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In this study, three earthquake-induced rock fall hazard maps of the regions affected
by Varzeghan-Ahar earthquake doublet are presented. On August 11, 2012 an
earthquake doublet (Mw= 6.5 and, Mw= 6.3) struck Varzeghan, Ahar and Heris
regions (located in Azerbaijan-e-Sharghi province of Iran). Most of the landslides
triggered by the earthquakes were rock falls and disrupted rock slides. Several rock
fall zones, some with more than 150 rock falls were recorded, the farthest one
approximately 45 kilometers away from the earthquake epicenters. A landslide
inventory map of the region was prepared using field survey gathered data and
satellite imagery analysis. Three methods of Information Value (IV), Logistic
Regression (LR), and Analytical Hierarchy Process (AHP) were used for earth-
quake-induced rock fall hazard zonation. LR and IV are quantitative landslide
hazard zonation methods, and AHP is a qualitative one. The results from each method
were then compared using Receiver Operating Characteristics (ROC) curve. The
area under ROC curve (AUC) was 0.927, 0.90, and 0.898 for LR, IV, and, AHP
models, respectively. LR seems to be the most suitable method for the study, although
all three methods have approximately similar qualities.
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ABSTRACT

1. Introduction

Earthquake-induced landslides have an immense
impact on fatality and financial loss increase during
earthquakes. In many earthquakes, the triggered
landslides have caused as much damage as ground
seismic shaking direct effects [1]. Susceptibility and
hazard mapping of earthquake-induced landslides can
help in disaster mitigation and management as well
as urban and regional planning.

On August 11, 2012, two earthquakes with mag-
nitudes of Mw=6.5 and Mw=6.3 struck Varzeghan
and Ahar regions in northwest of Iran at 16:53 and
17:04 local time, respectively. Earthquake epicenters
were 19 kilometers southeast of the town of
Varzeghan with focal depth of about nine and four
kilometers, respectively. The earthquakes had
strike-slip and reverse mechanisms [2]. The
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maximum peak ground acceleration was recorded
by Varzeghan station of about 532 cm/s/s from the
second event [3]. These events resulted in 258
fatalities and about 1380 injuries and caused severe
damages to the villages and cities in the region [4].
Most fatalities and injuries were reported from
Bajebaj, Gouradareh and Damanabad villages and
Varzeghan town. Maximum intensity of the earth-
quake in the scale of EMS98 was VIII+ at epicenter
zone; and VII, VI and V for Ahar, Heris and Tabriz
cities, respectively (Figure 1). Many landslides
were triggered by the earthquakes mostly of rock
fall and rock slide types [5].

Conventionally, in landslide hazard zonation
studies a single map is presented for all different
landslide types and landslide triggering factors,
while considering the type of any single landslide or
triggering factor can widely improve the resultant
hazard map [6-7]. Rock falls and disrupted rock
slides are the most abundant landslides triggered
by earthquakes, which cause direct and indirect
damages such as: fatalities, infrastructures destruc-
tion, and roads blockage [8-9]. In this study,
earthquake-induced rock fall hazard of Varzeghan-
Ahar area is investigated.

Various methods utilized for landslide hazard
analysis by different researchers can be categorized
into two main approaches: qualitative, and quantita-
tive. Qualitative methods are mainly based on
expert judgment and depend on pre-knowledge and
experience of the expert. In this sense, they are more
subjective. Quantitative methods, on the other hand,
are based on direct numerical analysis of gathered
data for landslide hazard estimation and so are rather
objective [10-15].

Landslide hazard estimation methods can also be
divided into three main types of deterministic,
statistical, and heuristic. Deterministic and statistical
methods are quantitative. Using geotechnical,
topographical and groundwater data, deterministic
methods are the most precise of all three to analyze
stability of slopes and are used for large scale
studies. Statistical methods are mainly based on data
analysis of past landslides to determine future ones.
Statistical approaches are divided to two types of
bivariate and multivariate. In bivariate statistical
method, any causative factor is analyzed individually.
Inversely, in multivariate method, all causative

Figure 1. Index map and iso-intensity map of Varzeghan-Ahar
earthquake doublet [19].

factors are taken into account simultaneously and
so relative contribution of the factors is determined.
Heuristic methods are mostly qualitative, in which
factors are weighted based on their assumed       im-
portance in landslide occurrence, and then the   land-
slide hazard map is produced combining the   caus-
ative factor weights [16-18].

