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Availability of seismic vulnerability index (Kg) in the assessment of 
building damage in Van, Eastern Turkey
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Abstract: The seismic vulnerability index (Kg) is a parameter that depends on the dynamic properties of soil. With this 
parameter, it is possible to evaluate the vulnerability of a point-based site under strong ground motion. Since it is related to 
the natural vibration period and amplifi cation factor, the parameter can be calculated for both soil and structure. In this study, 
HVSR microtremor measurements are recorded at more than 200 points in the Van region to generate a seismic vulnerability 
index map. After generating the map, it is determined that the hazard potential and seismic vulnerability index is high at the 
sites close to Van Lake and at the densely populated city center. Damage information of the buildings investigated after the 
2011 Van earthquakes (Mw = 7.1) are placed on the seismic vulnerability index map and it is realized that there may be a 
correlation between the damage and the seismic vulnerability index. There is a high correlation, approximately 80 percent, 
between the damage rate map based on the damaged building data and the Kg values.  In addition, vulnerability indexes of 
buildings are calculated and the eff ect of local soil conditions and building properties on the damage levels are determined. 
From the results of this study and the site observations after the 2011 Van earthquakes, it is found that structural damage is not 
only structure-dependent but is also related to the dynamic behavior of soil layers and local soil conditions.
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1  Introduction

Van settlements (Eastern Turkey) and its surrounding 
areas have aff ected very complex tectonic processes in 
geological time. The Lake Van region has a high level 
of seismicity, both historical (before 1900) and more 
recently as recorded by instrumental period (Koçyiğit 
et al., 2001; Akkaya, 2015; Akkaya et al., 2015). Local 
soil conditions, earthquake characteristics and structural 
properties are the main factors causing distribution of 
structural damage at the time of the earthquakes and 
have an important role in the soil-structure interaction 
(Ansal, 1999a, b). Poor construction practices and local 
site eff ects play a crucial role in determining earthquake 
hazards of these regions. The level of building damage 
during an earthquake is closely related to the softness 
and thickness of the sediment layers. 

The HVSR microtremor method, which is the 
best approach to predict the site eff ects due to seismic 

wave propagation, is commonly used to determine the 
damage caused by destructive earthquakes (Nakamura, 
1997, 2000, 2008). The single-station microtremor 
measurements technique, known as the H/V spectral ratio 
(HVSR) method developed by Nakamura (1989), is one 
of the easiest and most reliable methods for determining 
local soil conditions. Amplifi cation factor and 
predominant frequency of the soil are HVSR parameters, 
which are related to the local soil conditions and soil-
structure interaction. HVSR were used to determine the 
amplifi cation (HVSR peak value), predominant period 
and seismic vulnerability index (Kg) values also aff ected 
by the geotechnical conditions, soil type, and thickness 
of the sediment layer. The method has been commonly 
used in engineering applications by many researchers 
to analyze site eff ects and earthquake ground motion 
amplifi cation (Nakamura, 1989, 1997, 2000; Field 
and Jacob, 1993, 1995; Lachet and Bard, 1994; Bard, 
1998; Lermo and Chavez-Garcia, 1993,1994; Konno 
and Ohmachi, 1998; SESAME, 2004; Gallipoli and 
Mucciarelli, 2009; Paudyal et al., 2012; Akkaya, 2015; 
Akkaya et al., 2015, Livaoğlu et al., 2017; Pamuk et al., 
2017a-c; Akkaya and Özvan, 2019).

Microtremor applications are used to evaluate the Kg 
value. The Kg value may also be useful as an indicator 
of the weak points in a region. In addition, Kg has an 
important role in earthquake hazards studies. Kg depends 
on the dominant frequency, HVSR amplifi cation factor 
and Vs30 value of the soil (Nakamura, 1997). Recently, Kg 
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has been used by many researchers in the distribution of 
damage and in microzonation studies (Nakamura, 1997, 
2000, 2008; Gallipoli et al., 2004; Nath et al., 2015; 
Dindar et al., 2017; Livaoğlu et al., 2017; Pamuk et al., 
2017a-c).

The Van earthquake occurred on October 23, 2011, 
and struck the region (Eastern Turkey) with a moment 
magnitude of 7.1, resulting in the deaths of 644 people 
(KOERI, 2011). After the earthquake, 36 buildings totally 
collapsed, 20,547 buildings sustained heavy damage, 
6,607 buildings were moderately damaged and 59,796 
buildings suff ered only light damage (documented 
by AFAD) used as the study area to understand the 
relationship between building damage and the Kg value. 

In this study, HVSR microtremor data measurements 
were performed at more than 200 sites in order to 
identify the soil properties, amplifi cation factor, and 
predominant frequency or period values in the Van 

settlement area (Fig. 1). HVSR data were analyzed using 
the Nakamura method. The Kg value was evaluated 
using the HVSR amplifi cation factor and predominant 
frequency or period, which was used to determine the 
earthquake hazards on the site. In order to investigate 
the engineering properties of the study area and the 
Kg, amplifi cation, predominant period, shear wave Vs30 
velocity, soil classifi cation, and  building damage ratio, 
maps have been prepared.

