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pseudo-static back-analysis of one sample landslide was 
performed to validate the strength parameters. The study 
provides necessary data for rapidly creating a map of earth-
quake-triggered landslides.
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1 Introduction

In general, earthquake-triggered landslides can cause 
severe economic, human, and environmental losses, espe-
cially in mountainous areas [1, 2]. Landslides accounted 
for nearly 40% of global natural hazards during 1900–2014 
[3]. Accordingly, identifying the region’s susceptibility is 
highly important to avoid landslide damage or reduce con-
sequent losses. Different methods have been developed on 
local, regional, and national or global scales [4, 5] and have 
broadly been classified into qualitative and quantitative types 
[6, 7]. The group of the quantitative methods includes sta-
tistical methods such as frequency ratio or logistic regres-
sion [8, 9], machine learning methods, e.g., random forest 
[10, 11], artificial neural networks [12, 13] or support vector 
machines [14, 15] and Analytical methods (Newmark Dis-
placement method). Quantitative methods can be divided 
into statistical, machine learning/data mining, and deter-
ministic methods [16, 17]. Newmark (1965) proposed a 
single rigid block method for analyzing the deformation 
of embankments and dams caused by earthquake shaking, 
and Wilson and Keefer (1983) applied it for assessing the 
stability of natural slopes under earthquake shaking [18, 
19]. Since the last decade, using Newmark’s displacement 
method [20, 21] accompanied by the Geographic Informa-
tion System (GIS) has become a functional deterministic 
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approach to prepare the seismic landslide hazard map [22, 
23]. Landslide hazard zonation based on Newark’s perma-
nent displacement analysis is a valuable method for creat-
ing susceptibility or hazard maps [24]. This model treats 
the slope as a rigid body, and the accumulated permanent 
displacement is calculated throughout the analysis process. 
Jibson et al. [25] developed a method for producing a digi-
tal probabilistic seismic landslide hazard map using New-
ark’s method. In this model, Permanent displacement of the 
landslide occurs when the seismic acceleration exceeds a 
critical value, and critical acceleration is a simple function 
of the static factor of safety. The static stability coefficient 
of slopes directly depends on the shear strength parameters 
of the jointed rock masses, cohesive (c), friction angle (ϕ), 
and the determining shear strength parameters of jointed 
rock masses. Laboratory and in situ tests, rock classification 
systems, and empirical criteria are different methods for esti-
mating the shear strength parameters of rock masses. None-
theless, laboratory and in situ tests are unreliable because of 
the associated sample effects and fracture systems [26, 27]. It 
is generally accepted that the obtained shear strength param-
eters from the back-analysis of slope failure are more reliable 
than those from laboratory and in situ testing [28]. On the 
other hand, it has been recently accepted that the empirical 
failure criterion of Hoek and Brown [64] and geotechnical 
strength index (GSI) classification system could be valuable 
approaches for estimating the rock mass strength and defor-
mation parameters [29]. The Newmark sliding block method 
has been used to assess earthquake-triggered landslides in 
Los Angeles, California [30], Roudbar, Iran [31], Greece 
[32], Wenchuan, China [33], Longmenshan, China [34] 
and Lushan, China [35]. In Iran, after The Roudbar-Manjil 
earthquake, Mahdavifar (2006) generated a fully automatic 
version of a GIS-based system relying on a simplified New-
mark’s displacement method to provide a seismic landslide 
hazard zonation map immediately after the occurrence of an 
earthquake or susceptibility map by defining a scenario. This 
study was conducted in Alborz and the central areas of Iran 
[36]. The Roudbar-Manjil earthquake was one of the deadli-
est earthquakes causing extensive fatalities and damage to 
the area in Iran in 1990. According to [37], the earthquake 
occurred 30 min after midnight on June 21, 1990 (local time) 
in the northern province of Gilan, Iran (Mw = 7.3). Several 
landslides and rock avalanches were triggered, the village 
of Fatalak was utterly ruined, and all 120 inhabitants were 
killed in this earthquake [38]. Different studies focused on 
the landslides in this region [39]. Hazard analysis of slopes 
for areas prone to earthquakes can help to prevent or reduce 
the damages. Newmark’s displacement analysis methods are 
beneficial to analyze earthquake-induced landslide hazards 
on a regional scale. Mahdavifar (2006) generated a fully 
automatic version of a GIS-based system relying on a simpli-
fied Newmark’s displacement method which could provide 