Earthquake-induced rock fall hazard maps for
Varzeghan-Ahar region are prepared and compared
using two quantitative and one qualitative method.
The two quantitative methods are Information Value
(IV) and Logistic Regression (LR), which are
bivariate and multivariate statistical, respectively;
and analytical Hierarchy Process (AHP) is the
semi-qualitative heuristic one.

2. Regional Settings
2.1. Tectonics and Seismicity

Northwest of Iran tectonics is affected by the
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movement of Arabian plate toward Eurasian plate.
The total movement rate is 22 mm/year [20]. This
movement at the longitude of northwest of Iran
and eastern Turkey is in a northwest direction [21].
WNW-ESE Right lateral Strike-slip faulting in
the region is in agreement with this movement
(e.g. North Tabriz Fault with 7 mm/year rate [22]).
The shortening component of the movement mostly
results in thrust faulting in the northern area of
Caucasus [23]. The Varzeghan-Ahar earthquake
locates in the zone of right-lateral strike-slip faulting
within Turkish-Iranian Plateau. Varzeghan-Ahar
causative fault was an active but unrecognized
fault in the north of famous North Tabriz Fault. The
surface fault rupture length has been measured
about 13 km on field investigations and is proved to

be related to first event [21].
Northwest of Iran is a highly seismic area with

several huge historical earthquakes. Seven historical
earthquakes have occurred with estimated magni-
tudes ranging from 6 to 7.7 within the study area
[24-25]. Furthermore, ten instrumental earthquakes
with magnitudes greater than 4 have been recorded
in the study area (Figure 2) [26]. The nearest
historical earthquake has occurred on 1856 about
35 kilometers southwest of the Varzeghan-Ahar
earthquake epicenters and the nearest instrumental
earthquake before Varzeghan-Ahar earthquake has
a magnitude of 4 and is 10 kilometers far from the
Varzeghan-Ahar earthquake epicenters [24, 26].
Nevertheless, Varzeghan-Ahar earthquake doublet
(1st event: Mw = 6.5, Focal Depth=9 km; 2nd

Figure 2. Historical and Instrumental earthquakes epicenters in the study area (numbers are Mw magnitudes) [24, 26].
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event: Mw = 6.3, Focal depth = 4 km) is still the
largest event of its causative fault in the entire
earthquake catalogue. Having numerous aftershocks
this earthquake reduced a big part of accommodated
stress in the region [27].

2.2. Climate

Varzeghan-Ahar region has a continental Medi-
terranean climate, characterized by seasonality in
temperature. A Mediterranean climate is defined as
having mild and rainy winters and long, hot and dry
summers [28]. However, the Mediterranean climate
in northwest of Iran has cold and snowy winters [28-
29]. The precipitation of the region is affected by
Mediterranean wet air masses, Siberian cold
northern weather effects, and temperature variations
near Urmia Lake [30].

Based on Ahar meteorological station data (23
kilometers east of the earthquake epicenters), mean
annual precipitation of the region ranges from 205
to 340 mm. Annual precipitation from August 1st

2011 was 338.4 mm, and the last rainfall of 4 mm
occurred on August 1st 2012, 10 days before the
earthquake. Total precipitation from May 1st to
August 11th, when the earthquake occurred, was
109.6 mm [31].

2.3. Geology

Varzeghan-Ahar area is underlain by a wide
variety of sedimentary and volcanic rocks and
unconsolidated sedimentary deposits, most of which
belong to the period from Cretaceous through
Quaternary. The rocks vary greatly in composition,
degree of consolidation and depth of weathering.
Marl, Sandstone and Volcanic rocks predominate.
Based on 1:250,000 geologic maps of Ahar and
Tabriz-Poldasht [32, 33] and considering geologic
time era and predominant material type, geology
map of the area can be categorized as:
1. Creataceous Extrusive Igneous Rocks (Cr1);
2. Creataceous Limestone and Conglomerate Rocks

(Cr2);
3. Creataceous Marly Rocks (Cr3);
4. Paleogene Igneous Rocks (PG1);
5. Paleogene Marly Rocks (PG2);
6. Paleogene Conglomerate Rocks (PG3);
7. Neogene Extrusive Igneous Rocks (NG1);
8. Neogene Pyroclastic Rocks (NG2);
9. Neogene Marly Rocks (NG3);
10. Neogene Conglomerate Rocks (NG4);
11. Quaternary Alluviums (Q1);
12. Quaternary Igneous Rocks (Q2);

Figure (3) depicts the geological classification of
the study area.

