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Abstract. On 23 October 2011, aMw = 7.2 earthquake oc-
curred in the Van Province in eastern Turkey, killing 604 peo-
ple. The earthquake was triggered by a thrust fault due to a
compression stress in the region, and caused extensive dam-
age over a large area. Many structures in the earthquake re-
gion collapsed, and the damage spread from the city of Van
to the town of Erciş, in a distance of 60 km. The earthquake
generated several slope movements and liquefaction failures
in the region, and this study evaluates these processes from
the perspective of engineering geology, and presents field
and laboratory results related to these processes. Attenuation
relationships were used for estimation of peak ground ac-
celerations (PGAs), and an empirical liquefaction evaluation
method employing ground accelerations was used to define
threshold accelerations initiating the liquefaction.

The results demonstrate that landslides were widespread
and more frequently observed in the field in comparison
with earthflows and rockfalls. Flow-type liquefaction and lat-
eral spreading was found to be widespread and more com-
mon than the liquefaction-related settlement. The minimum
threshold acceleration value for the initiation of soil lique-
faction was calculated to be 188.87 cm s−2 (∼ 0.19g) in the
earthquake region. Laboratory results indicated that the soil
liquefaction was closely associated with grain size. The slope
instabilities, liquefaction and associated ground failures oc-
curred mainly in rural areas, and their impact on structures
was quite low as compared to the human loss and structural
damage by the earthquake.

1 Introduction

Earthquakes are natural events that have different effects on
the earth. Some effects severely affect humans, man-made
structures, and nature. The severity of the impact is directly
related to the magnitude of the earthquake, the local geolog-
ical conditions, and the structural quality of the buildings. A
large magnitude earthquake could have a disastrous impact
over a large area.

The Van earthquake, which occurred in East Anatolia,
Turkey (Fig. 1), on 23 October 2011, severely affected hu-
mans, man-made structures and nature. The total human
casualty was 604. The structural damage included mainly
buildings with 4–8 stories in the town of Erciş and Van city
center, adobe houses in villages, main highways, factories,
and historical monuments. In addition to the human losses
and the structural damage, the area suffered several slope
failures as well as extensive liquefaction and related failures
in different locations of the Van region during the field cam-
paign. The damage caused by the slope failures and lique-
faction was minor compared to the human loss and destruc-
tive structural damage. In contrast, several large earthquakes
worldwide have generated large mass movements and ground
deformations related to liquefaction in the past. Among these
earthquakes, the 1964 Alaskan earthquake (Mw = 9.2) gener-
ated extensive liquefaction and numerous landslides, which
caused major damage to structures. The 1989 Loma Prieta
earthquake (Mw = 6.9) triggered a great number of land-
slides leading to severe damage to structures and the blocking
of major highways. The 1995 Kobe earthquake (Mw = 6.9)
caused extensive liquefaction, resulting in sand boils, lat-
eral spreading, and settlement-type ground deformations.
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Figure 1. Location map of the study area and simplified active tectonic lines and regions in 2 

Turkey. General view of active faults in Van and surrounding areas along with direction of 3 

compressional stress creating the compression area in East Anatolia. The 23 October 2011 4 

Van earthquake region is shown in a red squared area with the earthquake epicenter (blue 5 

star). A – Ağrı Mountain, T – Tendürek Mountain, S – Süphan Mountain, N – Nemrut 6 

Mountain, NAFZ – North Anatolian Fault Zone, IF – Iğdır Fault, DBFZ – Doğubeyazıt Fault 7 
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Süphan Fault, MF – Malazgirt Fault, BF – Bulanık Fault, EAFZ – East Anatolian Fault Zone, 9 
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Başkale Fault, OF – Ovacık Fault (compiled from Şengör et al., 1985; Barka, 1992; Şaroğlu et 11 

al., 1992; Bozkurt, 2001; Koçyiğit, 2002). 12 

Fig. 1. Location map of the study area and simplified active tectonic lines and regions in Turkey. General view of active faults in Van and
surrounding areas along with direction of compressional stress creating the compression area in East Anatolia. The 23 October 2011 Van
earthquake region is shown in a red squared area with the earthquake epicenter (blue star). A – Mount Ararat, T – Mount Tendürek, S –
Mount S̈uphan, N – Mount Nemrut, NAFZ – North Anatolian Fault Zone, IF – Iğdır Fault, DBFZ – Dŏgubeyazıt Fault Zone, TFZ – Tutak
Fault Zone, HFZ – Hasan Timur Fault Zone, ÇF – Çaldıran Fault, SF – Süphan Fault, MF – Malazgirt Fault, BF – Bulanık Fault, EAFZ –
East Anatolian Fault Zone, YSFZ – Yüksekova–Şemdinli Fault Zone, EF – Erciş Fault, KBF – Kavakbası Fault, BşF – Başkale Fault, OF –
Ovacık Fault (compiled from Şengör et al., 1985; Barka, 1992; Şaroğlu et al., 1992; Bozkurt, 2001; Koçyiğit, 2002).

The 1999̇Izmit (Gölcük) earthquake (Mw = 7.4) also gener-
ated landslides and liquefaction-related surface features. The
2011 Christchurch earthquake (Mw = 6.3) triggered several
landslides, rockfalls and liquefaction, which caused loss of
life and extensive damage to properties, roads, and other in-
frastructure.

There is a broad range of studies about earthquakes and
their effects with regard to slope failures, liquefactions and
related ground failures. A chronological summary of the
work that concerns earthquake-triggered slope and lique-
faction failures is as follows: JSCE (2000); Alberto and
Romeo (2000); Wasowski and Gaudio (2000); Rajendran et
al. (2001); Wang et al. (2003); Keefer et al. (2006); Kausar
et al. (2010); Chigira et al. (2010); Miyagi et al. (2011); and
GEER (2011).