a seismic landslide hazard zonation map immediately after 
an earthquake [40]. This study was conducted in Alborz and 
the central areas of Iran. Similarly, Mahdavifar [41] created 
a version of a GIS-based system that could present a map for 
seismic landslide hazard zonation based on a simplified ver-
sion of Newmark’s displacement method [42] following an 
earthquake. Such maps can be used in emergency response 
efforts and public information by the media. In this study, 
the Roudbar-Manjil earthquake was selected as a case study, 
and it was intended to estimate the shear strength parameters 
of the Roudbar geological quadrangle in the Alborz moun-
tains range in Iran. Roudbar-Manjil earthquake occurred 
30 min after midnight on June 21, 1990 (local time) in 
province Gilan of Iran (Mw = 7.3). The research area was a 
2400 km2 quadrangle located at UTM zone 39S between 49° 
and 49° 30° longitudes, as well as 36° 15° and 37° latitudes 
(Fig. 1). The area tends to be humid, facing the Alborz and 
the Caspian Sea. Further, the region is located at a highly 
active seismic zone and is highly susceptible to landslides, 
which can be triggered by any significant earthquake in the 
north of Iran. It is also mountainous (from 150 to 2800 m 
above sea level). This study is focused on the determina-
tion of equivalent shear strength properties for slope stabil-
ity analysis. In this regard, first, landslides triggered by the 
Roudbar-Manjil earthquake were mapped, then rock mass 
strength parameters were obtained based on some sources, 
and finally, pseudo-static back-analysis was performed. The 
study could successfully provide initial data on landslide 
hazard or susceptibility zonation.

2  Materials and methods

2.1  Study area

Here, we focus on the Roudbar area in Iran, affected by the 
1990 Roudbar-Manjil earthquake, to assess shear strength 
parameters. Concerning ground motion, the Iranian territory 

Fig. 1  Flowchart representing steps involved in the assessment of 
strength parameters
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can be divided into two tectonic provinces, including the 
Zagros zone and the Alborz and Central Iran zone.

The research area was a 2400  km2 quadrangle located 
at UTM zone 39S between 49° and 49° 30 longitudes, as 
well as 36° 15 and 37° latitudes (Fig S1). The area tends to 
be humid, facing the Alborz and the Caspian Sea. Further, 
the region is located at a highly active seismic zone and is 
highly susceptible to landslides, which can be triggered by 
any significant earthquake in the north of Iran. It is also 
mountainous (from 150 to 2800 m above sea level).

With regard to ground motion, the Iranian territory can 
be divided into two tectonic provinces, including the Zagros 
zone and the Alborz and Central Iran zone. In the study of 
this region area, Roudbar geological quadrangle, located in 
the Alborz zone, a wide range of geological materials can 
be observed from the metamorphic rocks of Precambrian to 
Quartz sediments. In the Alborz zone, red sandstone depos-
its are located nearly everywhere on Infracambrian, with 
no changes in sedimentation and geological characteristics 
happening in Paleozoic. There are no Silurian and Carbonif-
erous in this area, representing two top volume bulges at the 
above times. Triassic rocks are left uncomfortably overlying 
Permian deposits. The other may be observed at the base of 
Shemshak formation, namely, Jurassic [43].

Figure S2 illustrates digital geologic maps of the quadran-
gle forming the basis to assign material properties through-
out the area. The 1:100 000-scale digital geologic maps of 
the Roudbar geological quadrangle are used in the current 
study.

2.2  Method

For this study, data collection, landslide inventory mapping, 
Google Earth imagery analysis, geographic information 
system (GIS)-based Newmark’s displacement method and 
pseudo- static back- analysis model validation was applied. 
Furthermore, relevant data, including digital elevation model 
(DEM) with 10 m resolution, topographic map, historical 
landslide events, geological map, and shear strength param-
eter data were collected. These data were collected from 
the Central Geological Survey and mineral exploration of 
Iran, field survey, Google Earth imagery from the NASA. 
The landslide location of the study area was identified using 
historical records and Google Earth imagery analysis. Based 
on the data availability, local environmental conditions, lit-
erature, data evaluation, and local people interview, land-
slide inventory map was prepared using ArcGIS 10.1. Slope 
map was extracted from 10 m resolution of DEM, which 
was downloaded from the USGS website. The lithological 
layer map is digitized from the existing geological map of 
the Roudbar quadrangle sheet at a scale of 1: 100,000. the 
shear strength parameters database of geological formations 
is prepared based on Collecting compiled shear-strength and 

uniaxial tests in the quadrangle, The Geological Strength 
Index (GSI) classification system and the judgment of sev-
eral experienced geotechnical engineers.