2  Geology and seismicity of the region 

The study area is located in the eastern sites of the 
Lake Van region in Eastern Turkey (Fig. 1). The Lake 
Van region lies along the continental collision zone 
between the Eurasian and Arabian plates, and consists of 
diff erent types of rock units and alluvium. The Lake Van 

Fig. 1   Location and measurement point map of the study area
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basin consists of three major geological units: Paleozoic 
metamorphic rocks and Upper Cretaceous ophiolites, 
volcanic rocks, and Miocene and Quaternary alluvium 
(Fig. 1). The predominant geological units in the eastern 
site of the region consist of Miocene and Quaternary 
age alluvial deposits and lake sediments. A large part of 
the studied area is located over a ground composed of 
the recent alluvium. These deposits include silt, sand, 
gravels, and loose and soft clay. Sedimentation processes 
in the area are due to oscillations in the lake water 
level over time. The level of groundwater is shallow 
particularly in the nearest of Lake Van, as shown by 
the borehole data. In general, the level of groundwater 
observed was less than 20 m in the region, particularly in 
old lake sediments. The level of groundwater especially 
decreased (< 5 m) in the nearest parts of Lake Van, in the 
recent alluvial deposits (Özvan et al., 2005; Akkaya et 
al., 2015, 2017, 2018a).

The continental collision between the Eurasian 
and the Arabian plates in Late Miocene caused crustal 
shortening, thickening and uplift of the Eastern Anatolian 
region (Şengör and Kidd, 1979; Şaroǧlu and Yılmaz, 
1986; Koçyiǧit et al., 2001). Because of this collision, 
the Anatolian Plate escaped in a westward direction 
along the East and North Anatolian fault zones (Şaroǧlu 
and Yılmaz, 1986). In addition, this collision caused the 
formation of the Lake Van basin. The region is under 
the infl uence of the north–south directional compression 

regime. After the collision, many NW trending strike-
slip, E–W trending reverse or thrust, and normal faults 
were developed (Bozkurt, 2001; Koçyiğit et al., 2001; 
Koçyiğit, 2013).

The Lake Van area is situated in the most seismically 
active region in Turkey and is subjected to tectonic 
movement. Strike-slip and thrust faults are the major 
tectonic units in the region, such as the Van thrust fault, 
Çaldıran, Gürpınar and Erciş–Kocapınar fault zone, 
Alaköy, Çolpan, Everek, and Özalp fault (Koçyiğit, 
2013; Utkucu, 2013; Selçuk, 2016; Toker et al., 2017). 
Numerous destructive earthquakes have occurred both 
throughout history and in recent times around the Lake 
Van area, such as the 1111 Van, 1646 Hayatsdzaron, 
1715 Hoşap, 1945 Van (Ms = 5.8), 1941 Erciş (Ms = 
5.9), 1966 Varto (Ms = 6.8), 1903 Malazgirt (Ms = 6.3), 
1976 Çaldıran (Ms = 7.5), and 2011 Van (Mw = 7.1; 5.6) 
earthquakes (Ambraseys and Finkel, 1995; Soysal et 
al., 1981; Ambraseys, 2001; Tan et al., 2008; Koçyiğit, 
2013). In addition, earthquakes having M ≥ 5 have been 
recorded during historical and instrumental periods 
in the Lake Van basin (Fig. 2). The Çaldıran, Van, and 
Erciş–Kocapınar Fault are very active fault zones that 
can adversely aff ect the region. There have been more 
than 15,000 earthquakes in the Lake Van region since 
1900 (Fig. 2). The magnitude and depth diagrams of 
these earthquakes are shown in Fig. 2.

Fig. 2   Seismotectonic map of the region (the faults modifi ed from Emre et al., 2013; Cukur et al., 2016)
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3  HVSR microtremor measurements and data 
    analysis

The HVSR microtremor technique, well known as 
the H/V or Nakamura (1989) method, is widely used for 
earthquake engineering applications. Nakamura (1989) 
showed that the predominant frequency or period and 
HVSR peak value or amplifi cation factor of the soil site 
was related to the ratio of H/V components ambient 
noise records. The aim of the technique is to determine 
the HVSR peak value (amplitude) and peak frequencies/
periods values based on ambient noise record. Local soil 
conditions and soil–structure interactions are related to 
the HVSR parameters. In the last century, the HVSR 
method has been tested and used by diff erent researchers 
at many sites (Nakamura, 1989, 2000; Field and Jacob, 
1993,1995; Lachet and Bard, 1994; Lermo and Chavez-
Garcia, 1993, 1994; Gitterman et al., 1996; Konno 
and Ohmachi, 1998; Bard, 1998; Mucciarelli, 1998; 
Theodulidis et al., 1996; Delgado et al., 2000; Fah et 
al., 2001; Okada, 2003; Bonnefoy-Claudet et al., 2006; 
Dikmen and Mirzaoğlu, 2005; Birgoren et al., 2009; 
Özalaybey et al., 2011; Claprood et al., 2012; Eskişar 
et al., 2013; Akkaya, 2015; Akkaya et al., 2015; Silahtar 
et al., 2016; Akın and Sayıl, 2016; Tün et al., 2016; 
Pamuk et al., 2017a, b; Livaoğlu et al., 2017; Akkaya 
and Özvan, 2019).