The purpose of this study is to evaluate slope failures,
liquefaction, and associated ground failures triggered by
the 23 October 2011 Van earthquake from an engineering

geology perspective. For this purpose, this study presents
and discusses the occurrence of slope failure, liquefaction,
and associated ground failures according to field observa-
tions in the Van earthquake region, and associates the slope
and liquefaction failures to local geology. Attenuation rela-
tionships were used for estimation of peak ground accel-
erations (PGAs), and an empirical liquefaction evaluation
method employing ground accelerations was used for defin-
ing threshold accelerations initiating the liquefaction. Addi-
tionally, 12 soil samples were taken from different localities
of the earthquake region to define the relationship among liq-
uefaction, grain size and soil type. The distribution, extent,
and effects of the slope instabilities and liquefaction failures
are also presented. GIS was used to map and display the spa-
tial occurrences of geological impacts for the engineering ge-
ologic evaluation in the meizoseismal area of the earthquake.

The slope movements observed in the field reconnais-
sance were mainly landslides, earthflows, and rockfalls,
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while liquefaction features were flow-type liquefaction, lat-
eral spreading and liquefaction-related ground settlements.
Laboratory analysis of the soil samples indicates that the liq-
uefied soils were mainly composed of fine- to medium-sand
grains and that soil liquefaction is closely associated with the
grain size. Engineering geological assessment of slope insta-
bilities and liquefaction-related surface features is the basis
of planning in development and engineering projects.

2 Geological and tectonic setting

The Van earthquake occurred in the Lake Van basin located
in the East Anatolian region of Turkey, located approxi-
mately 60 km north of Bitlis–Zagros suture zone (BZSZ),
constituting a collision boundary between the Arabian plate
in the south and the Eurasian plate in the north (Fig. 1).
The basement of the basin is comprised of ophiolitic rocks
and metamorphic rocks of the Bitlis Massif (Şengör and
Yılmaz, 1981; Hempton, 1987; Parlak et al., 2000). Two dif-
ferent sedimentary groups including rocks and deposits over-
lie the basement rocks (G̈uner, 1984; Yılmaz, 1990; Acarlar
et al., 1991; Aydar et al., 2003). These sedimentary groups lo-
cated in the basin consist of the Oligo-Miocene bottom group
and the Plio-Quaternary upper group (Ketin, 1948; Şaroğlu
and Yılmaz, 1986; Yılmaz et al., 1981, 1993). The bottom
group rocks, deposited in both marine and lacustrine envi-
ronments, are composed of conglomerate, sandstone, mud-
stone, claystone, marl, and limestone (Aksoy, 1988; Sağlam,
2003). The upper group consists of a limestone–sandstone–
conglomerate sequence deposited in lacustrine and fluvial
environments, and unpacked gravel, sand, silt and clay inter-
calations (̈Ozkaymak, 2003). Volcanic rocks of varying age,
from 11 Ma to 17 century AD, cut through the other units
(Şeng̈or et al., 2008) (Fig. 2).

As a result of the closure of the Neo-Tethys Ocean due to
subduction to the north, the BZSZ now constitutes the bound-
ary between the Arabian and Eurasian plates. This zone
turned into a collision zone surrounded by the north-dipping
thrust faults at the beginning of the early Miocene (Şengör et
al., 2008). Active contractional tectonics especially caused
the crust to thicken in the region, and extends approximately
100 km north of the BZSZ including the Lake Van basin
(Dewey and Burke, 1973; Şengör and Yılmaz, 1981). Con-
currently, this compressional tectonic regime contributed to
the development of intra-continental strike-slip faults and es-
pecially transtensional normal faults in the region (Şengör et
al., 1985). The compressional tectonism dominated the re-
gion from Late Cretaceous to Paleocene and developed the
Lake Van basin as a ramp-type basin during the Paleocene–
upper Miocene. The pure compressional tectonism affecting
Van and its vicinity continued its activities during the Plio-
Quaternary period and developed both strike-slip faults and
normal faults in the geologic units deposited in the region
(Şeng̈or et al., 1985; Şeng̈or and Kidd, 1979; Toker, 2006).

27 

 

 1 
 2 

Figure 2. Geology map of the Van region (MRE, 2002) and geographical distribution of mass 3 

movements and liquefaction features along with the main and secondary surface ruptures 4 

occurred during the 23 October 2011 Van earthquake.  5 

Fig. 2.Geology map of the Van region (MRE, 2002) and geograph-
ical distribution of mass movements and liquefaction features along
with the main and secondary surface ruptures that occurred during
the 23 October 2011 Van earthquake.

3 Geomorphology of the Van region

The Van Lake basin is located in the East Anatolia high
plateau region. The East Anatolian continental lithosphere,
thickened by the collision of a continental-continental along
the Bitlis–Zagros suture zone, consists of high mountain
ranges (approximately 53 % of the region) and the plains be-
tween the mountains (K̈ose et al., 2005). Lake Van is bor-
dered on the south by a high mountain range, while the east
of Lake Van is comprised of plateau morphology. The mor-
phology to the west of Lake Van contains volcanic cones.
The highest point in the region is Mount Erek, with an ele-
vation of 3204 m. The mountain slopes are commonly steep.
All of the rivers discharging into Lake Van suggest that the
Lake Van basin is a closed basin. There are two lakes in the
Lake Van basin: Lake Van in the west and Lake Erçek in the
east. The deepest point of Lake Van is about 400 m.

www.nat-hazards-earth-syst-sci.net/13/1113/2013/ Nat. Hazards Earth Syst. Sci., 13, 1113–1126, 2013
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The morphology of the investigation area presents a
rugged topography with high elevations (∼ 1650–2500 m).
Basins and shores of Lake Van constitute the flat areas in the
region. The area of study had four different sites of slope in-
stabilities and liquefaction failure occurrences (Fig. 2). When
we look at the morphology of each site, the first site presents
a flat area (average 1650 m) surrounded by hills (average
1700 m) in a NE–SW direction; the second site also con-
tains a flat area (average 1710 m) between ridges (average
1760 m) in an E–W direction; the third site constitutes a flat
area with an average 1660 m elevation. The fourth site, which
is the highest of the area studied, presents a mountainous to-
pography with elevations ranging between 1810 and 2522 m
(Fig. 3). The morphology of the region was formed during
the active tectonic period (approximately 20 Ma).

