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1-Introduction

Mass movements are complex phenomena. Researchers have stated that the landslide results from soil type,
heavy rainfall, deforestation, and a network of high-density rivers (Woldesenbet et al., 2023a). Also,
rainfall, soil characteristics, underground water level, and slope dip were known to affect landslides
(Woldesenbet et al., 2023b). A combination of geotechnical and geophysical techniques has been suggested
in landslide investigation (Kabeta et al., 2023). Meanwhile, rainfall has been introduced as one of the most
important factors in landslides (Dikshit et al., 2020). Many natural and human factors include lithology and
soil type, fault zones, rainfall, steep slopes, seismic activities, changes in the geometry of the slopes,
construction on the slopes, and vibrations caused by heavy traffic (Evans et al., 2009, Tang et al.,2011,
Kothyari et al., 2012, Sorbino and Nicotera, 2013, Guerriero et al., 2021, Singh et al., 2022, Thakur et al.,
2023). The main object of this research is the technical and economic optimization of the field study
methods of rotational landslides as the most widespread and damaging mass movements using stratigraphy
principles and geotechnical and geoelectrical field integration. The results of geoelectrical investigations
comply significantly with the analysis obtained from field tests of soil mechanics, and the geoelectrical
method with a dipole-dipole array can replace a significant part of conventional drilling at a low cost.

2- Material & methods
This research has been carried out in three stages as follows:

2-1- Field operations and sampling

Geotechnical investigations were carried out by drilling three boreholes and taking 17 intact and damaged
samples. The geoelectric operation was carried out with Schlumberger and Dipole arrangement to reach the
bedrock depth, the shape of possible sliding surfaces, sequence of sediments, and sedimentation on about
7 hectares.

2-2- Laboratory studies

Soil mechanics tests, including soil moisture percentage (MC), Liquid limit (LL), plastic limit (PI),
granularity, uniaxial, direct cutting, and permeability with variable height, were performed. In addition,
XRD and XRF analysis were performed on three marl samples of different colors.

2-3- Data analysis
Landslide stability was analyzed using numerical models and Plaxis software.
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3-Results and discussion

3-1- Geographical location

The landslide is located 2 kilometers west of Afsarabad village, and its geographical coordinates are
50°24'22" east longitude and 32'09'16" north latitude, respectively (Fig. 1).

3-2- Geology

The oldest stratigraphic unit of the region includes fossiliferous marl limestones, thick-layered limestones,
and sandy clay limestones equivalent to Sarvak Formation (k, k7) and blue-gray marl and shales containing
thin clay layers of Gurpi Formation (k8). The red conglomerate, along with pieces of chert, sandstone, and
siltstone equivalent to Kashkan Formation (E) began, and after that, white marl and dolomite limestone
belonging to Jahrum and Asmari formations (EO) were deposited. In several outcrops of the Pabdeh
formation (Pd) with marl and thin limestone lithology, a clay layer is placed at the base (EO). On the
aforementioned dolomitic limestones, thick-layered limestones and marly limestones containing interlayers
of marl and sandy limestone (OM2) and colluvial sand with pebbles (QR), deposits and unstable slope soils
(Qt2) containing cemented and strong terraces Medium and coarse limestone fragments have been
deposited along with wind deposits (Qt1) and finally loose and detached river alluviums (Qal) (Fig. 2).

3-3- Landslide geomorphology and stratigraphy

The creation of a v-shaped valley with the base towards the top of the range and cutting the linear structure
of the region, indicating the separation of a huge wedge of soil and rock mass with lithological sequence,
Gurpi marl, Kashkan conglomerate, Jahrum, Shahbazan and Asmari limestones from the upper part of the
range and rapid invasion towards the bottom of the valley and Doab-Samsami river (Emami, 2010). In Fig.
s (3-a and b), the mechanism of old and new landslides is well shown.
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Fig. 1. Geographical location of the study area

