
















measurement point is calculated by the following
equation:

HVSR(f) = Hc(f) / Vc(f)                 (1)

where Hc(f) is the amplitude spectra of the horizontal
components, and Vc(f) is the amplitude spectrum of the
vertical component. Hc(f) is the square root of the sum
of the squares of the east-west and north-south com-
ponents of an accelerogram. 

The second method, introduced by Borcherdt [1970],
requires two horizontal component records of two sta-
tions. The records should be from the same earthquake.
This popular method to characterize site amplication in-
volves comparison of pairs of records from nearby sta-
tions, one representing a soil (an alluvial) site and the
other representing a reference (a rock) site [Gok et al.,
2012; Safak, 1997]. Distance between the stations must
be much smaller than their hypocentral distances, so
that the source and path effects on the records are
nearly identical [Safak, 2001]. Therefore, any differences
in the records can be attributed to site effects. This
method is required two horizontal component records of
two stations and has been to use spectral ratio, the ratio
of the Fourier amplitude spectrum of the soil site
recording to that of the rock site recording [Borcherdt,
1970; Mittal et al., 2013; Safak, 1997]. Standard spec-
tral ratio (SSR) of the measurement points is calculated
by the following equation:

SSR(f) = Hs(f) / Hrs(f)                   (2)

where Hs(f) and Hrs(f) denote the smoothed horizontal
component of Fourier amplitude spectrum at the site of
interest and reference site respectively. 

In this study, the HVSR and the SSR methods were
used to determine site effects at the stations, in partic-
ular, in order to compute the resonant frequencies, and
to obtained spectral amplifications, respectively. More
detail can be found in the references provided. 

Data processing was done using MATLAB®
(http://www.mathworks.com/) software codes in accor-
dance with the techniques mentioned above. Before
computing the spectral ratios, all recorded time-series
were visually checked to identify possible inaccurate
measurements. The records with signal-to-noise ratio
greater than 3 were kept in the analyses. The full-length
records were de-trended, baseline corrected and band-
pass filtered between 0.05 and 20 Hz. In the analysis of
both methods, the same data processing procedure was
followed except for data window lengths to be pro-
cessed. The window lengths were selected 30s after the
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FIGURE 5. Plots of H/V ratios vs frequencies (Hz). Blue lines
represent mean values.

FIGURE 6. Plots of standard spectral ratios vs frequencies (Hz).
Red lines represent mean values.



S-wave of earthquake accelerograms for SSR method,
and 60s after the P-wave for HVSR method. Selected
data were windowed by a 5% cosine taper before per-
forming a Fast Fourier Transform. Each spectrum was
smoothed by a Hamming window. Then, spectral ratios,
and finally, arithmetic mean of spectral ratios for each
site were computed [Parolai, 2012; Alcik and Tanircan,
2017] (Figure 5 and 6).

7. RELATIONSHIP BETWEEN RESONANCE FRE-
QUENCY (FR) AND SEDIMENT THICKNESS (H) 

Ibs-von Seht and Wohlenberg [1999] showed that
the frequency of resonance (fr) of a soil layer is closely
related to its thickness (h) through a relationship could
be established using a non-linear regression fits of the
form,

h = a . fr
b (3)

where a and b are correlations coefficients. They stated
that their equation is valid for soils from a few tens of
metres to more than 1000 m thick. This relationship has
became a common practice since their work in the con-
text of seismic hazard assessment [Chia and Lau, 2017;
Tun et al., 2016]. Numerous authors, working along
similar lines, have developped such relationships which
provide a practical means of sediment thickness esti-
mation at different soils [Ibs-von Seht and Wohlenberg,
1999; Delgado et al., 2000a,b; Parolai et al., 2002;
Hinzen et al., 2004; Kanli et al., 2008; Birgoren et al.,
2009; Ozalaybey et al., 2011; Tun et al., 2016; Chia and
Lau, 2017]. Empirical functions established by above
scientists are given in Table 3 and were plotted in Fig-

ure 7. This inverse proportion fr - h relationship states
that if the resonance frequency of a site is known, then
the thickness of underlying layer can be estimated.
Within this framework, top sediment thickness of the
soil underlying the B-Net stations were calculated using
these empirical functions.