Figure 3. Geology map of the study area [32-33].
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3. Coseismic Landslide Inventory of Varzeghan-
Ahar Earthquake

The region has a high potential of landsliding, due
to landslide-sensitive lithology and mountainous
topography; there are a lot of old landslides all over
the area. Additionally, north part of Iran including
the study area is exposed to the effects of the less
frequent but more energetic earthquakes, which
is the prerequisite of huge earthquake-induced
landslides [34]. Twenty kilometers east of Varzeghan-
Ahar earthquake epicenters locates Qoshadagh
gigantic prehistoric earthquake-induced landslide.
Qoshadagh prehistoric landslide with an estimated
volume of 83-110 cubic kilometers is one of the
most voluminous subaerial gravitational slope
failures known on earth [35].

A field survey was organized 17 days after the
earthquake to determine earthquake-induced land-
slides distribution and characteristics. Data gathered
by two other groups from International Institute of
Earthquake Engineering and Seismology (IIEES) and
a group from Geological Survey of Iran (GSI) were
also considered.

Fourteen coherent landslides, hundreds of
disrupted landslides, several lateral spreads and one
soil flow were recorded [5].

Varzeghan-Ahar earthquake triggered eight soil
block slides, three soil slumps, two rock block slides,
and one rock slump, which are classified as coherent
landslides [9]. Coherent landslide inventory of
Varzeghan-Ahar earthquake doublet is shown in
Table (1) and some of them are shown in Figures (4)
to (6).

Number of disrupted rock slides and falls for
parts of the region, visited on the field survey, were
determined from direct count. Totally 28 rock fall
zones with 491 rock falls were recorded during site

Figure 6. Biggest Nasirabad reactivated soil slump (Photo by M.R. Mahdavifar, August 30th 2012).

Figure 4. Soil block slide near Karavigh village (Photo by M.R.
Mahdavifar, August 31st 2012).

Figure 5. Bajebaj rock block slide scarp (Photo by M.R.
Mahdavifar, August 30th 2012).

visit, entitled as "recorded inventory". The farthest
recorded rock fall zone with 50 kilometers distance
from earthquake epicenters and the rock fall trajec-
tory is shown in Figures (7) to (9).

Based on recorded rock fall inventory properties
and densities, an artificial rock fall inventory of the
study area was produced. Firstly, the recorded rock
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Table 1. Varzeghan-Ahar earthquake-induced coherent landslides properties.

Figure 7. Rock fall susceptible Neogene formation composed
of Marl and Sandstone (Photo by M.R. Mahdavifar,
August 29th 2012).

Figure 8. Rock fall trajectory from the crest to the valley (Photo
by M.R. Mahdavifar, August 29th 2012).

Figure 9. Scratches resulted from falling rocks (Photo by
M.R. Mahdavifar, August 29th 2012).

fall areas properties such as slope angle, geology,
earthquake intensity, etc. were derived from prepared
thematic maps, and rock fall density of each rock
fall zone was calculated. Besides, geomorphologic
and surface condition of these areas was investigated
using Google earth satellite imagery and aerial
photographs. Then, the effective thematic layers
(prepared in ARC GIS program), were overlaid on
Google earth satellite imagery and the study area
was investigated by meticulously considering
geomorphologic and surface conditions to find rock
fall prone areas. Finally, rock fall zones for artificial
inventory were estimated based on recorded inven-
tory properties and expert judgment. The resulting
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artificial inventory contains about 420 rock fall
zones and 8000 rock falls. Disrupted landslides of
recorded and artificial inventories of Varzeghan-
Ahar earthquake are shown in Figure (10).