2.3  Mapping landslides triggered by earthquake

Landslide inventory maps are shown to be an essential part 
of landslide hazard analysis. In other words, preparing land-
slide maps plays a crucial part in documenting the extent 
of landslide phenomena in a region. However, there is less 
than 1% landslide map of slopes [44]. Several studies have 
been conducted to map earthquake-triggered landslides in 
earthquake-prone areas, and some of them also covered the 
current study region [45]. However, these studies’ frequently 
apparent differences in sources, methods, and preparation 
criteria. Three main steps were taken to derive the landslide 
map of the Roudbar-Manjil earthquake in the Roudbar quad-
rangle as follows:

• Studying and comparing reports, maps, and analyses 
performed after the Roudbar-Manjil earthquake in some 
parts of the region;

• Field surveying and verifying previous reports and stud-
ies;

• Comparing the results of the studies and creating an 
inventory of an earthquake-induced landslide in the 
region.

All previous studies were conducted after the earthquake 
and based on different methods and limitations, although 
the study by Mahdavifar [46] seemed to be more realistic. 
Landslide inventory map was prepared by comparing the 
post-earthquake studies and field surveys. After comparing 
all previous studies and field surveys to map the inventory, 
post-earthquake landslides were determined, and the inven-
tory map was prepared using ArcGIS software. Figure 3 
shows a Totally 27 landslides map for the study area found 
based on the data of the 1990 Roudbar-Manjil earthquake 
(Fig. S3).

2.4  Newark’s displacement method

Considering that land sliding is the leading cause of earth-
quake damages, the ability to predict earthquake-triggered 
landslide displacements is vital in many types of seismic-
hazard or susceptibility analyses and the design of engi-
neered slopes. Newmark’s method of modeling a landslide 
as a rigid-plastic block sliding on an inclined plane pro-
vides an applied means of predicting approximate landslide 
displacements. A block’s stability is affected by its weight 
and the friction angle and cohesion acting along a potential 
sliding surface, as illustrated in Fig. 4. However, the method 
requires knowledge of the yield or critical acceleration of 
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the landslide (above which permanent displacement would 
occur), which could be determined by the static factors of 
safety and landslide geometry. The critical acceleration in 
terms of gravity and ac of a slope with the planar slip is 
determined by the Eq. (1), assuming negligible loss, in shear 
resistance during shaking:

where FS is the static factor of safety, a (thrust angle) 
denotes the angle between the slip direction of the center 
of mass and the horizontal [47] (Fig. S4). For the simplest 
model of an infinite slope (i.e., planner slip surface paral-
lel to the slope), the static factor of safety is expressed as 
follows:

where c′, φ′, γ, t, and m are the effective cohesion, the effec-
tive angle of internal friction, the material unit weight, the 
vertical depth of the failure surface, and the ratio of t indi-
cating the location of the groundwater table, respectively. 
The slope-normal thickness is assumed to be 3 m; the most 
common slid depth in landslide-induced earthquakes [47].

2.5  Geotechnical strength parameters database

In the context of Newmark’s method, Determining the rock 
mass strength parameters (φ and c) of the geological forma-
tion is necessary for calculating the safety factor of slopes.

Jibson et al. [48] determined shear strength parameters 
by collecting enormous direct shear test results of various 
local consultants using the judgment of several experienced 
geotechnical engineers in the region and considering all sta-
tistically stable slopes.

Fig. S5 displays a flowchart of the sequential steps 
involved in assessing the corresponding strength parameters 
of geologic formations. To be used in the seismic-landslide 
hazard or susceptibility zonation. The following steps were 
taken to produce a shear strength parameters database of 
geological formations is prepared based on the following 
steps:

• Collecting compiled shear-strength and uniaxial tests in 
the quadrangle and the surrounding regions;

• Using the judgment of several experienced geotechnical 
engineers in the region;

• Using Hoek–Brown method to estimate the strength 
parameters (φ and c) of the geological formation;

• Combining shear-strength and slope data in a factor-of-
safety equation to measure the static safety factors in each 
grid cell based on Jibson’s method.