8. DAMAGE ASSESSMENT INFORMATION

Preliminary damage assessments were conducted in
the earthquake area by the government experts, com-
petent in disaster affairs and emergency management.
The final results have not been completing due to cer-
tain legal disputes and disagreement arising from pre-
sented assessment results. As of November 2017, the
damage assessment results reported by the Bodrum
Governorate are briefly: totally 646 buildings were low
damaged; 93 buildings were medium damaged; 202
buildings were heavy damaged and totally 26 were
collapsed. There is no information related to the
peninsula’s building stock. The earthquake caused
damage in 47 of 53 sub-districts of Bodrum (Figure 8).
The distribution of damaged buildings particularly in
where our strong-motion stations had been installed,
are given in Table 4. It was reported that during the
earthquake there was no loss of life in Bodrum penin-
sula but at least 90 people were injured. 

Macroseismic data which describes the effects of a
seismic event, permits to examine the interaction be-
tween shaking and buildings. Regarding this issue, a
one-person post-event field survey was held on July
22, a day after the main shock for 5 days. This indi-
vidual survey was only performed in the Bodrum
peninsula. The island of Kos has not been visited by
the author. During this survey period, primarily struc-
tural damages were mapped and pictured at a sub-
stantial part of the peninsula. Some example photos
are given in Figure 9-13. 
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No Reference fr-h relationship

1
Ibs-von Seht and Wohlen-

berg,1999
h=96*fr

-1.388

2 Delgado et al., 2000a h=55.11*fr
-1.256

3 Delgado et al., 2000b h=55.64*fr
-1.268

4 Parolai et al., 2002 h=108*fr
-1.551

5 Hinzen et al., 2004 h=129.166*fr
-1.2804

6 Kanli et al., 2008 h=110*fr
-0.392

7 Birgoren et al., 2009 h=150.99*fr
-1.1531

8 Ozalaybey et al., 2011 h=141*fr
-1.278

9 Tun et al., 2016 h=136*fr
-1.36

10 Chia and Lau, 2017 h=54.917*fr
-1.314

TABLE 2 Empirical functions related to fr-h.

FIGURE 7. Empirical relationships for thickness of soil layer and
resonance frequency.



The housing parks in Bodrum peninsula are hetero-
geneous due to the history of its economical develop-
ment. The peninsular villages have a vaguely Hellenic
feel with one - and two-storey old stone houses. These
houses are located in the flat, alluvial area close to the
coast and in the hills at villages. They were built with
local materials such as stone, sand, mortar and wood.
Houses with rubble stone in mud/lime mortar and load-
bearing masonry constructions are widely used struc-
tural types of buildings in this part of Turkey. These
unreinforced houses are built by local builders or by

owners themselves without any formal training and en-
gineering considerations. They represents affordable
and cost-effective housing constructions. The rapid de-
velopment period of tourism in Bodrum has started the
use of RC for public and residential buildings, and has
increased in building density consistent with the code
based regulations. The buildings in the peninsula range
from one- to three-storey and the quality of construc-
tion in urban (coastal) areas is generally superior to that
found in rural (hinterland) areas. It is stated that Bo-
drum building stock is unknown, but estimated as being
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FIGURE 8. Damage distribution in the Bodrum neighborhoods. MD and HC represent Medium Damage and Heavy Damage and Col-
lapsed buildings, respectively. 

Neighborhood Light damage Medium damage Heavy damage Collapsed

Bodrum:
Tepecik 

5 5 6 -

Turgutreis:
Turgutreis downtown 

56 1 4 -

Yalikavak:
Yalikavak downtown 

8 - 6 1

Yali:
Ciftlik & Kizilagac villages

109 11 86 17

Ortakent-Yahsi:
Ortakent downtown

4 - 3 -

TABLE 4. Damage distribution at the sites in where strong-motion stations installed. Indicated digits are the total numbers of dam-
aged buildings.



comprised about 200,000 housing units (flats or indi-
vidual homes). Most of them are accommodated only
in summer seasons by the people, temporarly moves
from metropolitan cities of Turkey. 