According to the HVSR method, microtremor 
measurements were performed at more than 200 
diff erent sites in order to identify the soil properties and 
seismic vulnerability in the Van settlement area during 
2016‒2017 (Fig. 1). The HVSR data were recorded 
for 100 Hz sampling rate and a 30-minute recording 
duration at each site. The measurements were taken 
during the early hours of the day and night, especially in 
the city centers because of the heavy traffi  c throughout 
the day. In addition, data were recorded in convenient 
environmental conditions without rain and wind. HVSR 

data were taken with a CMG-6TD series Guralp Systems 
broadband velocity seismometer system. Measurements 
were visualized using the version 4.5 of Scream 
software. All data signals processing stage to remove 
intensive artifi cial disturbance by bandpass fi ltering of 
the full wave form with a band-pass of 0.01‒20 Hz. 
After this step, the data were divided into 20–30 second 
window lengths, using cosine taper individually and the 
Konno & Ohmachi (1998) smoothing method with a 
constant number of 40. A fast fourier transform (FFT) 
was applied to obtain the amplitude spectra of the two 
horizontal (NS and EW) and one vertical (Z) components 
for each window. Finally, the average spectral ratio of the 
components was calculated (Fig. 3, Table 1). The open-
source Geopsy software packages (GEOPSY, 1997), 
prepared by the recommendations of the SESAME 
(2004) Project, and was used in the data processing. As 
a result, the data was processed to obtain a distribution 
map of the predominant period and amplifi cation factor 
in the study area (Fig. 4). The position of east-west 
directional depth section (AA′) is shown in Fig. 1.

Depth cross-section was created for the study area, 
taking into account the vertical and horizontal soil 
variations observed in the borehole (the maximum 
drilled depth approximately 5 km) and seismic data 
(Fig. 3). The HVSR microtremor measurement results 
for the same profi le are given in Fig. 3, in which the 
bold line is the average HVSR value of the FFT analysis. 
The resulting spectra include the standard deviation 
for all values, which is represented by two dotted 
lines above and below. It was determined that there is 
a good correlation between the soil type and HVSR 
microtremor results in the cross-section created in the 
east-west direction in the study area (Fig. 3). Because 
of this profi le, low amplitude and high frequency values 
were observed in the rocks and solid soil layers, whereas 
high amplitude and low–medium frequency values are 
observed in the case of weak soils. In the center of the 

Fig. 3   East-West direction cross-section and HVSR microtremor results
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Table 1    Measurement and calculated parameters used in this study

No. Latitude X Longitude Y Vs30    
(m/s)