Continental climate conditions prevailed in the Van re-
gion. The precipitation regime in the region varies be-
tween levels typical of the Mediterranean and continen-
tal precipitation regimes. Most of the annual precipitation
falls in the spring (39 %), followed by winter (26.6 %)
and autumns (27.2 %). The least precipitation falls in sum-
mer (7.1 %) (TSMS, 2013). The slope and liquefaction fail-
ures are closely related to the geomorphological setting and
climatic conditions.

4 The 23 October 2011 Van earthquake

An earthquake withMw = 7.2 (KOERI, 2011) struck the Van
Province located in the East Anatolia region of Turkey, on
23 October 2011. The earthquake was felt over a large area in
the East Anatolia provinces. Although there are differences
in the determined locations of the earthquake epicenters that
are reported by different seismological networks, the epicen-
ter located approximately 30 km north (Tabanlı village) of
Van city center according to the calculation of KOERI (2011)
was adopted for this study (see Fig. 2). Settlements close to
the epicenter experienced major damage. The town of Erciş
is located approximately 30 km north of the epicenter and
suffered the greatest damage and human loss due to its ge-
ologic settlement and building quality. The reported depth
of the hypocenter varies from 5 km to 20 km, and the fault
mechanism solutions indicate a thrust dip slip fault with a mi-
nor left lateral strike-slip component (Irmak et al., 2012). The
23 October 2011 Van earthquake was caused by a N 70◦ E-
striking and north-dipping main thrust fault that has the same
dip direction (synthetic) as the BZSZ. The lengths of the fault
plane and surface rupture are approximately 60 km and 8 km
respectively. The observed maximum thrust offset is 0.15 m,
and the maximum left lateral offset is 0.09 m on the surface
rupture (Irmak et al., 2012). Doğan and Karakaş (2013) indi-
cated that the earthquake was generated by a blind thrust fault
due to the shorter length from the main surface rupture to the
sub-surface rupture. The earthquake created tectonic defor-
mations, mass movements and lateral spreading with differ-
ent geometries in an area measuring 50× 30 km2.
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Figure 3. The 3D morphologic view of the Van Region (Köse et al., 2005). 2 

Fig. 3. The 3-D morphologic view of the Van region (Köse et al.,
2005).

The major energy release of the earthquake lasted approx-
imately 50 s (KOERI, 2011), and an intensity of IX was mea-
sured near the epicenter (Modified Mercalli Intensity Scale –
USGS, 2011). The aftershock sequence was intense for three
months, and almost 3000 shocks withM = 2–6 have been
reported.

The earthquake was generated by the north–south com-
pression of two continental blocks. The northern block
(hanging wall) of the thrust fault moved towards the south-
ern block so the impact of the earthquake was mainly con-
centrated on the northern block. The fault that generated
the earthquake had not been previously marked on any ac-
tive tectonic maps. Since the earthquake, the fault has been
mapped, based on the surface rupture data gathered in the
field, and reported in several preliminary Van earthquake re-
ports (Akÿuz et al., 2011; CGE, 2011; Doğan et al., 2011;
Emre et al., 2011; METU-EERC, 2011; YTU-NSRC, 2011).
Çetin et al. (2011) prepared a report summarizing the prelim-
inary findings of field investigation studies performed after
the Van earthquake. Also, a detailed structural damage eval-
uation can be found in the Van special earthquake report of
EERI (2012).

5 Attenuation relationships for estimation of PGAs

It is believed that the site conditions due to geological set-
ting play an important role in the damage distribution. Soft
soils increase the ground shaking, and other factors such as
liquefaction, ground failure, and structural deficiencies may
also lead to heavy damage (Ulutaş et al., 2011). One of the
earthquake hazard assessments related to ground shaking is
typically done by means of an earthquake ground motion

Nat. Hazards Earth Syst. Sci., 13, 1113–1126, 2013 www.nat-hazards-earth-syst-sci.net/13/1113/2013/
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attenuation relationship, which provides the estimation of
ground motion for an earthquake of a given magnitude at
a different distance through a curve fitted to observed data
(Ulutaş andÖzer, 2010). Although the hazard assessment is
not a simple function of magnitude and distance alone, it is
used because the most common information available imme-
diately following a damaging earthquake is its magnitude and
epicenter

As a result of the increased number of stations and the
database of strong ground motion after the 1999İzmit
(Gölcük) (Mw = 7.4) and D̈uzce (Mw = 7.2) earthquakes,
new specific attenuation relationships have been developed
for peak ground accelerations (PGAs) and spectral acceler-
ations (SAs) in Turkey (G̈ulkan and Kalkan, 2002;̈Ozbey
et al., 2004; Ulusay et al., 2004; Akyol and Karagöz 2009;
Ulutaş andÖzer, 2010; Ulutaş et al., 2011). Most of the
data employed in these relationships were from the Kocaeli
and D̈uzce earthquakes of 1999.Özbey et al. (2004) used a
model with two sources of random variation obtained from
strong motion stations operating in northwestern Turkey and
resulted from events that include the Kocaeli (Mw = 7.4) and
Düzce (Mw = 7.2) earthquakes and their aftershocks. How-
ever, Ulusay et al. (2004) derived an attenuation equation for
PGA based on a larger database that covers earthquakes that
occurred in Turkey from 1995 to 2003 to develop domes-
tic equations by using ground motion data obtained from the
earthquakes. Ulusay et al. (2004) used the moment magni-
tude, distance to epicenter, site class coefficient indicators
and largest horizontal PGA parameters in the attenuation re-
lationship model. Ambraseys et al. (2005) also used a num-
ber of records from the NW of Turkey, where the relation-
ship parameters are moment magnitude, distance to the sur-
face projection of the fault, site class coefficient indicators,
and faulting mechanism indicators. However, their relation-
ships were derived by a weighted regression analysis, used to
remove observed magnitude-dependent variance, on a set of
595 strong-motion records recorded in Europe and the Mid-
dle East.