Throughout the peninsula, the observed performance
of RC buildings, regardless of vintage, performed well
and as expected. Some houses have joint/wall shear
cracks in non-structural walls and plaster cracks. It can
be noted that no apparent structural damage was ob-
served at the reinforced buildings in Bodrum peninsula.
However, the observed performances of the stone build-
ings were not so good and the load bearing masonry

constructions did not perform very well in the earth-
quake. Most of these unreinforced masonry structures
were damaged. The common damage type was the typ-
ical “x-type” shear cracks due to brittle behavior of the
construction material and poor strength of the connec-
tion between members. In some of the buildings, infill
walls were partially collapsed due to the lack of restraint
in the out of plane direction. Addition to these issues,
structural alterations (added floor), improper construc-
tion and site, poor concrete and mortar quality etc. can
be cited as the technical causes of the observed build-
ing damages or collapses (Figure 9-13). 
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FIGURE 9. Heavily damaged 3-storey stone masonry building at the Kizilagac village (Yali).Typical earthquake damage: falling of
plaster and shear cracking of the walls.

FIGURE 10. (left) Damaged traditional dome-shaped water cistern on the road of Ciftlik village to Bodrum centrum; (right) Shear
cracking of masonry walls of a house, with upper floor added, at the same village.



9. RESULTS - DISCUSSIONS

The spectral ratios, H/V and standard spectral, ob-
tained from these five regions are illustrated in Figure
5 and 6, respectively. 

The spectral H/V ratio of each measurement location
enabled an estimation of the resonance frequency at
that site. Figure 5 shows H/V spectra and their arith-
methic mean for five different sites. Selection of the res-
onance frequencies are made visually using these
arithmethic means. The average H/V spectral ratio plots

show dominant maxima at frequencies above 2 Hz and
vary up to 5 Hz. Average spectral curves of B2 and B3
give a similar shape, while the rests do not resemble to
each other. Sites B2 and B3 are situated in almost high
sedimentary thickness than the others. Examining
HVSR data, it was found out that predominant fre-
quencies change between 2.1-3.2 Hz for very dense
soils, where it is 4.8 Hz for soft rock (Table 5). For SSR
analyses B5 was selected as the reference site.

SSR spectra show that relative amplifications are in
a range of 1.5 to 6.6 across the frequency axis (Figure
6). The lowest-amplification site is located on alluvial-
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FIGURE 11. (left) Partial collapsed of a single-storey stone masonry house in Ciftlik village (Yali). This picture is a good example to
common failures of unreinforced masonry systems: diagonal cracking; vertical cracking at the corner joint and out of
plane failure; (right) Collapsed houses at the same village.

FIGURE 12. An unreinforced masonry roof floor built contrary to relevant regulations onto an existing two-storey reinforced con-
crete building (from an area close to Turgutreis).



flysch at B1 and the highest-amplification sites on al-
luvial sites, B2 and B3. Maximum relative amplification
with 6.6 unit is observed at B3, and as shown in Figure
6, amplification at B3 has a peak at 2.7 Hz; this peak
has similarity in its H/V ratio (Figure 5). Turgutreis site,
B2, has the same geological structures as the Yalikavak
site. B2 gives the second highest amplification at fre-
quency at 2.3 Hz by a factor of about 4.5 relative to
station B5 site. The Vs of 605 m/s obtained at close site
to B1 site is higher than the Quaternary unit located at
other sites. This site, B1, yields almost a flatter response
around a factor of about 1.0. This situation can be as re-
sult of flysch sediment of upper Cretaceous-Paleocene
aged situated under thin alluvium layer at the top. Sim-
ilarly, the Vs of 521 m/s in the vicinity of B4 is some-
what high when compares to B2 and B3 have. The
younger units forming the lithology at B4 site are allu-
vium deposits and slope debris cover the Mesozoic aged
limestones. The unit thickness at this site is uncertain,
but, it may be more than 10 meters when the geotech-
nical data from EGE-SU data archive is taken into ac-
count. The average spectra plot shows that the S-waves
at station B4 are amplified by a factor of about 4.2 at
frequency 2.6 Hz relative to station B5. Amplifications
at fundamental frequencies are given in Table 5. 