4. Methodology
4.1. Input Layers and Analysis Methods

There are many conditioning and triggering
factors used in the literature for landslide hazard
zonation. The most important triggering factors
are earthquake and rainfall, and most important
conditioning factors are slope angle and terrain
strength [6, 37]. Furthermore, the importance of
affecting factors changes for different landslide
types. For example, soil moisture is not an important
factor in rock fall occurrence while it is one of the
most important factors in soil slump occurrence. In
this study, earthquake-induced rock fall hazard
zonation is investigated and hence important factors
for rock fall occurrence are chosen for analysis.
Topographic factors of slope angle, terrain roughness,
distance to roads and rivers, slope height, and
slope aspect besides geology map and earthquake
intensity map are used. Topographic layers are
derived from topographical maps of National
Cartographic Center of Iran (NCC). Geological
data is derived digitizing geologic maps of Ahar and
Tabriz-Poldasht [32-33], and earthquake intensity
layer is created using published earthquake intensity

Figure 10. Disrupted rock slides and rock falls distribution.

map of Varzeghan-Ahar earthquake doublet [19].
Three methods of information value, logistic

regression and analytical hierarchy process (AHP)
are used for earthquake-induced rock fall hazard
zonation in Varzeghan-Ahar area. For all of the
methods, the input and output datasets are 50 meters
cell size maps. The determination of cell size is
based on the minimum precision of all causative
factors to guarantee the quality of output maps and
avoid misleading results.

A dataset with 65 rock fall zones and 1100 rock
falls was randomly selected from artificial rock fall
inventory to develop models. The models verification
is conducted using recorded inventory map. The
same input variables of slope angle, geology, earth-
quake intensity, terrain roughness, distance to roads
and rivers, slope height, and slope aspect are used
for all methods. To assess the results and compare
the accuracy of these three methods, Receiver
Operating Characteristics (ROC) curve is used.

4.2. Information Value

Information value is a bivariate statistical method
for landslide hazard zonation. In bivariate methods,
each independent variable effect on the dependent
variable is estimated individually without taking other
factors into account. This method wa introduced by
Yin and Yan in 1988, and was modified by other
researchers as Eq. (1) shown below: [38-39]:
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)
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Bp
AiBpLnIV

 

 
 =                                               (1)

where IV is Information value, )/( AiBp  is the
probability of landslide occurrence in Ai  class, )(Bp 

is the overall probability of landslide occurrence in
the region.

For the sake of simplification, the probability can
be substituted by landslide density in the formula.
Landslide density for each causative factor classes
is calculated using landslide artificial inventory of
the study area. In some researches, the area of
landslides (land unit areas or area of pixels occupied
by landslides) is used for density calculation, and in
some others the number of landslides are used for
calculations [40-41]. In this research, the following
formula (Eq. 2) is used for information value

Table 2. Information Value and AHP weights for different causative factor classes.

calculation [39, 41].

)(
At

Nt
Ai

Ni
LnIV  =                                                    (2)

where IV  is information value, Ni is number of
landslides in class i, Ai  is the area of class i, Nt  is
total number of landslides, and At  is total area of
the study area.

Causative factors contributing in landslide
occurrence are categorized to different classes and
the IV  weight of each class is calculated as shown
in Table (2). Because of the logit format of the
formula, for classes with no landslide, it results in
undefined values, to solve this problem a single
landslide is assumed for such classes [42]. Finally,
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the summation of weights derived by analyzing all
thematic map categories is calculated. The higher
the total value of ,IV  the higher the susceptibility
to landsliding is. Zero value represents landslide
probability equal to mean landslide probability of the
whole region.

4.3. Logistic Regression

Binomial or Binary logistic regression is a
multivariate statistical method introduced by cox
1958 [43]. When the dependent variable is a
dichotomy, binary logistic regression is a good
choice for statistical analysis.

In multivariate methods the relationship between
any of independent variables and dependent variable
is estimated simultaneously with all other causing
factors.

Comparing with linear regression method it has
two important benefits, firstly in opposite to linear
regression variables do not need to have normal
distribution.  Secondly, independent variables may be
either continuous or categorical, or any combination
of these two [44].

In binary logistic regression model, the indepen-
dent variables (causative factors) coefficients are
estimated by the maximum likelihood method.
Logistic regression formulation has the form of Eq.
(3).

eXXXyLogit ii +β++β+β+β= ...)( 22110              (3)

where, y is the dependent variable, iX  is the ith

independent variable, 0β  is a constant, 1X  is the ith

regression coefficient and e is the error. The
probability (p) of variable "y" occurrence is calcu-
lated as Eq. (4).