In the area of the studied landslide, on the crest of the landslide, there are scarps between 50 and 100
cm in height, while at the eastern edge of the slope, where the boundary of the landslide is visible, the height
of the scarps varies between 50 and 300 cm (Fig. 4 and 5). The area of the landslide section in the last
general movement (1996) was 3.3 hectares. The length of the landslide from the road to the foot is about
300 meters, and its width varies from 60 meters in the foot to 140 meters in the middle of the slope.
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Fig. 2. Geological map of the Afsarabad area (Do-Ab Samsami watershed)
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Fig. 3. (a) Early geological cross-section before the big ancient landslide (non-scale), and (b) Current geological
cross-section of Afsarabad landslide (after old and new landslides)

3-4- Mineralogy

Analysis of the XRD diagrams shows the interesting peak similarity related to quartz, kaolinite, and
montmorionite minerals. Since Montmorillonite has considerable expandability, this mineralogical
composition can be considered an intrinsic factor in increasing the domain's sensitivity to fracture and slip
phenomena.

Geotechnical properties of materials involved in landslides: The depth layer with GC texture (clay
gravel) can be separated in the studied slope after this depth. According to the results of Geoelectrical
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operations, marl is the main lithology with a depth of more than 50 meters. Therefore, the drainage in the
CL layer is very weak, and the persistence of water in this layer, even in limited rainfall, while creating
saturation conditions, provides the basis for instability.

3-5- Stability analysis using Plaxis software

According to the output maps obtained from the stability analysis of Afsarabad landslide using Plaxis
software, especially the total strain and horizontal displacement map, the old landslide is rotating at a depth
of about 28 meters at the border of MH-ML soils and marl, from the upper part of the range to the toe. At
the toe of the slope, no movement in the vertical direction is observed.

3-6- Geoelectric surveys

The geoelectrical method is used in order to determine the lithology fluctuations and diversity of the range
to great depths, as well as to draw the rupture surfaces and possible landslides (Constantin et al., 2011;
Bellanova et al., 2018; Pasierb et al., 2019). In this regard, the Schlumberger array was used to determine
the slope lithology, and the dipole-dipole array was used to determine the depth and shape of the sliding
surfaces. The profiles drawn in the dipole-dipole method (Fig. 4) show that the landslide is a rotational
type (Slumping), and near the outcrop, the depth of the landslide is more than 20 meters, while in the toe
of the slope, its depth is about 30 meters. Nevertheless, lithology is not considered as a determining factor
or, in better words, a limiting factor of sliding levels because, in all layers, including the upper crust, middle
deposits (colluvial), and thick marl layer, Multiple slip surfaces have been formed with various safety
factors (Emami, 2010).
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Fig. 4. Geoelectrical Profile No. 3- Dipole-Dipole array (near the sliding toe)
4-Conclusion

- The use of the geoelectric method has provided results that are completely similar to the findings of
costly geotechnical explorations along with software analysis, which shows the great efficiency of the
geoelectric method with a dipole-dipole array in detecting the variety of lithology of the slope and the depth
of the sliding surfaces.

- The presence and seasonal fluctuations of groundwater caused weathering because of the expansion
and contraction of expanding soils with increasing runoff and piezometric levels of the slope due to rainfall.
Heavy long-term and sometimes high intensities of short-term rainfall, the occurrence of consecutive
earthquakes of about 4 Richter, irrational cutting of the Shahrekord-Masjed Soleiman road incomplete
drainage systems, especially on the bank of this road, and the production of artificial vibrations, especially
due to the passage of heavy machinery, cause the instability of the slope.