Soil 
class f0 (Hz) t0 (s) Kg value

1 S + HV1 354874 4268327 1050 B 1.20 5.00 0.20 0.29
2 S + HV2 354859 4268319 946 B 1.20 5.00 0.20 0.29
3 S + HV6 355755 4268354 652 C 1.50 3.33 0.30 0.68
4 S + HV7 355615 4268957 584 C 1.50 3.33 0.30 0.68
5 S + HV12 359040 4263298 347 D 2.70 1.67 0.60 4.37
6 S + HV14 359861 4262301 301 D 4.11 1.59 0.63 10.64
7 S + HV16 355561 4267256 674 C 1.50 6.67 0.15 0.34
8 S + HV17 364805 4262270 550 C 2.45 3.33 0.30 1.80
9 S + HV19 359152 4260347 557 C 2.00 3.03 0.33 1.32
10 S + HV21 357859 4262905 237 D 3.45 2.50 0.40 4.76
11 S + HV26 363722 4262082 347 D 3.20 1.82 0.55 5.63
12 S + HV28 358921 4264811 251 D 3.67 3.23 0.31 4.18
13 S + HV29 359191 4265156 235 D 3.51 3.13 0.32 3.94
14 S + HV32 360216 4260256 344 D 2.50 3.23 0.31 1.94
15 S + HV35 360694 4260802 293 D 2.80 2.50 0.40 3.14
16 S + HV38 360629 4262051 274 D 3.25 2.70 0.37 3.91
17 S + HV39 360213 4261919 245 D 3.62 2.50 0.40 5.24
18 S + HV42 359285 4266509 285 D 3.11 2.86 0.35 3.39
19 S + HV45 359702 4260397 371 C 4.84 1.23 0.81 18.97
20 S + HV46 361520 4262240 362 C 4.62 0.79 1.27 27.11
21 S49 354698 4267928 1255 B 1.00 3.33 0.30 0.30
22 S86 359350 4262313 331 D 2.60 1.67 0.60 4.06
23 S118 355297 4268285 751 C 1.80 7.14 0.14 0.45
24 S126 355674 4269013 1060 B 1.40 5.00 0.20 0.39
25 M+ HV55 358903 4263388 442 C 2.12 3.33 0.30 1.35
26 M+ HV59 359246 4263376 285 D 2.30 1.43 0.70 3.70
27 M+ HV61 359005 4262287 232 D 2.84 1.11 0.90 7.26
28 M+ HV69 360331 4261348 230 D 3.41 1.96 0.51 5.93
29 M+ HV70 359628 4263563 332 D 2.30 1.67 0.60 3.17
30 M+ HV72 358270 4263332 273 D 2.75 2.33 0.43 3.25
31 M+ HV77 360048 4262070 323 D 3.96 1.67 0.60 9.41
32 M+ HV78 355745 4264958 250 D 2.50 1.25 0.80 5.00
33 M+ HV79 360441 4262267 376 C 4.20 2.33 0.43 7.59
34 M+ HV80 357966 4265265 295 D 2.83 1.43 0.70 5.61
35 M+ HV83 359968 4262877 262 D 2.95 2.33 0.43 3.74
36 M+ HV86 358481 4263010 352 D 3.24 1.64 0.61 6.40
37 M+ HV89 356444 4262824 291 D 3.67 2.00 0.50 6.73
38 M+ HV92 358212 4262499 315 D 3.16 1.54 0.65 6.49
39 M+ HV93 361022 4261737 211 D 3.83 1.43 0.70 10.27
40 M+ HV95 359484 4262571 292 D 2.86 1.43 0.70 5.73
41 M+ HV97 355294 4267660 492 C 1.80 2.50 0.40 1.30
42 M+ HV100 354738 4268704 434 C 2.30 2.50 0.40 2.12
43 M+ HV101 360340 4263067 335 D 2.66 2.00 0.50 3.54
44 HV107 354876 4262374 - - 8.14 0.68 1.48 98.06
45 HV108 359090 4264498 - - 2.10 5.00 0.20 0.88
46 HV109 359975 4264353  - - 2.50 5.00 0.20 1.25
47 HV110 356306 4259220 - - 2.50 2.00 0.50 3.13
48 HV111 363590 4264297 - - 2.50 2.00 0.50 3.13
49 HV112 353994 4263664 - - 3.00 1.43 0.70 6.30
50 HV113 361727 4259659 - - 1.50 5.00 0.20 0.45
51 HV114 362903 4264652 - - 2.70 2.00 0.50 3.65
52 HV115 354448 4262899  - - 5.50 0.75 1.34 40.54
53 HV116 355769 4262616 - - 3.00 1.43 0.70 6.30
54 HV117 353829 4264044 - - 8.80 0.44 2.27 176.00
55 HV118 354435 4264134 - - 8.70 0.61 1.64 124.08
56 HV119 355074 4264047 -  - 3.54 0.67 1.49 18.70
57 HV120 355575 4263968 -  - 5.75 0.60 1.66 54.88
58 HV121 356040 4262889 -  - 3.23 1.53 0.65 6.82
59 HV122 356904 4262901 - - 4.21 0.67 1.49 26.45
60 HV123 358021 4262841 - - 3.20 1.72 0.58 5.95

Measurements 
name

H/V peak 
amplitude
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Measurements 
name

Table 1    Continued

No. Latitude X Longitude Y Vs30    
(m/s)