(1)ac = (FS − 1) ⋅ Sina

(2)FS =
C

�t sin a
+

tan�

tan a
−

m�w tan�

� tan a

The results of about 100 direct-shear and uniaxial tests 
in the study area and the surroundings were collected and 
obtained the experience of local geotechnical and geologi-
cal engineers. There was no good agreement between these 
data sources, and many of the geological units contained no 
shear strength information. Due to the lack of shear strength 
data, the strength parameters of geological units were mainly 
clarified by applying the GSI classification system (Fig. 1).

2.6  GSI Estimating and equivalent shear strength 
parameters

The Geological Strength Index (GSI) classification system, 
proposed by Hoek [49] and Hoek et al. [50], has been consid-
ered as the most acceptable empirical method to estimate the 
rock mass strength and deformation parameters, and it can be 
said that there are no other suitable alternatives for it [51]. The 
GSI is a technique to estimate the rock mass strength in differ-
ent geological conditions, using standard charts, site observa-
tion, and rock mass description. The rock mass properties can 
be determined considering the degree of crushing and dis-
continuities surfaces, indicated by roughness and alteration. 
Combining these two parameters provided a principal basis 
for describing rock mass types with diversified rock structures 
ranging from very tightly interlocked substantial rock frag-
ments to heavily crushed rock masses. Based on the rock mass 
description, the GSI value could be estimated by the contours 
shown in Fig. 5 to reach a value of 0–100, representing the 
overall geotechnical quality of rock masses.

The GSI classification system applies to intact or heav-
ily jointed rock masses. The Hoek–Brown failure criterion 
must be widely accepted for rock masses assumed to be iso-
tropic. In other words, the behavior of the rock mass would 
not depend on the direction of the applied loads. Therefore, 
the slopes in which singular discontinuities impose failure 
surfaces are highly anisotropic, and the GSI system is not 
applicable [52]. When the failure plane passes through sev-
eral zones, the GSI values require particular judgment, and 
the mean values may not be appropriate. A systematic study 
was conducted to analyze the nature and behavior of rock 
masses in the study area.

For this purpose, firstly, an 8-day field investigation 
into 320 geological stations was carried out by the leading 
authors and staff from the Roudbar quadrangle. Based on 
the mapping of the rock exposures, all the data were col-
lected by visual chart assessments at the scale suitable for 
slopes. The sampling stations were identified based on good 
lithological exposures and the condition of slope stability. 
The rock slopes were selected so that they represent varied 
geological and slope stability conditions. The collected data 
included rock mass structure, rock type, joint condition, joint 
roughness, and hydrological condition. The GSI values were 
estimated qualitatively based on thorough geological visual 
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field observations. Figure S6 shows the route and station 
for collecting necessary data based on the geological map.

The rock mass was classified into four classes, i.e., 
blocky, very blocky, blocky disturbed, and disintegrated. 
The surface condition generally varies from smooth to 
poor, slightly weathered to highly weathered with soft clay 
infillings. Surface roughness data showed a wide range from 
rough to slickenside. From the hydrogeological point of 
view, all the visited slopes were dry. Three hundred-twenty 
locations were considered for GSI calculations, as shown in 
Fig. 1. The GSI evaluation showed the typical diagonal trend 
from top-left to bottom-right that depicted decreasing rock 
mass quality. It also showed that GSI values ranged from 25 
to 65, i.e., from the crushed rock to almost intact rock (Figs. 
S7 and S8). Field photographs were taken at all slopes.

The re-evaluation of photographs revealed a structurally 
controlled behavior in some stations. Therefore, the GSI 
system was inappropriate. For this reason, the correspond-
ing data of 26 stations were ignored, and 294 stations were 
considered for representing the area. Figure 3 shows the GSI 
measuring for two types of rock structures (Table 1).

Rock mass shear strength parameters (φ and c) are 
estimated by Roclab software. The commercial program 
RocLab could provide a simple and intuitive implementa-
tion of the Hoek–Brown failure criterion, allowing eas-
ily obtainable and reliable estimates of rock mass prop-
erties and visualizing the effects of changing rock mass 
parameters on failure envelopes. The uniaxial compressive 
strength σci and the material constant mi are determined 
by laboratory testing or estimated from published tables. 

