grain size data shows 
the samples fall within the range of low plasticity of clay (CL). 

Fig. 7  Geological map of the study area (after Zanchi et al. 2009)

Fig. 8  Variations of the shear wave velocity
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It is noted that the consideration of three-dimensional particle 
geometries can provide a realistic estimation of soil properties 
(Zheng et al. 2021a, b).

The experimental results show that the surface layer of 
the soil is relatively weak at depths of 0–9 m and then the 
shear wave velocity increases at lower depths. As cited, the 
rocks of the site are highly weathered along with joints and 
cracks as a permeable layer. Accordingly, water seepage 
can play an important role in landslide occurrence when 
the dam reservoir is filled to maximum capacity. However, 
the permeability of the rock was decreased by the grouting 
method based on the geotechnical reports during the dam 
construction processes.

Rainfall data and landslide formation 
process

Figure 9 shows the distribution of rainfall in the Kalpush/
village area. Figure 9a indicates that the intensity of rain-
fall has significantly increased from January to March 
when the maximum deformations have been observed. As 
seen in Fig. 9(a), abnormal intensive rainfall has occurred 
in this area for 3 months so that rainfall intensity is around 
6 times the long-term average value. Moreover, Fig. 9b 
shows daily rainfall from 12 March to 10 April. Figure 9b 
demonstrates that the cumulative rainfall intensity is 
around 337.8 mm for a month which is 7.5 times the long-
term average value. For example, 238.4 mm of rainfall 
occurred from 18 to 20 March. According to Guzzetti et al. 
(2008), the rainfall threshold for the initiation of a land-
slide can be estimated by Eq. (1) as follows:

(1)I = 2.2D
−0.44

Moreover, Jia et al. (2020) employed the satellite-based 
rainfall data and global landslide catalog including land-
slide occurrence in Iran to develop global rainfall—global 
rainfall thresholds as follows:

where I is the rainfall intensity per mm/h and D is the rainfall 
duration per h or days in Eqs. (1)-(2).

Based on Eqs. (1) and (2), the rainfall threshold 
for landslide triggering is estimated around 52.8 and 
23.76  mm/d, respectively while Fig.  9b shows that a 
134.2 mm/d rainfall occurred on 19 March. Accordingly, 
there was a potential rainfall-induced landslide in this area.

The variations of the annual water discharge of the 
Hosein Abad and Ghooshe Degereman rivers are shown in 
Fig. 10 based on long-term average data. These two rivers 
are the main sources of water entering the Kalpush dam 
lake. Figure 10 shows that a large volume of water enters 
the dam by rivers from March to May. The maximum water 
discharge is around 1.6 Mm3 in March and the minimum 
water discharge is around 0.4 Mm3 in October. However, the 
data of the measured monthly reservoir water levels are not 
available. Accordingly, the water level of the dam changes 
during different months which can affect the slope stabil-
ity of downstream. The groundwater flow and rainfall can 
simultaneously affect the stability of the downstream slope.

A conceptual model of the mechanism and formation pro-
cess of the Kalpush landslide is plotted in Fig. 11. As shown 
in this figure, two important factors have caused the huge land-
slide: (1) the precipitation and heavy rainfall and snowfall infil-
trations into CL, and (2) the groundwater flow (seepage) from 
the river and the dam into the weathering rock mass and the 
saturated downstream layer. The variations of these two factors 
can lead to large deformations (e.g., Sun et al. 2013; Liu et al. 
2017; Jafarian and Lashgari 2017; Kalubowila et al. 2021). As 
shown in Fig. 11, the water flow is concentrated at the border 
of two soil layers because of different permeability coefficients. 
It can provide a potential slippage surface and lead to the CL 
movement on the underlying layer. Accordingly, a large-scale 
slide as a translational landslide has gradually occurred in the 
area. Moreover, the precipitation can intensify the slope slid-
ing. This failure mechanism can be observed in different case 
histories in the world (e.g., Zygouri and Koukouvelas 2019; 
Guo et al. 2019; Li et al. 2019).

