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Abstract

On the 30™ of October 2020, a 6.6 magnitude earthquake occurred 14 km north of Samos Island, causing 119 casualties (117 in Izmir,
Tiirkiye, and 2 in Samos, Greece) and significant damage in the 3" biggest city of Tiirkiye, Izmir. Although the city is roughly 70 km far
away from the epicenter, the damage was significant and concentrated in the city center settled on alluviums. This paper aims to analyze
the distribution of damage in Izmir province, by crosschecking the recorded motions, the subsoil conditions and the evidence of damage
as collected by an ad-hoc on-site reconnaissance. The intrinsic behavior of the Samos earthquake was investigated by employing three
different ground-motion prediction equations. The results of the analyses revealed that site effects play a significant role in the amplifi-
cation of ground motions, and valley effects are responsible for the concentration of damage. The damage in buildings was classified in
terms of the intensity and structural typologies for the 30 districts of Izmir metropolitan area. In-depth analysis of the distribution of
damages revealed that the earthquake caused damage all over the boundaries of Izmir province, and the concentration of damage in
Bornova and Karsiyaka districts has a clear correlation with double resonance effects.
© 2023 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction east of the island of Samos, Greece, and approximately
70 km from the center of the city of Izmir in Tirkiye

On October 30, 2020, a damaging earthquake of (AFAD, 2020). The rupture occurred on a previously
moment magnitude 6.6 struck approximately 14 km north-  mapped normal fault, referred to as the North Samos Fault
or the Kaystrios Fault, in the Aegean Sea (Fig. 1a). This

earthquake is the first event with a magnitude greater than

Peer review under responsibility of The Japanese Geotechnical Society. 6.0, which occurred to the south of the city of Izmir since
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Fig. 1. Map showing the epicenter of 30" October 2020, fault lines around Samos region and contours of peak ground acceleration (PGA) in western
Tiirkiye. Also reported in the figure is a) epicenter of 12" June 2017 earthquake; b) distribution of the population among the districts of the Izmir
metropolitan area.
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several seismic stations in the Turkish strong-motion net-
work. Fig. la presents the peak ground acceleration (lar-
gest of the two horizontal components) contours based
on 160 records obtained from the Turkish seismic network
(AFAD, 2020), showing that the recorded motion between
60 and 70 km distance from the epicenter of the earthquake
is generally in the range 0.02—0.14 g.

Izmir is the third largest city in the country according to
the number of inhabitants (about 4 million) and incorpo-
rates the second largest port in Tiirkiye. Composed of 30
districts (Fig. 1b), the population is concentrated around
the Inner Bay, where the majority of the damage was
observed. Geologically, this part is covered by alluvial soils
bounded by E-W trending active normal faults in the
stretching Aegean Province. Young alluvium (Holocene)
and the fan delta with shallow marine deposits are confined
and controlled by the Izmir fault to the south, and the
KFZ-Karsiyaka Fault Zone to the north constitutes the
thickest sediments in the basin (Fig. 2b). The basin fill
exceeds 300 m in thickness in the middle part of the Bor-
nova Plain (Pamuk et al., 2017).

Although the epicenter was not close, the effects of the
seismic event were destructive in the city center, resulting
in 117 casualties, over 1030 injuries, and more than 5000

27.10
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people homeless, who were temporarily housed in tents,
and a hotel that was partially managed by Izmir metropoli-
tan municipality.

The Ministry of Environment, Urbanisation and
Climate Change (2020) reported that out of a total of
1,810 schools, 517 mosques, and 1,919 public buildings,
18 schools, 10 mosques, and 20 public buildings were heav-
ily damaged while 33 schools, 18 mosques, and 23 public
buildings were moderately damaged.

In contrast, despite the short distance from the epicen-
ter, limited damage was observed on the Greek island of
Samos, where only two fatalities and 19 minor injuries were
reported.