Possibility to estimation the bedrock depth of the soil
under stations based on empirical equations is men-
tioned at the previous chapter. These relationships de-
rived for different places around the world are almost
close to each other and show similar trends. They were
stated as to be valid for soils several tens of metres thick.
Therefore, using together with the equations given at
Table 3 and the predominant frequencies at Table 5, up-

per sediment thickness of the soil underlying the B-Net
stations were calculated. The results related to stations
were presented at Table 6. As can be seen in the table,
the lowest bedrock depth values were obtained from the
Chia and Lau [2017] and Delgado et al., [2000a,b] rela-
tionships. In contrast the highest values are calculated
at the equations of Kanli et al., [2008] and Birgoren et
al., [2009]. In either case, thicknesses to bedrock were
concluded as being the highest at Turgutreis valley, the
largest alluvial valley of the region, and lowest at the
Bodrum downtown, the smallest alluvial valley of the re-
gion. It is not conducive to make comparisons between
these empirical relationships in order decide to a suit-
able empirical relationship due to the absence of bore-
holes reached to bedrock and lack of Vs30 versus depth
profiles nearly to the B-Net stations. There are only two
drilled wells with a 15.5-m and a 20-m in depths that
do not tap bedrock at Turgutreis and Yalikavak sites, re-
spectively. A simple comparison analysis can be done by
considering only 20-m well depth at Yalikavak in where
a single lithological unit was emerged. The dominant
frequency obtained at B3 is 2.7 Hz. The depths corre-
sponding to this frequency appear to have values rang-
ing from 14.9-74.5 m. However, taking into considera-
tion this 20-m borehole depth, one can decide that
estimated bedrock depth at B3 site should be more than
the current depth. In this case, the empirical relation-
ships give small values less than 20 meters can be elim-
inated. As a result of these circumstances, seven ap-
proaches except Delgado et al., [2000a,b] and Chia and
Lau [2017] seem to be appropriate for applying to thick-
ness determination for the soft layers under the B-Net
stations. The results indicate that sediment thicknesses
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FIGURE 13. (left) Affected two-storey stone house in Bodrum center; (right) Damaged of minaret of a mosque constructed in the year
of 1990 in Ortakent-Yahsi. 



beneath the stations change between 17.8-69.7m for B1;
34.2-82.2m for B2; 23.1-74.5m for B3; 29.7-79.4m for
B4 and 9.5-59.5m for B5. 

Hays [1986] suggested the relationship Tb = N/10 for
estimating the natural period (Tb, in seconds) of a build-
ing with its number of stories (N). This is an useful and
commonly used equation. The building stock in the
peninsula is comprised of one- to three-storey buildings,
which correspond to resonance frequencies of about 3-
10 Hz. The resonance frequencies of B1 and B5 sites are
in this range, indicating the possibility of the resonance
effect. On the contrary, the range of resonance fre-
quencies of the soil in the alluvial sites in the Bodrum
peninsula is 2.1-2.7 Hz, suggesting that only buildings
with more than 3.5 stories have resonance problem.
However, no buildings in these heights were presented
in the observed areas and majority of damaged or col-
lapsed structures were un-reinforced masonry build-
ings built at the alluvial sites in the Bodrum peninsula
(e.g. Yali sub-district, Yalikavak downtown and
Turgutreis neighborhood) (Figure 8). The relative am-
plifications in where strong-motion stations installed,
are in a range of 1.0 to 6.6 and considerable damage was
occurred at these sites. Relative amplification values at
B2 and B3 sites seem to be in agreement with their heav-
ily damaged+collapsed (HC) building numbers given in

Table 4, on the other hand, relative amplification value
of B4 does not conform to its HC building number. Dam-
ages or collapses were mostly occured at Yali district
(Table 4) while its relative amplification value is low
(Table 5).