No record of ground acceleration is available in the near
field of the Van earthquake, although the strong ground mo-
tion was recorded by the stations located in the neighboring
provinces. The distances between the strong ground stations
recording the ground accelerations and the epicenter varied
from 42 km to 590 km. The Muradiye station, located ap-
proximately 42 km NE of the epicenter, was the closest sta-
tion and recorded the highest PGA of 178.5 cm s−2 (0.182g)
in the N–S direction. The other stations recorded accelera-
tion values between 0.1g and 0.001g within 95–590 km of
the epicenter (DEMP-ED, 2011). A comparison of the PGAs
recorded at the Muradiye, Bitlis, Muş, Malazgirt and Siirt
stations with the attenuation relationships is shown in Fig. 4.
These stations are within approximately 42 (Muradiye) to
158 (Siirt) kilometers of the epicenter.
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Figure 4. Comparison of recorded strong ground motions with GMPEs. 2 

 3 

Fig. 4.Comparison of recorded strong ground motions with ground
motion prediction equations.

6 Engineering geology

Rock masses and soil layers presented different behaviors
according to their engineering geological properties both
during and after (with the 4≤ M ≤ 5.5 aftershocks) the
23 October 2011 Van earthquake, in the form of slope and
ground failures. Slope movements developed on sound rocks
presenting non-homogenous lithological variations and on
weakly cemented rocks and fan deposits. Ground failures
were mainly observed in non-cohesive, loose, mid-dense al-
luvial deposits as liquefaction and related failures.

6.1 Slope instabilities

Mass movements are downslope movements of earth mate-
rial caused by gravity (Varnes, 1978). In some cases, earth-
quakes can trigger slope instabilities, and this is what oc-
curred throughout the region on 23 October 2011 during
the Van earthquake. Keefer (1984) provided a detailed study
about slope failures caused by 40 earthquakes around the
globe. Mass movements took place as slope failures, which
were observed in the field to occur with different types of
movement and materials. The earthquake occurred during a
relatively wet season so the saturated slopes must have expe-
rienced an increase in pore water pressures due to the earth-
quake load.

The observed slope instabilities were mainly landslides,
earthflows, and rockfalls. Landslide and earthflow type
movements took place on slopes covered with predomi-
nantly fine-grained material. Rockfalls occurred on slopes
composed of basement metamorphic rocks and other non-
homogenous sedimentary rocks. Slope instabilities occurred
at high elevations ranging from 1650 m to 2500 m in
the earthquake region. The occurrence of the landslides,

www.nat-hazards-earth-syst-sci.net/13/1113/2013/ Nat. Hazards Earth Syst. Sci., 13, 1113–1126, 2013
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Figure 5. A view from a landslide on a slope located west of Lake Erçek. 3 Fig. 5. A view from a landslide on a slope located west of Lake
Erçek.

earthflows, and rockfalls was widespread throughout the
earthquake region (see Fig. 2). Landslides were observed
on the slopes located close to the eastern shores of Lake
Van and north and south of Kozluca, located to the east of
Lake Erçek and to the south of Tabanlı village. Some land-
slides were fully developed (Fig. 5) while some were con-
fined landslides that had a scrap but no visible surface rup-
tures in the foot of the displaced mass (TRB, 1996) (Fig. 6).
The majority of the landslides were classified as shallow be-
cause the displaced material thickness was measured to be
less than 5 m. However, one or two landslides were deep,
with a displaced material thickness between 5 m and 20 m
(Zaruba and Mencl, 1982). The largest landslide encountered
in the field covered an area of approximately 20 000 m2 with
100 m width and 200 m length (Fig. 7). The volume of slid-
ing material for this landslide was calculated to be approx-
imately 40 000 m3. Earthflows were limited and these were
observed in the slopes located close to the eastern shores of
Lake Van around Çiẗoren (Fig. 8). Rockfalls were observed
less frequently, but were recorded in the slopes near the east-
ern shores of Lake Van around Çitören (Fig. 9a), from a hill
located in the southwest of Kozluca with the basement meta-
morphic rocks and on the slopes close to the western shores
of Lake Erçek (Fig. 9b). In general the data demonstrate that
landslides occurred more often than rockfalls and earthflows
in the region.

6.2 Liquefaction failures

Soil liquefaction occurs in saturated cohesionless soils when
exposed to strong shaking during earthquakes. The 23 Oc-
tober 2011 Van earthquake caused extensive liquefaction
and related ground failures. Increase in pore water pressures
in non-cohesive, loose and saturated alluvial soils due to
earthquake strong ground motion enabled development of
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Figure 6. A view from a confined landslide on a slope located northwest of Kozluca Village. 3 
Fig. 6. A view from a confined landslide on a slope located north-
west of Kozluca village.
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  1 

Figure 7. The largest landslide with a 60 cm maximum scarp observed in the south of 2 

Çomaklı a) view of the east section of the landslide b) view of the west section of the 3 

landslide with a paleo landslide and landslide ponds. 4 

Fig. 7.The largest landslide with a 60 cm maximum scarp observed
in the south of Çomaklı:(a) view of the east section of the landslide,
(b) view of the west section of the landslide with a paleo-landslide
and landslide ponds.
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Figure 8. A view from an earth flow and landslide developed in Karasu Delta. 4 
 5 

 6 
 7 

 8 
 9 

 10 

Fig. 8. A view from an earthflow and landslide that developed in
Karasu Delta.
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Figure 9. (a) Rock falls observed in a slope with sandstone lithology around Çitören village 3 