Soil 
class f0 (Hz) t0 (s) Kg value

61 HV124 358649 4262644 - - 2.73 1.46 0.68 5.10
62 HV125 358056 4262291  -  - 3.84 1.44 0.69 10.24
63 HV126 358742 4261932 - - 2.56 0.62 1.61 10.57
64 HV127 359160 4261484 - - 3.70 0.68 1.47 20.13
65 HV128 359062 4263151 - - 2.89 0.65 1.54 12.85
66 HV129 353370 4265125 - - 1.89 0.64 1.56 5.58
67 HV130 354487 4264857 - - 3.36 0.52 1.92 21.71
68 HV131 354415 4265100 - - 3.93 0.55 1.82 28.08
69 HV132 355442 4264542 - - 7.30 0.60 1.67 88.82
70 HV133 356039 4264066 - - 3.80 0.65 1.54 22.22
71 HV134 356941 4263921 - - 2.61 0.62 1.61 10.99
72 HV135 356968 4263669 - - 3.25 0.80 1.25 13.20
73 HV136 358092 4263602 - - 7.20 0.67 1.49 77.37
74 HV137 358443 4263572 - - 3.75 0.68 1.47 20.68
75 HV138 358474 4263184 -  - 3.12 0.60 1.67 16.22
76 HV139 358577 4262863 - - 2.81 1.51 0.66 5.23
77 HV140 358833 4262823 - - 3.02 0.60 1.67 15.20
78 HV141 359357 4263054 - - 3.58 0.60 1.67 21.36
79 HV142 359654 4263479 - - 2.10 0.60 1.67 7.35
80 HV143 359472 4263466 - - 2.83 0.51 1.96 15.70
81 HV144 359097 4263534 - - 2.29 1.51 0.66 3.47
82 HV145 359087 4263534 - - 2.18 1.46 0.68 3.26
83 HV146 360598 4262906 - - 2.55 0.63 1.59 10.32
84 HV147 359627 4262191 - - 3.00 0.97 1.03 9.28
85 HV148 359305 4262452 - - 3.42 1.13 0.88 10.35
86 HV149 358526 4262190 - - 3.27 1.75 0.57 6.11
87 HV150 358785 4262097 - - 2.38 1.33 0.75 4.26
88 HV151 359042 4262228 - - 2.28 0.96 1.04 5.42
89 HV152 359305 4261839 - - 4.07 0.34 2.94 48.72
90 HV153 359794 4261347 - - 7.80 0.64 1.56 95.06
91 HV154 360141 4261383 - - 3.77 1.38 0.72 10.30
92 HV155 360022 4261024 - - 3.56 1.21 0.83 10.47
93 HV156 360350 4262068 - - 3.50 1.15 0.87 10.65
94 HV157 360629 4262112 - - 3.85 1.13 0.88 13.12
95 HV158 360907 4261604 - - 2.12 1.55 0.65 2.90
96 HV159 358203 4261701 - - 3.75 1.02 0.98 13.79
97 HV160 360546 4262454 - - 3.28 1.07 0.93 10.05
98 HV161 355429 4262838 - - 3.11 1.45 0.69 6.67
99 HV163 358593 4262490 - - 2.90 1.39 0.72 6.06
100 HV164 358947 4262543 - - 3.12 0.62 1.62 15.77
101 HV165 359008 4262392 - - 3.50 1.23 0.81 9.92
102 HV166 358020 4261797 -  - 4.14 1.28 0.78 13.37
103 HV167 359098 4261849 - - 3.80 1.25 0.80 11.55
104 HV168 359023 4261925 - - 3.70 1.28 0.78 10.68
105 HV169 359143 4261714 - - 3.70 0.71 1.40 19.17
106 HV170 356829 4262573 - - 4.21 0.68 1.47 26.05
107 HV171 359219 4262565 - - 3.00 0.67 1.50 13.50
108 HV172 359336 4262541 - - 2.90 1.23 0.81 6.81
109 HV173 259457 4262538 - - 3.12 1.25 0.80 7.79
110 HV174 359479 4262442 - - 3.20 1.30 0.77 7.88
111 HV175 359191 4262476 - - 3.10 1.11 0.90 8.65
112 HV176 359095 4262479 - - 3.00 0.71 1.40 12.60
113 HV177 358969 4262661  -  - 4.40 1.11 0.90 17.42
114 HV178 358876 4262621  -  - 3.96 1.28 0.78 12.23
115 HV179 359114 4262621 - - 3.00 0.77 1.30 11.70
116 HV180 358845 4262300 - - 3.00 0.83 1.20 10.80
117 HV181 358923 4262226 - - 3.20 0.77 1.30 13.31
118 HV182 359390 4262792 - - 3.40 0.63 1.60 18.50
119 HV183 359293 4262711 - - 3.30 0.71 1.40 15.25
120 HV185 355647 4262924 - - 2.04 9.09 0.11 0.46

H/V peak 
amplitude
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cross-section, high period values were observed. It was 
seen that the building damage rate was increased in the 
same area (Fig. 6(b)).

It can be seen that the HVSR period values range 
from 0.11 s to 2 s when evaluating the predominant 
period. Areas nearest to Lake Van, western sites of 
the study area, and some areas in the city center have 
comparatively higher predominant period values (Fig. 
4(a)). Higher period values in these areas indicate that 
they are composed of weak soil and have a thick soil 
layer. Period values decrease in the eastern, southern, 
and northern sites of the study area due to increasing 
topography and the presence of diff erent types of rock 
units (Fig. 4(a)). Relatively higher HVSR peak values 
(amplitude) were observed in the western sites of the 
region (Fig. 4(b)). In the southern and eastern sites of 
the Van settlement area, the amplitude values decreased. 
In other words, it can be said that the fundamental 
period value is inversely proportional to the stability 

of the measured geological unit. When the regional 
geology and morphology are examined, these results are 
observed to be compatible with the geological structure. 
These results show that HVSR results are related to the 
soft sediments thickness and can be used for damage 
estimation.