Table 1  Field estimates of the uniaxial compressive strength of intact rock pieces

a the mininmum value of σci and mί was assumed to prevent the removal of the sensitive slopes

Gradea Term Uniaxial 
compres-
sive
strength 
(MPa)

Point load  
index
(MPa)

Field estimate of strength Examples

R6 Extremely strong  > 250  > 10 Specimen can only be chipped with a 
geological hammer

Fresh Basalt, Chert, Diabase, Quartzite

R5 Very strong 100–250 4–10 Specimen requires many blows of 
geological

hammer to fracture it

Gabbro, Gneiss, Granodiorite
Limestone, Marble, Rhyolite, Tuff

R4 Strong 50–100 2–4 Specimen requires more than one blow 
of a geological hammer to fracture it

Limestone, Marble, Phyllite, Sandstone, 
Schist, Shale

R3 Medium strong 25–50 1–2 Cannot be scarped or peeled with a 
pocket knife Specimen can be fractured 
with a single

blow from a geological hammer

Claystone, Coal, Concrete, Schist Shale, 
Siltstone

R2 Weak 5–25 b Can be peeled with a pocket knife with
difficulty, shallow indentation made by 

firm blow with a point of a geological 
hammer

Chalk, Rocksalt, Potash

R1 Very weak 1–5 b Crumbles under firm blows with a point 
of a geological hammer

can be peeled by a pocket knife

Highly Weathered or Altered Rock

R0 Extremely weak 0.25–1 b Indented by thumbnail Stiff Fault Gouge

Table 2  Values of constant m 
for intact rock by the rock group

Rock name mi Rock name Mi Rock name mi Rock name mi

Conglomerate (22) Micritic limestone 8 Gneiss 33 Diorite (28)
Sandstone 19 Gypstone 16 Schists 4–8 Andesite 19
Siltstone 9 Anhydrite 13 Phyllites (10) Gabbro 27
Claystone 4 Marble 9 Slate 9 Dolerite (19)
Greywacke (18) Hornfels (19) Granite 33 Basalt (17)
Chalk 7 Quartzite 24 Rhyolite (16) Norite 22
Coal (8–21) Migmatite 30 Obsidian (19) Agglomerate (20)
Breccia 20 Amphibolite 25–31 Granodiorite 30 Breccia (18)
Sparitic Limestone 10 Mylonites 6 Dacite 17 Tuff (15)
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Due to the lack of experimental data, the σci of the intact 
rock and mί were directly determined from Tables 2 and 
3, according to suggestions by Hoek–Brown. Table 2 was 
the source for selecting σci as well as the updated values 
of mί available in Marinos and Hoek [36] (Table 3). The 
minimum value of σci and mί was assumed to prevent the 
removal of the sensitive slopes.

Unit weights were selected from published tables or 
similar data like Barton and Choubey [14] due to the lack 
of experimental data.

Another effective parameter was the disturbance factor 
(D), representing the degree of disturbance, ranging from 
0 for undisturbed in situ rock masses to 1 for disturbed 
rock masses. The influence of this disturbance factor 
could be enormous. Sonmez and Ulusay, Cheng and Liu, 
Lorig and Varona, and Merrifield and Lyamin investi-
gated the effect of the disturbance factor [12, 19]. Hoek 
et al. also highlighted that D = 0.7 and D = 1.0 are good 

suggestions for poor and good blasting for small-scale 
rock slope blasting, respectively. D was assumed to be 
equal to unity in the current work to consider the effect 
of sensitive slopes.

2.7  Computing the static factor of safety

The static factor of safety for each grid cell must be esti-
mated to validate the results of the obtained strength 
parameters, using Newmark’s method and Formula 2, and 
as a significant constraint, the static slope model must be 
stable. In the following sections, each of the required steps 
is discussed in detail.

2.8  Moisture Map

The normalized difference moisture index (NDMI), which 
was proposed, was used to assess the moisture content. 