(b) Rock falls observed in a slope with limestone-claystone lithologies at the western side of 4 

Lake Erçek.  5 

Fig. 9. (a) Rockfalls observed in a slope with sandstone lithology
around Çiẗoren village and(b) rockfalls observed in a slope with
limestone–claystone lithologies at the western side of Lake Erçek.

widespread liquefaction failures in the meizoseismal region.
These ground failures were flow-type liquefaction, lateral
spreading and ground settlement. Flow-type failures were
observed frequently and were widespread in the field, in the
form of sand cones and boils, and ejection of liquefied soils
onto the surface through a ground crack (Fig. 10a). These
features were mainly observed along the sides and in the
floodplains of the streams and Lake Van shores. The grain
size of the liquefied sediments that were seen on the sur-
face varied from silt-sized grains to fine gravel (Fig. 10b and
c). The liquefied deposits were mainly grey saturated sands
(fine–coarse) mixed with silt and rare clay. Liquefaction-
related damage was very low when compared to the 1999
İzmit (Gölcük) earthquake, during which many buildings set-
tled, tilted and were buried in the liquefied ground. The mo-
ment magnitude (Mw) of theİzmit (Gölcük) earthquake was
7.4, and the focal mechanism solution of the earthquake was
an E–W right-lateral strike-slip fault. The maximum right-
lateral offset was approximately 5 m on the surface (Barka
et al., 2002). Contrary to this, the Van earthquake occurred
on a blind thrust fault plane with N 70◦ E strike and NW dip
(Doğan and Karakaş, 2013). The thrust offset created by the
hanging wall overlapping the foot wall was approximately
3.5 m around the hypocenter (Irmak et al., 2012). The ground
deformations were observed maximum 3 km south end of the
surface rupture of thėIzmit (Gölcük) earthquake, whereas
the ground deformations were seen at most 50 km north and
20 km east of the surface rupture of the Van earthquake. The
reason for that could be the rupturing of secondary intercon-
tinental faults in the different locations of the compressional
province during the earthquake (Doğan and Karakaş, 2013).
In both basins, the groundwater levels are shallow (1–2 m)
and the soil types are similar.

Although the magnitude of the Van earthquake was large
enough and the Erciş Basin constitutes favorable soil lique-
faction conditions, no liquefaction took place in the basin
during the Van earthquake, whereas the Adapazarı Basin suf-
fered extensive liquefaction and related damage during the
1999 İzmit (Gölcük) earthquake.̈Ozvan et al. (2008) indi-
cate that the liquefaction potential of the Erçis region is very
high in aMw = 7.5 earthquake and 0.35g peak ground ac-
celeration.

Lateral spreading is the movement of surficial soil layers
or blocks in a direction parallel to the ground surface, and
occurs when there is a loss of shear strength in a subsurface
layer due to liquefaction (Rauch, 1997). The geologic con-
ditions conducive to lateral spreading (gentle surface slope,
shallow groundwater, liquefiable cohesionless soils) are fre-
quently found along streams and other waterfronts in recent
alluvial or deltaic deposits, as well as in loosely placed, sat-
urated, sandy fills (Youd and Hoose, 1976). Horizontal dis-
placements on a lateral spread can extend up to several me-
ters with smaller associated settlements (Rauch and Martin,
2000). Lateral spreading failures were commonly observed
and were widespread in the field from north of the Van city
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center to Erciş and its surroundings. Horizontal displace-
ments ranged from a couple of meters (1–2 m) to several
meters (5–10 m) with associated settlements from a couple
of centimeters (1–2 cm) to several centimeters (max. 50 cm)
in the field (Fig. 11a). A limited number of houses were
only damaged due to lateral spreading in Çelebibağı, Erciş
(Fig. 11b). Lateral spreading in one location was accompa-
nied by landslide in Erçiş, Çelebibağı. Liquefied soil layers
accompanied by low inclination in the topography (3–5◦) and
free face towards Lake Van caused lateral spreading in the
Çelebibăgılocation.

One of the effects of liquefaction was damage to the main
water pipeline. The soil liquefaction and lateral spreading
broke a section of the main water pipes installed to deliver
water to Van Ÿuzünc̈u Yıl University main campus and some
parts of the city of Van in Topaktaş, located NW of the main
campus (see Fig. 1). This resulted in the failure of water dis-
tribution to university campus and some parts of the city for a
week. Ground settlements due to liquefaction were observed
in several locations during the fieldwork, of which two are
mentioned here as representative examples: in Çelebibağı,
Erçiş, where a house settled downward approximately 30 cm
(Fig. 12a), and in Erçiş county center, some buildings and
paved areas settled from 2 cm to 8 cm (Fig. 12b).

6.3 Liquefaction analysis of soils according to PGAs

Liquefaction analysis was performed by using estimated
ground acceleration values from the attenuation relation-
ships. This method developed by Dobry et al. (1981) is an
empirical approach, and a pre-evaluation of soil liquefac-
tion allows us to form a hypothesis when no subsurface soil
and Standard Penetration Test (SPT) data are available. This
approach utilizes threshold acceleration (at) and maximum
ground acceleration (amax) values and defines a safety fac-
tor that is greater than that required for the low liquefaction
risk and less than that required for the high liquefaction risk.
This method was employed for four sites where liquefac-
tion was observed. The distances between the mid-center of
each site and the epicenter were measured in GIS. These dis-
tances were used to calculate the maximum accelerations in
each site by using the attenuation relationships of Ulusay et
al. (2004) and Ambraseys et al. (2005). The factor of safety
was considered to be 0.99 since the liquefaction took place in
the specific locations. Since the safety factor and maximum
acceleration values are known, the threshold acceleration val-
ues in each area were calculated according to Eq. (1). The
calculated maximum acceleration and threshold acceleration
values for each area are shown in Table 1.