4   Determination of seismic vulnerability index 
    (Kg) with HVSR method 

Earthquake waves have diff erent amplitude and 
frequency or period contents. Earthquake waves cause 
stress on the structure and ground due to diff erent periods 
in the contents. Overcoming the strain limit plays a 
signifi cant role in the collapse of the structure. Nakamura 
(1997) suggested that the Kg value could be used to 
estimate both the weak points of soil and earthquake 
damage before a destructive earthquake. Surface shear 

Fig. 4   (a) Predominant period and (b) HVSR amplitude maps of the study area
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strain (γ) is also widely used in ground defi nition. 
Ishihara (1982) indicated that nonlinear behavior of the 
surface ground deformation from 310   goes into 
a plastic state, resulting in γ > 10−2 which can lead to 
large deformation events such as landslide and collapse. 
Nakamura (1997) defi ned by focus on the strain in the 
Kg (Fig. 5).  

The Kg value is a parameter depending on the dynamic 
properties of soil. With this parameter, it is possible to 
evaluate the vulnerability of a point-based site under 
strong ground motion. Since it is related to the natural 
vibration period and amplifi cation factor, the parameter 
can be calculated for both soil and structure. Nakamura 
(1997, 2000) stated that the unit shear deformation on 
the ground surface due to an earthquake is related to the 
frequency and amplitude of the ground.

Nakamura (2000, 2008) suggested that the Kg value 
can be used to calculate the damage/strain of buildings 
and ground during a possible earthquake. Average shear 
strain (γ) value, as shown in Fig. 5 for surface ground, is 
calculated as follows:
         

g
dA
h

 
                                 

 (1)

where d is the seismic displacement of the basement, h is 
the layer thickness, and Ag is the factor of amplifi cation 
(Fig. 5). Shear wave velocity values of bedrock and soil 
are Vb and Vs, respectively. The predominant frequency 
of the ground unit on engineering foundation is Fg 
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c is expected to be almost the same in large areas due 
to the shear wave velocity of the basement. In this case, 
the Kg value remains unique to the working point and 
is referred to as the “Seismic vulnerability Index”. 
Eff ective shear strain described by % e of Eq. (4) 
becomes approximately equal to the Kg and αb, under the 
assumptions of e = 60% and Vb = 600 m/s. 

Weak or strong areas can be determined with the Kg 
value for the research sites and the damage possibility 
can be calculated. This value defi nes the level of 
surface layer vulnerability to deformation during 
earthquakes (Nakamura, 1997, 2000, 2008). Nakamura 
(1997) showed that the Kg value at the sites where soil 
deformation is much higher than 20 and the  Kg value is 
very small in undamaged areas.

In this study, the Kg value was calculated by using 
microtremor measurements (Fig. 6). The limit values of 
Kg as follows: 

Kg ≤ 3 Low

3 <  Kg ≤ 5  Moderate
 

5 <  Kg  ≤ 10  High

Kg ≥ 10  Very high
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Ksg

ε Kb

γi

Surface ground

Cs

S-wave 
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γ

Cb = 600 m/s d: cm Basement ground
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Fig. 5   Simply shear deformation of surface ground (modifi ed from Nakamura, 2008)

→
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It can be seen that the Kg values range from 0.29 to 
more than 100 when evaluating the Kg map (Fig. 6(a)). 
Areas nearest to Lake Van, western sites of the area, and 
some areas in the city center have relatively higher Kg 
values (Fig. 6(a)). Higher Kg and period values in the 
same areas indicate that they are composed of weak soil. 
In the southern and eastern parts of the Van settlement 
area, the Kg values decreased (Fig. 6(a)). The results 
show that the sites with Kg > 10 is where possible 
structural damage can occur.

When the buildings damaged by the 2011 Van 
earthquake (Mw = 7.1) were examined, it was observed 
that the damage ratio of the buildings may be related 
to the Kg and period values (Fig. 6(b)). There is a high 
correlation, approximately 80 percent, between the 
damage rate map based on the damaged building data 
(Fig. 6(b)) and the Kg values (Fig. 6(a)). As the values 
of soil and structure vulnerability indices increase, 
the degree of damage will also increase. In order to 

determine the damage more precisely, it is necessary to 
determine both soil and structures vulnerability indices.

Figure 7 illustrates the average shear wave velocity 
up to a depth of 30 m (Vs30) and NEHRP soil classifi cation 
map of the study area. These maps were prepared using 
geological boreholes and geophysical applications 
(Akkaya et al., 2018b). The Vs30 values range from 200 
to 1250 m/s (Fig. 7(a), Table 1). In general, low velocity 
values were obtained throughout the study area except 
for rock units. According to the NEHRP (1997) soil 
classifi cation criteria based on Vs30 values, the study area 
was mostly of NEHRP classes D and C (Fig. 7(b), Table 
1). These areas have relatively higher Kg values (Kg > 
10), while other types of soil generally have Kg values 
that are smaller than 10. In addition, Vs30 values in areas 
with weak soil and high Kg values were found to be 
< 250 m/s (Fig. 7). 

In addition, the possible correlations between the 
data obtained in the study were examined. Relationships 

Fig. 6  (a) Kg values and (b) building damage ratio map of the study area
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are calculated as follows;
       

0.765 2
s30 0192.69 0.57V t R                    (6)

0.412 2
s30 g568.74 0.84V K R                    (7)

It can be seen that there is a good correlation 
between the Vs30 values obtained for the study area and 
the Kg and period (t0) values. In both data sets, the data 
fi t to the exponential trend was determined (Fig. 8). A 
linear regression was applied to both data sets, and it was 
obtained with a high correlation coeffi  cient. As a result, 
it can be said that there is an inverse relation between 
Vs30 and both period and Kg values.