Numerical simulation

A series of numerical simulations were carried out to com-
prehend the failure mechanism of the slope using the evalu-
ation of rainfall and seepage effects as discussed in Fig. 11. 

(2)I = 0.99D
0.7

Table 1  Geotechnical characteristics of the soil samples

*Based on Hazen’s (1911) correlation

Parameter Standard Value

Layer 1 Layer 2

LL (%)   ASTM D4318 35.5 -
PI (%)   14.7 -
�wet (kN/m

3) ASTM D7263 19 20

�sat (kN/m
3) 20 21

G
s

ASTM D792 2.7 2.7
C′ (kPa) ASTM D2080 15 25
ϕ′° 25 31
K (m/s) Correlation* 1 × 10−6 1 × 10−7

E (kPa) Correlation 4000 10,000
� - 0.33 0.33
Thickness (m) - 0–20 20–200
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The behavior of soil layers was modeled by the Mohr–Cou-
lomb model. The input parameters of the Mohr–Coulomb 
model were obtained from soil test results shown in Table 1. 
The initial stress within the soil body was generated using 
the PLAXIS 2D gravity loading. The standard fixities were 
applied as the mechanical boundary. The factors of safety 
(FS) were evaluated using the fully coupled flow-deforma-
tion analysis. The soil hydraulic and mechanical responses 
were calculated simultaneously in the fully coupled flow-
deformation analysis. The mesh dimensions were selected 

using sensitivity analysis so that mesh density is considered 
higher in the sliding zone. The numerical analyses were car-
ried out for three cross sections shown in Fig. 12.

Evaluation of the rainfall effect

The rainfall intensity as a daily average for 3 months from 
January to March was applied to the slope model. The values 
of the rainfall intensities are shown in Fig. 9. The maximum 
iteration number and tolerance limit were assumed 100 and 

Fig. 9  Characteristics of rainfall 
of the Kalpush area. a Monthly 
rainfall and b daily rainfall 
(after Entezam et al. 2019)
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0.01 for analyses, respectively. The factors of safety (FS) and 
sliding surfaces were shown before and after rainfall for three 
sections in Fig. 13(a-e). Figure 13 indicates that the mean 

value of FS is greater than 1.5 before rainfall. However, the 
mean value of FS decreases to less than 1.5 after rainfall. 
Moreover, the highest reduction of FS occurs in section b-b 
so that FS = 1 shows the sliding threshold. It is noted that 
FS < 1.2 was proposed by Naidu et al. (2018) for the rain-
fall threshold. Figure 13 demonstrates that rainfall led to a 
decrease in the factor of safety by around 1.48 times. Accord-
ingly, landslide occurrence is inevitable in this area after rain-
fall. The potential slip surfaces shown in Fig. 13 demonstrate 
that the whole study area is prone to shallow sliding.

As shown in Figs. 5–6, the most damage was observed 
along section b-b where the lowest FS (= 1) has been 
obtained from numerical analysis. Accordingly, section 
b-b as a critical section was selected for the deformation 
numerical analysis. Figure 14 shows the sliding displace-
ment of section b-b before and after rainfall. Figure 14a 
and b indicate that the maximum displacement of the slope 
is around 3.5 cm before rainfall while it has increased by 
43 cm after rainfall. Accordingly, the structures located in 
this area experienced large deformations in near-collapse 
and collapse levels (> 5 mm) after rainfall as observed 
damages indicate.