F = 1.6× at/amax. (1)

The threshold acceleration values that initiate the liquefac-
tion in each site were calculated according to the approach
established by Dobry et al. (1981). Theamax values calcu-
lated from the attenuation relationship of Ulusay et al. (2004) 35 
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Figure 10. (a) Sand boils and ejection of liquefied soils into the surface through a ground 3 

crack in Karasu Delta (b) Sand cone of liquefied fine grained soil in the eastern shores of 4 

Lake Van around Çitören Village (c) Sand boil of liquefied sand with gravels in the northern 5 

shores of Lake Van around south of Çelebibağı.  6 

Fig. 10. (a)Sand boils and ejection of liquefied soils into the surface
through a ground crack in Karasu Delta,(b) sand cone of liquefied
fine-grained soil in the eastern shores of Lake Van around Çitören
village, and(c) sand boil of liquefied sand with gravels in the north-
ern shores of Lake Van around south of Çelebibağı.
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Figure 11. (a) Lateral spreading developed around the shore of Karasu River in Karasu Delta 3 

(b) Lateral spreading developed under a house in Çelebibağı, Erçiş. 4 

Fig. 11. (a)Lateral spreading that developed around the shore of
Karasu River in Karasu Delta and(b) lateral spreading that devel-
oped under a house in Çelebibağı, Erçiş.

were used in the calculations because their relationship fit
well with the strong ground motion data recorded in far
field of the Van earthquake. The threshold acceleration val-
ues obtained were approximately 267.70 cm s−2 (∼ 0.27g)
for the 1st site, 340.24 cm s−2 (∼ 0.35g) for the 2nd site,
188.87 cm s−2 (∼ 0.19g) for the 3rd site, and 273.60 cm s−2

(∼ 0.28g) for the 4th site. The highest threshold accelera-
tion value was noted in the 4th site, which was the closest
of the four to the epicenter. The lowest threshold accelera-
tion value was noted in the 3rd site, which was the farthest
from the epicenter. As each of the four sites experienced liq-
uefaction failures, the minimum threshold acceleration value
for the initiation of soil liquefaction could be 188.87 cm s−2

(∼ 0.19g) in the earthquake region.

6.4 Granulometric analysis of the liquefied soils

Several soil samples were taken from the different localities
of the earthquake region to define the relationship between

37 
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Figure 12. (a) Liquefaction related settlement occurred under a house at Çelebibağı, Erçiş (b) 3 

Liquefaction related settlement at the mid-part of the Erciş Basin (CGE, 2011).  4 
Fig. 12. (a)Liquefaction-related settlement that occurred under a
house at Çelebibağı, Erçiş and(b) liquefaction-related settlement at
the mid-part of the Erciş Basin (CGE, 2011).

liquefaction, grain size distribution and soil type. Twelve
samples collected from the liquefied soils in different loca-
tions of the earthquake region were tested for grain size dis-
tribution (GSD) using sieve analyses. The purpose of the soil
testing is to determine the grain size distribution and soil type
of the liquefied soil layers and to compare the grain size dis-
tributions of the liquefied soil layers in the earthquake meizo-
seismal area. The laboratory results of the liquefied soils led
to plotting grain size distribution curves, which enabled us to
compare the laboratory results of liquefied soils in the Van
earthquake and other earthquakes. With this, it is possible to
compare the liquefied soils with the other soils that were liq-
uefied in the previous earthquakes.

The GSD test presents silt and clay, sand and gravel ra-
tios for a soil sample. The silt and clay ratio varied from 4 %
to 48.2 %, and the sand ratio varied from 48.9 % to 96 %.
The gravel ratio was very low and encountered only in two
samples as 0.5 % and 2.9 %. The majority of the liquefied
soil samples (9 out of 12) were silty sand (SM) according
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Table 1.Estimated peak ground accelerations for the given distances and threshold acceleration values in each site.

Distance to Epicenter Ulusay et al. (2004) Ambraseys et al. (2005) Threshold Acceleration Value
(km) (cm s−2) (cm s−2) (cm s−2)

16 (1st Site) 432.6494 281.2873 267.7018
5 (2nd Site) 549.8952 464.8727 340.2477
32 (3rd Site) 305.2489 141.9205 188.8728
15 (4th Site) 442.1847 263.6486 273.6018

to the Unified Soil Classification System (USCS). One sam-
ple was classified as clayey sand (SC) due to its plasticity
index (10.3). Two samples were classified as poorly sorted
sands (SP). Sand grains in the soil samples were mainly fine–
medium size. Only five samples had coarse-grained sand as
up to 2 % of the sand portion (S11). One sample (S5) was
taken from the sliding soil mass located in the Karasu Delta
along the eastern shores of Lake Van. This soil sample tested
for GSD resulted in 13.4 % silt+clay, 86.1 % sand and 0.5 %
gravel, and was classified as silty sand (SM).D60 (mm) di-
ameter sizes of the soil particles varied from 0.11 mm to
0.84 mm (Table 2). According to the GSD analyses of the
liquefied soil samples, liquefied soils were mainly composed
of fine–medium sized sand grains. Thus, the soil liquefaction
is closely associated with the grain size. GSDs of ejected or
boiled soils are placed between the high possibilities of lique-
faction boundaries (Fig. 13). Sieve analysis results performed
on sampled sand boils that occurred during the Van earth-
quake also indicated high potential for liquefaction (Çetin et
al., 2011).