5  Building damage assessments 

Although some buildings in the region survived with 

minor and moderate damage, they do not necessarily 
have adequate strength or are safe in the event of future 
earthquakes. For this reason, their seismic performance 
should be determined to prevent losses in future seismic 
events. Therefore, some of the buildings examined in 
the study area have already been evaluated in terms of 
structural damage.

The reasons for the collapse and severe damage to 
buildings generally depends on several parameters such 
as the soil conditions, number of stories, low concrete 
grade or concrete strength, lack of reinforcement 
detailing, weight of the building, inadequate 
workmanship, irregularities, and so on (Saatcioglu et 
al., 2001; Sucuoğlu and Yazgan, 2003; Bayraktar et 
al., 2014; Akansel et al., 2014; Erdil, 2017; Erdil and 
Ceylan, 2019a-b). Each parameter may have a strong 
infl uence on damage in some cases. 

In this study, 188 of the buildings in Van with 
varying structural properties (Table 2) were investigated. 
Among these, 94 experienced minor or no damage and 

Fig. 7  (a) Vs30 and (b) NEHRP soil classifi cation map of the study area
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26 were moderately damaged. 58 buildings had heavy 
damage and 10 buildings collapsed. The relationship 
between the number fl oors and structural irregularities 
of the buildings are shown in Fig. 9. As illustrated in the 
fi gure, the investigated buildings had two to nine stories, 
with the majority having four and seven stories. Note 
that there is no precise relationship between the number 
of stories and the damage state. However, the building 
damage ratio starts to increase for buildings with more 
than four stories.      

The irregularities due to horizontal and vertical 
structural elements are not capable of regularly 
transferring earthquake loads and are among the reasons 
for damage to the buildings. The irregularity parameter 
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Fig. 8   Correlation between (a) Vs30 and predominant period and (b) Vs30 and Kg values

information in the buildings is shown in Table 2 and Fig. 10. 
Table 2 summaries the following information about the 
investigated buildings.

28% of the 16 buildings with short column 
irregularity in 9% were heavily damaged or destroyed

57% of the 96 buildings with soft story irregularity 
in 51% were heavily damaged or destroyed

64% of the 114 buildings with heavy overhang 
irregularity in 61% were heavily damaged or destroyed

54% of the 41 buildings with frame irregularity in 
22% were heavily damaged or destroyed

In addition to building irregularities, number of 
stories, concrete strength, ground fl oor area, and the 
area of the total vertical (column and shear wall) 
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load carrying members played an important role in 
reducing the damage state in the investigated buildings. 
However, these properties may not be reasonable and 
may not represent solely the eff ects of the earthquake 
resistance of a building. Therefore, instead of using a 
single parameter to determine the seismic vulnerability 
of a building, several interrelated parameters should be 
interactively evaluated together.

6  Conclusion

The aim of this study was to investigate the eff ect 
of soil and building properties on structural damage 
in the Van province and surrounding areas, which 
were severely damaged following a major earthquake 
in 2011. The analysis is based on the results of data 
processing and interpretation of the parameters of 

Table 2   Irregularities and damage states of the investigated buildings

Number 
of  fl oor

Number of  
building

Damage ratio Building irregularities

Minor/no Moderately Heavy Collapse Reinforcement 
details Torsion Soft 

story
Heavy 

overhang
Short 

column
Frame 

irregularity
# % # % # % # % # % # % # % # % # % # %

2 5 2 40 1 20 2 40 0 0 3 60 2 40 1 20 3 60 0 0 2 40
3 6 5 83 0 0 0 0 1 17 1 17 1 17 1 17 4 67 0 0 1 17
4 16 10 63 2 13 4 25 0 0 4 25 2 13 8 50 10 63 0 0 3 19
5 85 30 35 13 15 36 42 6 7 35 41 19 22 43 51 49 58 6 7 22 26
6 28 12 43 4 14 9 32 3 11 9 32 4 14 11 39 20 71 4 14 2 7
7 33 22 67 4 12 7 21 0 0 8 24 6 18 23 70 16 48 6 18 8 24
8 12 10 83 2 17 0 0 0 0 0 0 3 25 9 75 9 75 0 0 1 8
9 3 3 100 0 0 0 0 0 0 0 0 1 33 0 0 3 100 0 0 2 67

Total 188 94  26  58  10  60  38  96  114  16  41  
%  50  14  31  5  32  20  51  61  9  22  

(a) (b)

           Fig. 10  Building damage caused by building irregularities after 2011 Van earthquakes (a: short column; b: soft story;
                         c: concrete strength; d: heavy overhang) 

(c) (d)

(a) (b)
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amplifi cation, predominant frequency and Kg value. 
Since the earthquake waves have diff erent amplitude and 
frequency or period contents, they cause stress on the 
structure and ground. Overcoming the strain limit plays 
a crucial role in the collapse of a structure. The Kg value 
can be used to estimate both the weak points of soil and 
earthquake damage before a destructive earthquake. The 
Kg value depends on the dynamic properties of the soil 
obtained from the HVSR microtremor method.