)...exp(1
)...exp(

22110

22110

ii

ii

XXX
XXXP

β++β+β+β+
β++β+β+β

=             (4)

The resulting relationship describes how land-
slide occurrence is related to different causative
factors. The dependent input variable of logistic
regression method should have binary form where 1
represents landslide presence and 0 means no land-
slide occurrence in a specific area.

Besides, 1100 rock falls selected from artificial
inventory, 1100 points with no rock fall were chosen
randomly to develop LR model.

Wald test is used to assess significance of the

coefficients given by LR model. It is calculated by
comparing maximum likelihood estimate of each co-
efficient with the estimated standard error of it as
shown in Equation 5. The dependent variable's coef-
ficient sign reveals its effect on probability of land-
slide occurrence [45]. LR method resulted coeffi-
cients and Wald values are shown in Table (3).

Table 3. Logistic Regression coefficient for different causative
factor.

2

÷





 β

=
SE

Wald                                                     (5)

Considering Wald values given in Table (3), slope
angle, earthquake intensity, and geology are the
most effective factors in rock fall occurrence,
respectively. The positive sign of the coefficients
infers that they are directly related to rock fall
occurrence probability, and the negative sign shows
inverse relation.

4.4. Analytical Hierarchy Process

Analytical hierarchy process (AHP) is a deci-
sion-making method based on pairwise relative
comparison of contributing factors. Priority scales
are determined by expert judgment [46-48]. The
comparison aims to define how much a factor
dominates another in forming a result, and in this
way mathematizes the decision-making process.

AHP method has following four main steps [47,
49, 50]:
1. Define the problem and break it down to the

contributing factors and their components.
2. Arrange the structure of the model in a hierarchi-

cal order with the goal of the model at top,
proceeding with the contributing factors, and the
subdivisions of the contributing factors.

3. Perform a pairwise comparison between model
elements and construct a set of pairwise
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comparison matrices including priority scales.
4. Analyze the resulted matrices and determine

weight of contribution of each element.
The priority of each element to another is

determined by the scores given in Table (4).
The judgments may be inconsistent. A concern

of the AHP is how to measure inconsistency and
improve the judgments when possible in order to
obtain better consistency [47].

The AHP model results consist of AHP weights
and Consistency Ratio (CR). Consistency ratio is
calculated as shown in Eq. (6). It specifies the
probability that assumed weights are randomly
selected.

RI
CICR =                                                             (6)

where, CR is Consistency Ratio, RI is the average
of the resulting consistency index and, CI is

Table 4. Scale of preference between two elements in AHP [47].

Table 5. Main contributing factors priority scales and resulted weights.

con-sistency index calculated as Eq. (7):

( )
)1(

max

−
−λ

=
n

nCI                                                      (7)

where CI is consistency index, maxλ  is the largest
or principle eigenvalue of matrix and, n is the order
of the matrix. Consistency ratios less than 0.1 are
usually accepted, but for values greater than 0.1 the
weights may need to be revised [51].

A pairwise comparison for contributing factors
and then for their classes was conducted. Table (5)
shows the pairwise comparison of main contributing
factors, assumed priority scales, and resulting
weights. For brevity, only the final weights for
classes of contributing factors are shown in Table
(2). As shown in Table (2), the overall inconsistency
is CR = 0.02, which locates in the accepted
domain.
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5. Discussion and Results

The precision of the artificial expert-estimated
rock fall inventory used for rock fall hazard zonation,
was evaluated by comparing it with earlier researches
[9, 52-55]. The maximum area affected by rock
fall based on artificial inventory was about 4500
square kilometers, total number of estimated rock
falls was about 8000, and the farthest rock fall
zone was approximately 45 kilometers away from
the earthquake epicenters. Affected area by
Varzeghan-Ahar earthquake-induced disrupted
landslides and the farthest one to epicenter is shown
in Figure (11) in comparison with earlier studies.
Based on Keefer 1984 [9], 1000 to 10000 rock falls
are expected from such an earthquake. Predicted
number of rock falls for the study area is near the
uppermost boundary of Keefer [9]. One reason is
the doublet nature and relatively numerous after-
shocks of the earthquakes [27]. First earthquake
triggers a number of rock falls and then the second
earthquake with nearly the same magnitude triggers
more rock falls on slopes weakened but probably