Fig. 10  Variation of the annual discharge of Hosein Abad and 
Ghooshe Degereman rivers (after Entezam et al. 2019)

Fig. 11  Conceptual model of 
the mechanism and formation 
process of the Kalpush landslide

Fig. 12  Locations of the 
selected slope cross sections for 
numerical modeling
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Evaluation of the seepage effect

A number of the village residents reported that the build-
ing tracks and water accumulation in the basement were 
observed several months before rainfall. Accordingly, the 
groundwater flow was analyzed for evaluation of the seep-
age effect on slope instability. Figure 15 shows the vector of 
the flow path during seepage and before rainfall. Figure 15 
illustrates that the concentration of flow vectors occurs at the 
border of two layers in the main body and toe of the slope. 
Accordingly, this flow path can cause the CL to slip on the 
bottom layer.

As shown in Fig. 9, the amount of water entering the dam 
changes during different months which can affect the water 
level of the dam. Accordingly, a series of numerical analy-
ses were carried out to study the effect of water seepage on 
the downstream slope stability regardless of precipitation. 
However, the data of the measured monthly reservoir water 
levels are not available. The variations of the slope safety 
factor were plotted versus the variations of the water level in 
Fig. 16. As Fig. 16 shows, the factor of safety decreases from 

1.88 to 1.78 when the water level increases. Accordingly, the 
variations of water level as an important factor can lead to an 
unstable condition for the downstream slope. However, the 
decreased safety factor is not less than the allowable safety 
factor (> 1.5).

Landslide mitigation strategies

Several methods are employed to mitigate soft soils and 
landslide hazards based on the ground improvement tech-
niques including mechanical methods (e.g., shallow and 
deep-compaction techniques), hydraulic methods (e.g., 
dewatering systems), physical and chemical methods (e.g., 
grouting and modification by admixture methods), and soil 
reinforcement methods (e.g., soil nailing method). The 
selection of a ground modification technic depends on sev-
eral factors such as failure triggering mechanism, soil prop-
erties, and construction cost. Alimohammadi et al. (2022) 
presented the advantages, limitations, proposes, and design 
considerations of the deep-compaction method that is useful 

Fig. 13  Safety factor and the sliding surface of the selected sections before and after rainfall
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for geotechnical design engineers and design purposes. The 
geocells and piles as reinforcement strategies can appropri-
ately reduce the stress level for soil improvement aims (e.g., 
Ardakani and Namaei 2021; Hashim and Muntohar 2006; 
Hegde and Sitharam 2015). However, the combination of 
vertical and lateral loadings can affect the performance of 
the piled raft foundations (Deb and Pal 2020; 2021).

In this paper, two landslide mitigation strategies have 
been investigated for the Kalpush landslide, including 
(1) the use of the deep soil mixing wall method (DSMW) 
and (2) the combination of DSMW and soil densification 
method. In the first technique, the number of nine DSMWs 
was considered at the different positions of the slope. 
The position of the DSMWs is shown in Fig. 17(a). The 
width of DSMWs is assumed 5 m and the distance of the 

Fig. 14  Total displacement of 
slope. a Before rainfall and b 
after rainfall

Fig. 15  The vectors of ground-
water flow during seepage 
analysis
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DSMWs was considered less in the critical sliding zone 
(see Fig. 14(b)). The mesh dimensions were refined for the 
analyses of mitigation strategies. According to Fan et al. 
(2018), the soil–cement mixture properties of walls are taken 

as, unconfined compressive strength of 500 kPa, friction 
angle of 36°, cohesion of 160.8 kPa, and elastic modulus 
of 417,850.1 kPa. Figure 17b indicates that the maximum 
displacement of slope decreases from 44 to 25 cm when 
the DSMWs are employed for landslide hazard mitigation. 
Moreover, a comparison of Figs. 14(b) and 17(b) indicates 
that the depth of the sliding zone decreases after the use of 
the DSMW so that the sliding zone changes from a deep 
zone to a shallow zone.