- The stability analysis results show that the increase in underground water level due to heavy rainfalls,
the increase in permeable water pressure, and the decrease in effective stresses cause instability. Therefore,
the best measure to increase the stability of the slope is to create drainage systems at the toe of the slope
and along the length of the slope to lower the underground water level to a depth of 20 meters from the

1102 ISSN: 2717-0764



wVa

shahid Chamran Adv. Appl. Geol. Winer 2025, Vol. 14(4): 1099-1123

University of Ahvaz

surface and to adjust the slope of the road edge up to 12 degrees using steps or terraces. Due to the high
compatibility of the results of surface geology-geoelectric and engineering geology (based on soil
mechanics tests in the field and laboratory) on the slope deposits, the use of geophysical methods, especially
geoelectricity suggested to be effective and cost-effective in the study of unstable slopes.
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Geology map of DOAB Basin

E: Conglomerate (KashKan formation)

EO: Dolomitic Li hahb fi tion)
K: Gray massive limestone

K7: Marly & Sandy limestone

K8: Marl (Gurpi formation)

OM2: Massive limestone (Asmary formation)

PD: Clayey &Marly limestone (Papdeh formation)
Qal: Alluvium

QR: Colluvium (Pediment)

Qt1: Young terraces

Qt2: Oid terraces
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Fig 2. Geological map of Afsarabad area (Doab Samsami watershed)
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Fig. 3. Afsarabad landslide area and Doab Samsami River (looking north)
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Fig. 4.(a) Picture of scarp in landslide crown and (b) Picture of eastern Landslide scarp
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Fig 5. (a) Early geological cross section before the big ancient landslide (not to scale) and (b) Current geological cross
section of Afsarabad landslide (after old and new landslides) (Emami et al,2010)
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Fig 6. flow chart of research
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Fig. 7.(a) Subsidence along with the cracks in the base of the Shahrekord-Masjed Soleyman road and (b) The depth of
the cracks that caused the destruction of the bridge foundation
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Tablel. The results of XRF analysis on the marls of Afsarabad landslide mass

Oxide
SiO2 Al203 Na.O K20

sample
1 34.71 8.25 0.11 1.52
2 29.87 8.01 0.12 1.41
3 21.38 4.47 0.08 0.87

CaO MgO Fe203 TiO2 SOs3 L.O.1
22.46 1.27 4.81 0.47 0.08 26.23
24.64 1.87 4.37 0.46 0.06 29.05
36.75 0.98 2.40 0.5 0.09 32.72
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Table2. The results of measuring the water of the main spring and the outlet waters of the Afsarabad landslide mass

(L/S)
3 year 2" year 1t year year
Output
WaSE hillside toe Sr;‘ﬁin”g WaSE hillside  toe Sr;‘ﬁin”g WaE hillside toe Sr;‘ﬁin”g
Month
0.64 0.72 - 0.26 0.48 0.77 0.52 0.52 - - 0.44 - Farvardin
0.22 0.18 - 0.22 0.23 0.53 0.26 0.45 - - 0.29 - Ordibehesht
0.01 0.027 0.035 0.19 0.05 0.75 0.15 0.37  0.025 0.06 0.13 0.24 Khordad
0 0 0 0.15 0 0 0.04 0.2 0 0 0 0.18 Tir
0 0 0 0.12 0 0 0 0.18 0 0 0 0.13 Mordad
0 0 0 0.09 0 0 0 0.14 0 0 0 0.1 Shahrivar
0 0 0 0.08 0 0 0 0.1 0 0 0 0.08 Mehr
0 0 0 0.08 0 0 0 0.1 0 0 0 0.08 Aban
0.96 1.4 - 0.18 0.1 0 0 0.12 0 0 0.017 0.2 Azar
3.32 2.5 0.8 0.9 0.33 0.52 0.75 0.14 0 0.4 0.16 0.15 Dey
4.42 3 - 1.1 0.48 0.58 - 0.13 5 0.45 0.43 0.18 Bahman
4.44 3.58 - 1 0.66 0.67 - 0.19 1.14 0.6 0.85 0.31 Esfand
SLlpudl (o3a) 5k 0350500 0 dly slacl (plard 428 b Y Jgaz
Table 3.The results of chemical analysis of waters in Afsarabad landslide area
Meq/I
Number Sample specifications pH
Na* Mg?* Ca?* Cl- HCOs COs*
1 The main spring above the g 5 0.07 12 2.4 0.9 3 0.6
2 Hillside output 8.2 0.09 1.2 24 0.8 2.8 0.6
3 Landslide toe 8.5 0.1 1.7 2.4 0.6 2.8 0.8
Afsarabad village )witness
4 8.3 0.07 1.6 24 0.8 3.3 0.6