Izmir and its periphery are surrounded by more than 20
active fault zones, which may trigger one another’s activity
(Moberg, 2015). Large earthquakes have been experienced
in the past centuries, especially between 1600 and 1800 CE.
It is worth mentioning nine events with reported Modified
Mercalli Intensity (MMI) higher than 8 (e.g., Ambraseys,
2009). The earthquakes of 1668, 1739, 1778, 1880, and
1883 CE, with MMI = 9, had epicenters along the coastal
part of the Aegean Sea. During the instrumental period
(after 1926), Izmir and its periphery experienced five signif-
icant earthquakes. In chronological order: 1928 (M = 6.5)
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Fig. 2. a) Distribution of the recording stations in the Izmir region and contours of equivalent shear wave velocity, vs 3o (m/s) obtained from the subsoil
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Torbali, 1949 (M = 6.6) Karaburun, 1992 (M = 6.0)
Doganbey, 2003 (M = 5.7) Seferihisar and 2005
(M = 5.4 — 5.8) Sigacik events (Cetin et al., 2020). Owing
to the high seismicity, many studies were performed to
map the ground shaking and liquefaction susceptibility of
the region (Sezer et al., 2008; Guillier et al., 2008; Altun
et al., 2012).

More recently, several studies (Akinci et al., 2021;
Makra et al., 2021; Nuhoglu et al., 2021) compared the
seismic parameters measured in the Izmir area after the
October 2020 earthquake, where significant damage was
observed, along with a short evaluation of the 1975,
1998, 2007 and 2019 Turkish Earthquake code provisions
for design spectra. As reported by Makra et al. (2021)
and Erdik et al. (2020), most of the heavily damaged struc-
tures were built before 1990 and were probably designed
using the oldest code (1975). According to Yakut et al.
(2021), a remarkable portion of damaged buildings seems
to be constructed during 1990-2000, while the structural
damages in the buildings constructed after 2010 were mark-
edly low.

The comparison between the design spectra (1975 or
later) with those of the recorded signals made it possible
to understand the extent of the damage (Makra et al.,
2020; 2021; Nuhoglu et al., 2021). However, this compar-
ison does not explain the entire observed damage since
the October 30, 2020 event does not correspond to the
worst scenario expected by the code (Yakut et al., 2021),
neither in terms of magnitude nor distance. The related
spectra are therefore covered by the seismic provisions of
the building codes (TSDC 2007; TBEC 2018). Yakut
et al. (2021) attributed the main reason for damage to a sig-
nificant lack of code compliance, by describing the presence
of soft stories, lack of proper detailing, poor construction
quality, and of heavy over- hangs, as revealed during visual
inspections of the survey teams.

Cetin et al. (2022) reported that soil amplifications are
more pronounced in the spectral period range of 0.5-
1.5 s. Also, they observed that these amplified periods coin-
cide with the natural period of 7-9 story, reinforced con-
crete buildings. However, the analyses in this study can
be extended by a systematical and accurate analysis of
the damage, particularly concerning the spatial distribution
and intensity of the observed damage through the different
construction typologies of the built environment.

In this regard, this study aims to provide insights into
the role of local site effects with an in-depth analysis of
the damage in the Izmir metropolitan area, based on a
careful collection and data analysis of both seismic records
and damage observations. In the following sections, a
review of basin effects observed after far-field shakings is
recalled, and similarities and differences are highlighted
compared to the geological and seismological assets in
the Izmir region. The main features of the October 30,
2020 mainshock, including a critical discussion about the
intensity of the motion recorded and related predictions
provided by the most suitable ground motion prediction
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equations are reported. In addition, detailed analyses of
the recorded motions in Izmir Bay are provided and over-
lapped with the conditions of the local subsoil to identify
local site effects (basin effects, local stratigraphic amplifica-
tion, and so on). An overall assessment of damage distribu-
tion is performed by a field survey, which considers the
characteristics of the built environments (type and number
of stories) furtherly integrated with data obtained from the
Ministry of Environment, Urbanisation and Climate
Change. Possible interrelationships between damage distri-
bution and site effects are comparatively investigated to
assess the main reasons for the loss of lives and property,
and critically discussed. The lessons learned and open
issues to be addressed in future studies are summarized in
the concluding section.