Table 3  Shows values of initial 
geotechnical properties of 
Permian rock mass

Age Geology units Shear strength 
parameters based 
on Hoek and Brown 
(1980)

Age Geology units Shear strength 
parameters based 
on Hoek and 
Brown (1980)

C (MPa) Φ C (MPa) Φ

Quaternary Q al – – Paleocene E 3tb 0.28 32.9
Q c – – E 3tv 0.47 44.42
Q tr – – E 3v 0.27 45.4
Q t2 – – E 2tv 0.47 43.83
Q f2 – – E 2t 0.3 43.6
Q t1 – – E 2v 0.29 28.7
Q f1 – – E 1tv 0.39 31.3

Neogene PlQs 0.1 25.5 E 1v –
Pls 0.45 28.7 E 1t 0.32 26.8
Ng – – E 1t 0.46 26.63
Ng 2 0.43 32.1 Cretaceous K1 c 0.34 25.11
Ng 2 m 0.13 35.5 K1 1 0.15 34.8
Ng 2 ss1 0.54 32.6 K1 2 0.33 45.91
Ng 2 cs 0.31 37.02 K2 sh 0.49 15.05
Ng 1 0.29 37.84 K2 pa c s 0.34 25.1
Ng 1 cs 0.31 27.02 J1 3 K 1 1 0.24 30

Paleocene Mv 0.32 28.5 J1 2–3 0.12 30
G1 0.76 48.83 Jurassic J mv 0.4 51.5
G2 0.47 54.42 T J sh ssh 0.22 30.12
EO ssh 0.29 26.6 T J 1cs 0.8 35.11
EO s 0.15 33.6 T J1 s 0.4 27.5
E tv 0.39 46.5 T J sl 0.29 16.6
E v 0.33 41.3 Permian P 2–3 0.28 42.2
E t 0.47 33.8 P ls 0.08 33.2
Eta 0.45 28.1 Ps D 0.05 34.6
EO mt 0.13 21.1 DEV Dv 0.48 49.8
E 3tsh 0.23 39.8
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This could be derived from Landsat spectral bands 4 and 
5 and calculated using Eq. (3) as follows:

This index contrasts the near-infrared band four and the 
mid-infrared band 5, which is sensitive to the reflectance 
of the leaf content and the absorbance of leaf moisture, 
respectively. The NDMI was used in this study due to the 
following reasons:

1. The number of rainfall stations in the study area was 
insufficient to provide the information layer.

2. The rainfall in different seasons is different, and the soil 
and rock do not absorb the precipitation in the area.

(3)NDMI = [Band 4 − Band 5] ∕ [Band4 + Band 5]

3. The amount of water absorption by the stone and soil 
is variable, and water absorption in the rock is highly 
lower compared to the soil. Using this method, NDMI 
images were created using Landsat spectral in 1999, 
close to those of the 1990 Manjil earthquake in terms of 
the occurrence time (Fig. 2).

Slope Map.
First, GIS software was employed, and then the 10 m 

digital elevation model (DEM) was produced by the 1:50 
000-scale topographic map. Next, a simple algorithm of the 
DEM was applied to produce the slope map to compare the 
elevations of adjacent cells and compute the maximum slope 
(Fig. 3).

Fig. 2  Moisture content map derived by NDMI (Note. NDMI: Normalized difference moisture index.)
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3  Result

3.1  Shear‑strength data

Representative shear-strength values for geologic units were 
selected based on the mentioned steps. This choice is due 
to the need to simplify the analysis and use it on geotech-
nical parameters’ variability. For this purpose, cohesion 
and internal friction angle were obtained based on the field 
studies and Roclab software. The outputs from these values 
are considered as the most probable values of geotechnical 
parameters. These values must be considered values that 
have the highest probability of approaching the real ones. To 
determine the minimum and maximum values of geotechni-
cal parameters (cohesion and internal friction angle) for each 
of the area’s geological units, completely fractured rocks 

and perfectly intact rocks were assumed, respectively. These 
values are utilized in the analysis of each unit. Figures S9 
and S10 show the friction and cohesion values assigned to 
the geologic units.

3.2  Factor‑of‑safety map

After preparing data layers and information, the average 
values of the shear strength parameters of the sources were 
included in the initial model iteration. For non-rock forma-
tions, the values of the peak shear strength parameters were 
assigned to each unit based on similar formation data and 
some laboratory tests. The result of combining information 
layers (i.e., friction angle, cohesion, and slope) in Eq. (2) as 
a static factor of the safety map (Fig. 4).

Fig. 3  Slope map derived from the DEM (Note. DEM: Digital elevation map)
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3.3  Model validation

In this paper, a systematic approach of back analysis is 
proposed using the sensitive Pseudo-Static Back-Analysis 
method. The objective of this study is to identify shear 
strength parameters data that cause slope failure from the 
available information.