(spring
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Table4. Summary of results of soil mechanics tests (on damaged samples)

Borehole Depth

number
(m)

1
2

1
3
4
5
1
2
3

2 4
5
1
2
3
4

3 5

Unified
classification

GC

CL

GC

CL

ML

CL

CH

CL

GC

wet

2.01

1.96

2.06

1.69

1.73

2.02

1098

1.99

211

(kg/cm®) Density

dry

1.84

1.67

1.79
1.48
1.46

1.73

1.58

1.88

1.98

Liquid
limit
%LL

46

47

49

59

48

44

46

49

44

39Y
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Standard Penetration Test

15cm 15cm 15cm Sum
Penetration First Second 30 cm

2 3 3 6

3 4 4 8

2 2 3 5

3 5 4 9

2 4 3 7

2 3 3 6

3 3 4 7

2 2 6 8

4 8 5 13
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Table 5. Geotechnical parameters of materials involved in Afsarabad landslide

_ The second layer The third layer The fourth layer
parameters (CL) The first layer Go) (ML-MH)
( (Marl rock)
Yunsat [KN/m3] 17 16.9 17 24.4
ysat [KN/m3] 20.43 20.33 20.43 26.6
kx [m/day] 0.004 0.086 0.004 0.001
ky [m/day] 0.0004 0.009 0.0004 0.0001
Eref [KN/mZ2] 3458 11934.83 16800 56000
v 0.33 0.25 0.29 0.29
C'ref [KN/m?] 13 7 24 1000
' [°] 23 27 17 28
Cu [kN/m2] 83 13 71 _
O[] 7 24 9 _
¥ I[°] 0 0 0 0
Chart 1
Sam-Mhesight
I e el e B ——
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Fig. 8. Safety factor obtained for Afsar abad landslide in dry season and wet season using software plaxis.
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Table 6. A brief list of common causes of landslides
1.Conditions and features of the land
1) Weak plastic materials, sensitive and collapsible materials
2) weathered and cracked materials
3) Rock mass discontinuities and geological structures with opposite and different orientation
4) Differential permeability and its effects on groundwater
5) Distinct hardness and roughness (hard and dense materials on plastic materials)

2. Geomorphological processes

1) Volcanic and tectonic uplift

2 Ice expansion

3)Flood erosion, wave erosion of the tongue (claw) of the slope
4) subsurface erosion (dissolution, drainage and piping)

5) Loading on the slope

6) Destruction of vegetation (due to erosion, forest fire, drought)

3. Physical processes

1) Heavy and short-term rains and flash floods on the slope, high tides or natural dams breaking
2) Rapid melting of thick and dense snow

3) Long-term heavy rains

4)Earthquake and volcanic eruption

5) Melting and stretching of frozen soils

6)weathering caused by freezing and thawing

7) Weathering caused by expansion and contraction of expanding soils

4. Man-made processes

1)Digging the slope or its toe

2) Loading on the slope or its toe

3)Settlement and seepage from reservoirs

4) Irrigation

5) Maintaining incomplete drainage systems

6) Water seepage from services (water reservoirs, sewers, torrential rains)

7) Destruction of vegetation

8) mining and extraction (open pits or underground galleries)

9) Creating a pile of perishable waste

10) Artificial vibrations due to traffic, spark plugs, passing heavy machinery
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Fig.11. Geoelectrical profile number 3 - Dipole-dipole array (near the tip of the slip). The red curve indicates the slip
surface.
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