Figure 11. a) Area affected by disrupted landslides. b)
Maximum distance of disrupted landslide from
epicenter. Dark square represents Varzeghan-Ahar
earthquake, and gray circles represent historic
earthquakes from earlier studies [52-55].

not moved by the first one. This phenomenon is
demonstrated by Parker (2015)[56], and is widely
seen in landslides with brittle type failure, such as
rock falls.

A sensitivity analysis was conducted to determine
appropriate input parameters to preserve in the
landslide hazard estimation models. For this purpose,
four new IV models were prepared excluding
the second-class parameters of Terrain Roughness,
Slope Aspect, Disturbance Distance, and Slope
Height. Comparing these four models with main IV
model results, a reduction in accuracy was observed.
Accordingly, all aforementioned parameters,
besides Slope Angle, Earthquake Intensity, and
Geology were used to create models.

The resulting landslide hazard maps of the
region are presented in Figures (12) to (14) for IV,
LR, and AHP methods, respectively. Hazard maps
are classified into five classes of Very low, Low,
Medium, High, and Very high. To assess the classifi-
cation appropriateness, Relative landslide density
(R-index) is used defined as Eq. (8) [57]. Rock fall
recorded inventory is used for R-index  calculation.

100
/
/

×=
AtNt
AiNiR                                                (8)

where R is Relative landslide density, Ni is number
of landslides in hazard class i, Ai is the area of
hazard class i, Nt is total number of landslides, and
At is total area of the study area.

R-index values are presented in Table (6). Land-
slide densities increase rapidly for very low to very
high hazard classes, which demonstrate good quality
of classification.

To evaluate and compare the models, receiver
operating characteristic (ROC) curve was used with
rock fall recorded inventory as verification data
[58-59]. ROC curve is the plotted True Positive
Ratio (TPR) versus False Positive Ratio (FPR). In
current study, TPR or sensitivity is the probability

Table 6. R-index values for hazard maps.
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Figure 12. IV method landslide hazard zonation map.

Figure 13. LR method landslide hazard zonation map.

that a rock fall cell is correctly distinguished by the
model, and TNR (True Negative Ratio) or specificity
is the probability that a non-rock fall cell is correctly
distinguished by the model. FPR is described as
1-specificity (TNR). The diagonal line in ROC curve
represents randomly selected data and is called the

line of no-discrimination. The area under the ROC
curve, known as AUC, represents the accuracy of
the model for predicting the landslide hazard. ROC
curve from the three methods and resulting AUC
values are presented in Figure (15) and Table (7),
respectively.
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Figure 14. AHP method landslide hazard zonation map.

6. Conclusion

The most important facilitating factor in rock
fall occurrence is slope angle, the highest weights of
IV and AHP methods are gained for this factor and
it is the most relevant factor in LR analysis. Earth-
quake intensity and geology are the next important
factors.

IV and AHP weights for different classes of
factors have rational trend based on pre-knowledge
of rock fall occurrence, except for Slope Aspect,
which is related neither to weathering parameters
nor to earthquake waves' collision direction angle to
the slope. Based on sensitivity analysis, the accuracy
of the model results will reduce in absence of
Slope Aspect; therefore, this parameter was preserved
in the models.

The areas under the ROC curves are 0.927, 0.900,
and 0.898 for LR, IV, and AHP methods respectively.
LR seems to be the most suitable method for
landslide hazard zonation of the study area, while all
three methods have approximately similar qualities.

The area covered by Low and Very low hazard
classes for three methods of LR, IV, and AHP are
76, 79, and 79 percent, respectively. The area of Low
hazard class is overestimated in LR method relative

Figure 15. ROC curve for three methods of IV, LR, and AHP.

Table 7. ROC curve properties for three methods.
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to other two methods. The area covered by High and
Very high hazard classes for three methods of LR,
IV, and AHP are 10, 12, and 12 percent, respectively.
LR methods include the lowest Very High class area
with the most density of rock fall.
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