3.4  Pseudo‑static back‑analysis

Determining the slip surface of shear strength parameters 
is tricky in geotechnical engineering. The slip surface 
might be considered a full-scale field shear test in the soil 
and rock slopes. Deschamps and Yankey have extensively 
discussed the limitations of this approach. Back-analysis is 
a powerful method in understanding the failure mechanism 

and determining the shear strength parameters of failed 
masses [94], although it is only possible for failed slopes. 
A successful back-analysis in rock slopes depends on the 
mechanism of instability.

According to Sharifzadeh et al. [40], back-analysis is 
an appropriate method for slopes in hard jointed rocks and 
slopes in heavily jointed and weak rock masses. The inter-
nal friction angle is commonly assumed in back-analysis 
to calculate the other ones, and the safety factor is consid-
ered equal to unity. The Mohr–coulomb linear criterion 
and Hoek–Brown nonlinear criterion using the specific 
method, developed by Sonmez et al. [41], are generally 
incorporated for the back-analysis. On the other hand, the 
limit equilibrium method is suitable for structural and non-
structural failure despite all limitations.

Fig. 4  Static factor-of-safety map of the part of the Roudbar quadrangle
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3.5  Pseudo‑static coefficient

The most important part of dynamic analysis is determining 
the seismic load acting on the slopes. The pseudo-static analy-
sis is one of the most straightforward approaches used in earth-
quake engineering, and determining the seismic coefficient is 
the most challenging task in the pseudo-static slope stability 
analysis. This analysis considers the seismic load acting on the 
slopes through constant horizontal and vertical coefficients (kh 
and kv), respectively. Although appropriate coefficients may 
play a significant role, there are no definitive rules for their 
selection. According to different criteria, the seismic coeffi-
cient should be considered part of peak ground acceleration 
because soil slopes are not rigid, and the peak acceleration 
could be generated quickly. Table 4 presents the horizontal 
seismic coefficient values recommended for the design. In this 
study, one-half of the peak horizontal acceleration was sug-
gested as an appropriate coefficient for soil slopes.

3.6  Topographical effect

It is widely accepted that topography affects seismic loads’ 
amplitude and frequency content. Its effect on the ground 
shaking has been observed during many previous earth-
quakes (e.g., 3rd March 1985, Mw 7.8, Chile Earthquake, 
Loma Prieta Earthquake, Hartzell, et al., 1994; 17th January 
1994, Mw 6.9, Northridge Earthquake. There are signifi-
cant differences between the levels of the anticipated ground 
motions. Some studies report that amplitudes can increase 
ten times theoretical estimates [99]. However, the codes did 
not include technical notes regarding side effects until 1790. 
Ps-92 of France, EC-8(2000-Draft2002), and Iranian 2800 
code are some cases that consider a 2D topographical ampli-
fication factor. In the Iranian 2800 code, the topographic 
amplification factor is equal to 1.4 times in slopes with 30 m 
height and steeper than 15º. In this study, the topographic 
amplification factor was selected to be about 1.4.

3.7  Peak horizontal acceleration

Overall, 50 accelerographs are recorded in the Manjil-
Roudbar earthquake within a radius of 250 km around the 
earthquake epicenter. The most vigorous ground motion was 
recorded at Abbar station at about 8 km from the major fault. 
The maximum horizontal and vertical values were approxi-
mately 0.65 and 0.52 g (Fig. 14), respectively.

3.8  Lakeh landslide back‑analysis

As shown on the landslide inventory map (Fig. 5), 27 land-
slides have occurred in the study area, most of which are in 
the soil material at the lower part of the GSI chart where 
GSI could not be determined using the Hoek–Brown 
method. Only a limited number of the triggered landslides 
were situated in the rock mass, capable of overcoming 
the limitations of the Hoek and Brown criterion. Five 
landslides were located in the Lakeh region northwest 
of Roudbar, one of which contained a rotational failure 
mechanism and was selected for the back-analysis in this 
study (Fig. S11). The shear strength of the sliding surface 
was unknown in the back-analysis, while the shape of the 
landslide was known. The slip mechanism was evident 
in the selected landslide, whereas the slip surface was 
unclear. The failure mechanism, critical slip surface, and 
strength were investigated in the back-analysis. The land-
slide was about 160 m high, and the slope was 350 m long 
and 3.7 km far from the major Roudbar-Manjil fault. Due 
to the coherent nature of the silty sandstone, the rock mass 
was assumed homogeneous and isotropic.  In the back-
analysis process, the internal friction angle was assumed 
constant. The cohesion value was investigated based on the 
complexity involved in cohesion determination by employ-
ing sensitivity analysis to determine the c value with a 
constant value of the friction angle. The safety factor is 
considered equal to unity, which is the rupture threshold. 