Taken together these findings suggest that no direct
relationships exist between damage distribution in the
Bodrum peninsula and the resonance frequencies & the
relative amplifications. 

10. CONCLUSION

In the present study an attempt mainly has been
made to calculate predominant frequencies and ampli-
fication values considering local site effects related to
the Bodrum peninsula. Site effects were done using the
standard spectral ratio and horizontal-to-vertical ratio
techniques. For this purpose, a set of time histories con-
tains 261 three-components acceleration records, totally
54 earthquakes with moment magnitudes greater than
4.0 and with epicentral distances less than 100 km were
analysed. 

The resonance frequencies revealed by HVSR curve
peaks for sites B1 to B5 were measured. So that, the am-
plification ratios obtained by SSR spectra peaks for sites
B1 to B4 relative to station B5 are calculated (Table 4).
The aim of the second part of the study was to apply ten
fR-h empirical equations to determine the thickness of
soft soils in the Bodrum peninsula, an area where types
of soils are known but where the available geotechni-
cal & geophysical information is insufficient for such
determinations. Seven of ten empirical equations seem
to be appropriate for applying to thickness determina-
tion for the soft layers under the B-Net stations. 

Comparing these findings with the geological map
of the region (Figure 4), it was found out that thick-
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Station code
Predominant
frequency (fp
in Hz) (HVSR) 

Ratio
Soil Amplifica-

tion at fp
(SSR) 

B1 3.2 B1/B5 1.0

B2 2.1 B2/B5 4.0

B3 2.7 B3/B5 6.6

B4 2.3 B4/B5 3.4 

B5 4.8 - -

References
Estimated bedrock depth (h in meter) 

B1 B2 B3 B4 B5

Ibs-von Seht and Wohlenberg, 1999 19.1 34.3 24.2 30.2 10.9

Delgado et al., 2000a 12.8 21.7 15.8 19.4 7.7

Delgado et al., 2000b 12.7 21.7 15.8 19.4 7.6

Parolai et al., 2002 17.8 34.2 23.1 29.7 9.5

Hinzen et al., 2004 29.1 50.0 36.2 44.5 17.3

Kanli et al., 2008 69.7 82.2 74.5 79.4 59.5

Birgoren et al., 2009 39.5 64.2 48.0 57.8 24.7

Ozalaybey et al., 2011 32.2 55.0 39.9 49.0 19.2

Tun et al., 2016 28.0 49.6 35.2 43.8 16.1

Chia and Lau, 2017 11.9 20.7 14.9 18.4 7.0

TABLE 5. HVSR and SSR values.

TABLE 6. Estimated bedrock depth.



nesses associated with resonance frequencies (Table 5)
seem to be in agreement with surface geology informa-
tion. Besides, the Vs velocities of first layers and the
Vs30 velocity values belonging to the sites are directly
proportional to the amplification ratios. However, it is
difficult to say that there is a linear relation between
the site amplification and the estimated thickness as a
result of the maximum amplification was calculated at
B3 station, since amplification is also directly related
with impedance contrast of the layers.

The observations regarding to the Mw6.6 earthquake
have revealed that buildings of low construction qual-
ity or buildings built contary to relevant regulation were
subjected to different levels of damage, and damages or
collapses were mostly occured at the unreinforced ma-
sonry structures, in particular, old stone houses while
there were generally no apparent structural damages at
the reinforced buildings. 

The results of analyses indicate that (1) predominant
frequencies change between 2.1 - 2.7 Hz for soft soils,
where it is 4.8 Hz for the reference site B5; (2) relative
amplifications are in the range of 1.0 to 6.6; (3) esti-
mated thicknesses of sediments beneath the stations
vary between 9.5m and 82.2m; (4) even if local geology
contributes significantly to the damage patterns ob-
served following an earthquake, by amplifying or di-
minishing the ground-motion intensity, a linear
relationship could not be found between the damage
distribution and both the resonance frequencies and the
relative amplifications in the Bodrum peninsula.
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