Figure 17 shows that the failure zone changes to a shallow 
zone after the use of the DSMW. However, the displacement 
of the slope is relatively large in the shallow zone. Previous 
studies (e.g., Jafarian et al. 2014; Hegde and Sitharam 2015; 
Zheng et al. 2021a, b; Alimohammadi et al. 2022) showed that 
the use of soil densification methods (e.g., deep compaction, 
vibroflotation, soil-fiber mixtures, geocell reinforcement) can 
increase the shear strength and the stability of slopes. Accord-
ingly, the soil densification method was considered to compact 
the soil layer to mitigate landslide hazards besides the DSMW 
technique. The compacted soil layers are shown in Fig. 18(a). 
Based on Ameratunga et al. (2016), the properties of the com-
pacted soil layer are taken as, friction angle of 32°, cohesion 
of 20 kPa, and elastic modulus of 10,000 kPa. The variations 

Fig. 16  Variations of safety factor versus the variations of dam water 
level

Fig. 17  Performance of DSMW 
technique for landslide mitiga-
tion. a Location of DSMWs and 
b total displacement of slope
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of displacements are shown in Fig. 18(b) after the use of a 
combined landslide mitigation strategy. Figure 18b demon-
strates that the use of a combination method can decrease the 
displacement of the slope by around 41% compared with the 
use of only the DSMW technique. Moreover, the displacement 
decreases from 25 to 8 cm in the critical sliding zone shown 
in Fig. 14(b). It is noted that the results of this study are based 
on assumptions of numerical modeling (e.g., used soil model, 
the uncertainty of soil, and rainfall parameters) and the con-
sideration of these assumptions can develop rainfall-induced 
landslides in the future.

Conclusions

The current paper presented the preliminary results of field 
surveys and experimental investigation of a massive transla-
tional landslide triggered by the rainfall, snowfall, and seep-
age of the dam in Kalpush Village, Meyami County, Semnan 
Province, Iran. The landslide significantly affected buildings 
located on the sliding mass and 250 houses experienced the 
collapse and near-collapse levels.

The site investigations indicate that the landslide poten-
tial is high in the study region. Two important factors have 

caused the destructive landslide in this area: (1) seepage 
flow from the upstream toward the downstream of the dam 
and (2) heavy rainfall for 3 months. A large volume of water 
entered the dam through the Hosein Abad and Ghooshe 
Degereman rivers from March to May. Accordingly, the 
water level of the dam changed during these months which 
can affect the slope stability of downstream. The rainfall 
data during January and March indicated that the cumula-
tive rainfall intensity is 7.5 times the long-term value. The 
rainfall intensity is around 2.5 times the rainfall threshold 
for landslide triggering.

The numerical simulations for three sections of the 
sliding area indicated that the factor of safety of slope 
averagely decreases around 1.48 times after rainfall occur-
rence. The FS of the middle of the sliding mass as the 
critical section decreased from 1.78 to 1 after rainfall. The 
slope displacement increased around 12.3 times after rain-
fall which caused the structures to experience collapse. 
The seepage analysis demonstrated that the concentration 
of groundwater flow occurs at the border of CL and the 
bottom layer. Accordingly, this flow path is led to the CL 
slipping on the bottom layer. The seepage analysis demon-
strated that the concentration of groundwater flow occurs 
at the border of CL and the bottom layer. Accordingly, 

Fig. 18  Performance of 
DSMW-compaction tech-
nique for landslide mitigation. 
a Positions of DSMWs and 
compacted soil layer and b total 
displacement of slope

285   Page 14 of 16



Arab J Geosci (2023) 16:285

1 3

this flow path is led to the CL slipping on the bottom 
layer. Moreover, the variations of the dam water level can 
decrease the safety factor from 1.88 to 1.78.

The comparison of improving slope stability techniques 
showed that a combination technique can reduce the dis-
placement by around 41% compared with the use of only 
one ground improvement method. Moreover, the displace-
ment decreases from around 25 to 8 cm in the critical 
sliding zone. The results of the study can provide a per-
spective on the climate change impacts in Iran for future 
geosystem designs, geohazard prediction, and the selection 
of rainfall-induced landslide mitigation strategies.
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