7 Engineering geological assessment

Four different sites were defined according to spatial occur-
rences of mass movements and liquefaction features. The
first site is located around Çitören and Bardakçı, along the
eastern shores of Lake Van. Landslides, earthflows, rockfalls,
flow-type liquefaction, lateral spreading, and liquefaction-
related settlements were observed in this area. The Plio-
Quaternary units overlie the Pre-Neogene basement rocks in
the areas close to the shores of Lake Van in this site. Land-
slides and earthflows took place on the slopes of loosely
packed upper group Plio-Quaternary units deposited in the
fluvial environment, and rockfalls occurred on the Plio-
Quaternary non-homogenous sandstone–claystone sequence,
thus indicating a low energy environment of deposition (la-
custrine). Liquefaction, lateral spreading and liquefaction-
related settlements occurred in loose, saturated alluvial units
along the Karasu River and its floodplain. The laboratory re-
sults for the liquefied soil samples (S6, S7, S8, S9 and S10)
yielded SM (more common), SC and SP type soils withD60
varying from 0.12 mm to 0.39 mm.

The second site is located in the south of Tabanlı village.
Surface features observed in the second site were flow-type

liquefaction, lateral spreading and liquefaction-related settle-
ments. These features occurred in loose, saturated alluvial
units deposited in the floodplain of Karasu River and along
the Karasu River and its tributaries. The laboratory result for
the liquefied soil sample (S13) presented SM type soil with
0.11 mmD60.

The third site is located in the south of Erciş. Surface fea-
tures observed in the third site were flow-type liquefaction,
lateral spreading and liquefaction-related settlements. These
features occurred in loose, saturated alluvial units deposited
in the Erciş Basin, along the creeks located in the basin and
on the north shores of Lake Van. The laboratory results for
the liquefied soil samples (S1, S2, S3, S4, S11 and S12)
yielded SM (more common) and SP type soils withD60 vary-
ing from 0.19 mm to 0.84 mm.

The fourth site is located in the north and south of Kozluca
village and west of Lake Erçek. Landslides and rockfalls
and flow-type liquefaction and lateral spreading were en-
countered in this area. Landslides occurred mainly in upper
group Plio-Quaternary alluvial fan deposits, located south
and north of Kozluca. Rockfall-type mass movements took
place amongst basement rocks to the southwest of Kozluca
and lower group Oligo-Miocene epiclastic sedimentary rocks
in the western shores of Lake Erçek. Flow-type liquefac-
tion and lateral spreading occurred in loose, saturated allu-
vial units deposited along Karasu River, in the northwest of
Kozluca. Although no laboratory result exists for the fourth
site, according to field observations the liquefied soils were
similar to those liquefied in the other three sites.

A total of 19 slope failures were encountered in the
field. The occurrence ratio of each mass movement was
approximately 68 % for the landslide, 16 % for the earth-
flow, and 16 % for the rockfall. A total of 30 liquefac-
tion and liquefaction-related surface failures were encoun-
tered in the field. The occurrence ratios of each liquefac-
tion and liquefaction-related surface failures were approx-
imately 40 % for the flow-type liquefaction, 40 % for the
lateral spreading, and 20 % for the liquefaction-related set-
tlement. Thus, the most common slope failure detected in
the field was landslide, and the most common liquefac-
tion and liquefaction-related surface failures encountered in
the field were flow-type liquefaction and lateral spreading.
When the slope failures and liquefaction features are evalu-
ated together, the most common ground failures observed in
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Fig. 13.Grain size distribution curves of liquefied soil samples.

Table 2.Grain size distribution test results for the liquefied 12 soil samples and 1 soil sample (S5*) taken from a landslide body.

Sample Location Silt+Clay Sand (%); Gravel Description USCS D60
No (%) (Fine+Medium+Coarse) (%) (mm)

S1 Çelebibăgı, Erçiş 15 85 (60+25+0) 0 Silty-Clayey Fine–Medium Sand SM 0.31
S2 Çelebibăgı, Erçiş 27 73 (66+7+0) 0 Silty-Clayey Fine–Medium Sand SM 0.19
S3 Çelebibăgı, Erçiş 18 82 (49+33+0) 0 Silty-Clayey Fine–Medium Sand SM 0.35
S4 Çelebibăgı, Erçiş 19 80.5 (48+32.25+0.25) 0.5 Silty-Clayey Fine–Medium Sand SM 0.36

S5* Eastern shores of Lake Van, around Karasu Delta 13.4 86.1 (65.9+20.1+0.1) 0.5 Silty-Clayey Fine–Medium Sand SM 0.28
S6 Eastern shores of Lake Van, around Karasu Delta 48.2 48.9 (30.9+16.6+1.4) 2.9 Silty-Clayey Fine–Medium Sand SC 0.17
S7 Eastern shores of Lake Van, around Karasu Delta 15.1 84.9 (81.5+3.4+0) 0 Silty-Clayey Fine–Medium Sand SM 0.17
S8 Topaktaş 8.3 91.7 (84.6+7.1+0) 0 Silty-Clayey Fine–Medium Sand SM 0.23
S9 Topaktaş 4.6 95.4 (60+34.25+1.15) 0 Silty-Clayey Fine–Medium Sand SM 0.39

S10 Eastern shores of Lake Van, around Çitören 37 63 (60+3+0) 0 Silty-Clayey Fine–Medium Sand SP 0.12
S11 Southeast of Çelebibağı, Erciş 7 93 (47+44+2) 0 Silty-Clayey Fine–Medium Sand SM 0.53
S12 Southeast of Çelebibağı, Erciş 4 96 (30+66+0) 0 Silty-Clayey Fine–Medium Sand SP 0.84
S13 Southwest of Tabanlı 39.4 60.6 (57.3+3.3+0) 0 Silty-Clayey Fine–Medium Sand SM 0.11

S5*= Sample taken from a landslide.

the field were landslide, flow-type liquefaction, and lateral
spreading. The maximum occurrence distance to the epicen-
ter for the slope instabilities varied from 22 km to 23 km, and
the maximum occurrence distance to the epicenter for the
liquefaction and liquefaction-related surface failures varied
from 29 km to 31 km (Table 3). Thus, slope movements, liq-
uefaction and liquefaction-related surface failures occurred
within 20 to 30 km from the earthquake epicenter. Similar
slope failures and liquefaction features that occurred in the
Van earthquake have been presented in reconnaissance re-
ports and proceedings papers (Çetin et al., 2011; Aydan et
al., 2012; Ulusay et al., 2012).