Table 4  Recommended 
horizontal seismic coefficients 
[43]

FOS Factor of safety; PHA Peak horizontal acceleration, in g’s

Horizontal Seismic Coefficient 
(kh)

Description

0.05–0.15 In the United States
0.12–0.25 In Japan
0.1 “Severe” earthquakes Terzaghi [4]
0.2 “Violent, destructive” earthquakes
0.5 “Catastrophic” earthquakes
0.1–0.2 Seed [2], FOS $1.15
0.10 Major Earthquake, FOS > 1.0 Corps of Engineers [5]
0.15 Great Earthquake, FOS > 1.0
½ to a of PHA Marcuson [6], FOS > 1.0
½ of PHA Hynes-Griffin [7], FOS > 1.0
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The average unit weight (γ) of the heavily broken portion 
of the silty sandstone was 22 kN/m3. Based on Table 4, the 
average internal friction angle and cohesion values were 
about 40 and 230 kN/m2, respectively. No groundwater 
table was observed in the slope, and it was kept dry.

SLIDE, version 5.0 was adopted to perform sensitive 
pseudo-static back-analysis in the case studies. The soft-
ware was proved to be suitable for limit equilibrium analy-
sis based on Bishop’s simplified method (Bishop, 1955). 
The maximum horizontal acceleration was also considered 
to be 0.455 [0.5* (1.4*0.65) = 0.455].

For the sensitive pseudo-static back-analysis, ϕ = 33 and 
a range of ± 20 kN/m2 were selected for the maximum and 
minimum cohesion values. As shown in Fig. 6, the mini-
mum safety factor value was about 1.009, and there was a 
good compatibility between critical and actual slip surfaces. 
Based on the sensitivity back-analysis, the cohesion value of 
the rupture threshold was 221.5 kN/m2 (Fig. S12).

4  Discussions

Based on the results of the back-analysis, using aver-
age lithological shear strength parameters, there was high 

compatibility between the slope geometry and location 
of the sliding surface and the observed slip surface. The 
shear strength parameters of each lithology were obtained 
by studying several stations based on the GSI method, and 
their critical values were considered. The shear strength 
parameters of the obtained sliding surface from the back-
analysis were less than the average shear strength parameters 
(Table 4). In other words, landslides occur where the shear 
strength parameters are less than the values resulting from 
the Hoek–Brown method.

5  Conclusions

In general, assessing the strength parameters of medium-
scale geological formations, which thousands of slopes may 
encounter, could be an essential research topic in slope sta-
bility analysis. Seismic-landslide hazard zonation in the 
regional scale using Newmark’s displacement method and 
GIS software proved straightforward and applicable. The shear 
strength parameters of the geological formation were neces-
sary. According to previous studies and field investigation, the 
earthquake-induced landslide inventory map of the region in 
the Roudbar-Manjil Earthquake was prepared. In general, 27 

Fig. 5  Abbar station a and horizontal component of the strong motion b p recordings of the Manjil-Rudbar earthquake (BHCR)
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recognized landslides were found and mapped after comparing 
these studies. The shear strength parameters in the Roudbar 
quadrangle as a high-risk landslide area were determined using 
several sources. The GSI classification system was employed 
to obtain the GSI of 400 points in all formations. The shear 
strength parameters were determined by this method, compiled 
shear data, and experienced geological engineers. The average 
values of the shear strength parameters of the sources were 
assigned as the constraints, according to which all slopes were 
considered statically stable. Moisture content was calculated 
using the NDMI. Finally, the required shear strength param-
eters for the stability of the computer model were obtained, 
followed by obtaining and comparing the shear strength 
parameters of all formations with those of other studies. These 
parameters were near the average values of the shear strength 
data. The data were used to analyze seismic-landslide hazard 
zonation, emergency response efforts, and public information 
through the media.
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