HVSR microtremor measurements were recorded 
at more than 200 locations throughout the Van region 
to generate the predominant period, amplifi cation, and 
Kg map. HVSR period values range from 0.11 s to 2 s 
and HVSR measurements showed that the western parts 
of the study area, especially those nearest to Lake Van, 
and some areas in the city center had higher predominant 
period values (0.6–1.5 s). Higher amplitudes were 
observed in the same areas (3–8). Higher period and 
amplitude values in the same areas indicate that they 
are composed of weak soil. High period values (> 1 s) 
are very dangerous, especially for buildings with many 
fl oors due to the possibility of resonance. Period values 
were lower in the southern, eastern, and northern parts 
of the region (0.11–0.3 s), where rock and hard soil 
are located. In the eastern and southern sites of the 
Van settlement area, the amplitude values decreased 
(1–3). Low period and amplitude values in the same 
areas indicate that they are composed of hard soil and 
rock. Low and intermediate predominant period values 
could result in severe damage to both tall and short fl oor 
buildings in the city. 

All the results showed good correlation between 
the soil type and HVSR microtremor results measured 
at various locations in the study area. The alluvial sites 
had high predominant periods and low Vs30 values, which 
is consistent with thick soil layers. On the other hand, 
low thickness sediments and rocks had low predominant 
periods and high Vs30 values, and the building damage 
rate was higher in this area. These observations show 
that HVSR results are related to the soft sediments 
thickness and can be used for damage estimation.

The Kg value was evaluated by using the predominant 
frequency and amplifi cation, which were used to 
estimate the earthquake hazard potential of the region. 
The Kg values ranged from 0.29 to more than 100 when 
evaluating the Kg distribution map. After the map was 
generated, it was seen that the hazard potential and 
seismic vulnerability index was high at the sites nearest 
to Lake Van and at the densely populated city center. In 
the southern and eastern sites of the Van settlement area, 
the Kg values decreased. The results show that the sites 
with Kg > 10 are vulnerable to structural damage.

The Vs30 and NEHRP soil classifi cation map of the 
study area illustrate that low velocity values (< 250 m/s) 
were obtained throughout the area except for rock. In 
addition, the area was mostly classifi ed as D and C types 
of soil based on the NEHRP classifi cation criteria. In 
addition, there was good correlation between the Vs30 

values obtained for the study area and the Kg and period 
values. In both data sets, the data fi t to the exponential 
trend was determined with a high correlation coeffi  cient.

0.765 2
s30 0192.69 0.57V t R 

0.412 2
s30 g568.74 0.84V K R 

The reasons for the collapses and severely 
damaged buildings are generally depends on several 
parameters, such as the soil conditions, number of 
stories, low concrete grade or concrete strength, lack 
in reinforcement detailing, weight of the building, 
inadequate workmanship, irregularities. Building 
irregularities are the one of causes of earthquake damage. 
As seen in the investigated buildings, the 16 buildings 
with short column irregularity in 9%, the 96 buildings 
with soft story irregularity in 51%, the 114 buildings 
with heavy overhang irregularity in 61%, and the 41 
buildings with frame irregularity in 22% were heavily 
damaged or destroyed in the area. In addition to these 
irregularities, the number of stories, concrete strength, 
ground fl oor area, and the area of the total vertical load 
carrying members played an important role in reducing 
the damage state. 

Damage information was placed on the period 
and Kg map and it was seen that there could be a 
correlation between the damage and the Kg. There is a 
high correlation, approximately 80 percent, between the 
damage rate map based on the damaged building data 
and the Kg values. It is likely that this rate will increase if 
more building data is obtained. As the values of soil and 
structure vulnerability indices increase, the degree of 
damage will also increase. From the results of this study 
and the site observations after the 2011 Van earthquakes, 
structural damage is not only structure-dependent but is 
also related to the dynamic behavior of soil layers and 
local soil conditions.   

The city of Van and the surrounding area, located 
in the eastern part of the Lake Van basin, is on water-
saturated alluvial soils consisting of lake and stream 
sediments. Such soils are greatly aff ected by large 
earthquakes, and repeated earthquake loads cause 
deformation. It is part of a very active seismic area in 
eastern Anatolia that includes a wide range of geologic 
features that has a high potential to produce large 
earthquakes. A major earthquake might cause additional 
damage to buildings in this region.

This study shows that building properties and 
local soil conditions directly aff ect the damage level 
of structures after a destructive earthquake. Therefore, 
instead of using a single parameter to determine the 
seismic performance of a building, several interrelated 
parameters should be interactively evaluated together. 
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