8 Conclusions and recommendations

The 23 October 2011 Van earthquake severely affected hu-
mans, man-made structures, and nature. The human loss
was 604 dead and countless injured, while the total num-
ber of moderately to severely damaged buildings was ap-
proximately 66 550. Additionally, 2900 buildings completely

Table 3. Occurrences and maximum distances to the earthquake
epicenter of the mass movements and surficial features.

MM type and Occurrence Max. Distance
Surficial Feature to Epicenter (km)

Landslide (Ls) 13 ∼ 22
Earthflow (EF) 3 ∼ 23
Rockfall (RF) 3 ∼ 23
Liquefaction (L) 12 ∼ 29
Lateral Spreading (LS) 12 ∼ 29
Settlements (S) 6 ∼ 31

collapsed (TRC, 2011). The impact on nature included sur-
face ruptures, tensional ground cracks, slope instabilities, liq-
uefaction and liquefaction-related failures. This study con-
centrated on the engineering geologic evaluation of the mass
movements such as landslides, earthflows and rockfalls, liq-
uefaction and surface features relating to liquefaction. Land-
slides occurred mainly on highly sloped young deposits,
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indicating that the slopes are not stable and an earthquake
could trigger landslides. The main reasons for slope insta-
bilities were strong earthquake shaking, an increase in pore
water pressure due to the event occurring during a wet sea-
son, rugged morphology in high elevations (1650–2500 m),
lithological properties and dips of the discontinuities. The
geographic distribution of these landslides varied from the
eastern shores of Lake Van and north of Kozluca, located to
the east of Lake Erçek and to the south of Tabanlı village in
the earthquake region. Rockfalls and earthflows were not ob-
served as frequently as landslide-type movement. In general
it has been observed that landslides and earthflows occurred
on the slopes between 20◦ and 45◦ and consist of young
Plio-Quaternary predominantly fine-grained deposits. Rock-
falls occurred in the basement rocks, lower group Oligo-
Miocene rocks and upper group Plio-Quaternary rocks. Liq-
uefaction, lateral spreading and settlement-type surface fea-
tures took place in loose and saturated alluvial deposits along
Karasu River and its tributaries and floodplain. Seismically
induced soil liquefaction and lateral spreading features were
extensively observed, but liquefaction-related ground settle-
ments were less frequently observed in the earthquake re-
gion. High groundwater level, loose sand type deposits (SM)
with D60 grain size varying from 0.11 mm to 0.84 mm and
strong ground motion made possible widespread soil lique-
faction. Sieve analysis results of the liquefied sand samples
indicated high potential for liquefaction. However, property
damage due to soil liquefaction was quite low considering
the large magnitude of the main shock.

Ground failures were observed in the areas located within
20 km (2nd area) and 50 km (3rd area) north of the main
thrust surface rupture. This indicates that secondary ground
deformations developed extensively in the meizoseismal area
of the earthquake. The hanging wall (northern block) of the
thrust fault moved towards the footwall (southern block) so
the impact of the earthquake was concentrated on the north-
ern block. Slope instabilities, liquefaction and liquefaction-
related surface failures occurred within 20 or 30 km of the
earthquake epicenter.

The relatively shallow epicenter (5–20 km), the wide area
of the fault plane (60× 20 km) and the long duration of
the rupturing (50 s) led to widely distributed slope instabil-
ities and liquefaction, and associated deformations. These
factors were effective in enhancing the structural damage.
However, when we look at the ground accelerations (0.182–
0.001g) recorded during the earthquake, it is obvious that
these values are quite low considering the large magnitude
of the earthquake (Mw = 7.2). The damaged areas should
have been affected by stronger ground motion than the places
where the stations recorded strong ground motion. Attenu-
ation relationships were used to estimate peak ground ac-
celerations (PGAs), and an empirical liquefaction evaluation
method employing ground accelerations was used to define
the threshold accelerations initiating liquefaction. The min-
imum threshold acceleration value for the initiation of soil

liquefaction was calculated to be 188.87 cm s−2 (∼ 0.19g) in
the earthquake region. The attenuation of the strong ground
motion in the earthquake region affected the intensity and
depth of slope instabilities. The peak ground acceleration
estimated from the attenuation relationship established by
Ulusay et al. (2004) reaches 549.8952 cm s−2 (∼ 0.56g).
Correspondingly, the majority of the mass movements took
place in shallow depths. The variations in the depth of the
slope instabilities are directly associated with the attenuation
of the acceleration with the distance.

It is suggested that the earthquake-triggered landslides
should be monitored, and the entire earthquake region should
be studied in detail to reveal the mass movement and liq-
uefaction distribution. A detailed engineering geologic and
earthquake hazard evaluation should be performed before an
engineering project is undertaken in the region. This event
encourages civil protection measures that ensure minimal
loss of human life and property damage. The GIS mapping
of the geological impacts will be useful for the engineering
evaluation and for the stakeholders. Slope stability analy-
sis and liquefaction analysis within the capabilities of GIS
should be performed to define potentially unstable slopes and
liquefiable areas in the earthquake region. The slope move-
ments and liquefaction failures that took place during the
earthquake set a basis for construction of earthquake zoning
maps and developing an earthquake database.
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University, Sezer Ş. Komsuoğlu, and the retired dean of the
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Güner, Y.: Geology, geomorphology and evolution of the Nemrut
volcano, Geomorphology J., 12, 23–65, 1984 (in Turkish with
English Abstract).

Hempton, M. R.: Constraints on Arabian plate motion and exten-
sional history of the Red sea, Tectonics, 6, 687–705, 1987.
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Van, M.Sc. thesis, Ÿuzünc̈u Yıl University, Faculty of Sciences,
Van, Turkey, 88 pp., 2003.
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