2. Brief review of observed basin effects

During many past and recent earthquakes, it has been
commonly observed that the presence of valleys/basins
leads to much more complex amplification phenomena
(e.g., basin effects) than those typical of simple 1D condi-
tions. Particularly, there are several well-documented
examples of basins located at moderate to large distances
from the epicenter, where such effects were observed. The
first example is the response of the Caracas Valley during
the 1967 earthquake that caused severe damage to multi-
storey buildings, although the magnitude was only 6.4
and its epicenter was located approximately 60 km from
Caracas (Seed et al., 1972). The most significant feature
of the damage pattern was the concentration of the damage
in specific locations (Palos Grandes district) and on certain
types of structures (i.e., 10 to 12 storey apartment build-
ings), while damage to low structures in the same district
was relatively minor. Papageorgiou and Kim (1991) ana-
lyzed the propagation and amplification of seismic SH
waves in the Caracas Valley using 1D and 2D models. They
found that the predicted 2D amplification ratios were con-
sistent with the damage distribution that occurred during
the 1967 earthquake, whereas the 1D model predicted
deamplification in the same areas. Another paradigmatic
example is the 1985 Michoacan earthquake (M,, = 8.0)
which hit Mexico City, causing more than 350 buildings
to collapse and almost 20,000 casualties (Garini et al.,
2020), nearly 350 km away from the epicenter. It damaged
only a part of the city, and mainly 8- to 17-storey buildings
collapsed (Resendiz and Roesset, 1986). The significant
long-period amplification and long shaking duration were
generally attributed to basin-edge effects, reverberation,
and amplification of seismic waves within the sedimentary
and highly plastic clay deposits (Seed et al., 1988), which
also led to an extended duration of seismic signals. Several
other similar cases can be cited: the strong and prolonged
ground motion observed in the La Molina sediment-filled
basin in Lima during the 1974 Peru earthquake
(Stephenson et al., 2009), the level of damage experienced
in the city of Kirovakan and Leninakan, which are built
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on sedimentary valleys, following the 1988 Armenia
(M = 6.8) earthquake (Yegian et al., 1994; Bielak et al.,
1999), and the basin-edge effects occurred in the Marina
district during the October 1989 Loma Prieta earthquake
(M = 7.1) (Graves, 1993; Zhang and Papageorgiou,
1996). Recently, Kaikoura earthquake (M = 7.8) struck
the Wellington region of New Zealand, located 60 km
north of the uppermost fault rupture (Bradley et al.,
2018). Despite the relatively large distance from the epicen-
ter, amplification of long-period ground motions due to
impedance contrast and basin edge effects in the Thorndon
and Te Aro basins in Central Wellington resulted in appre-
ciable ground motion and subsequent damage to the built
environment; in particular, in some locations, spectral
accelerations exceeded the 500-year return period design
ground motion levels between 1 and 2 s (McGann et al.,
2021). Interestingly, similar amplification effects in the
Wellington region were also observed for the moderate
intensity ground motion during the two earthquakes in
2013: Cook Strait (M = 6.6) and Lake Grassmere
(M = 6.6) earthquakes, whose epicenters were 50 km and
70 km away from the Wellington region, respectively
(Holden et al., 2013). All these examples remind the effects
of the 2020 Samos event on Izmir city center (Bayrakl dis-
trict and its periphery), where the distance from the epicen-
ter was approximately 70-75 km.

3. Geology of Izmir and its environment

Damage after the event was concentrated in Bornova
Plain. On average, this plain (in fact, basin) is approxi-
mately 13 km long and 7 km wide (Fig. 2b). Two represen-
tative geological cross-sections, named A-A’ (Fig. 2¢) and
B-B’ (Fig. 2d), having WSW-ENE and N-S direction,
respectively, show the basin of the Bornova Plain.

The region has characteristics common to many basins
worldwide, such as the presence of active faults bordering
the plain and morphology that can induce 2D or 3D effects
(Fig. 2b,c,d). The Late Cretaceous formations in the vicin-
ity of Izmir consist of sandstone, shale, and limestone
blocks. Generally, these formations outcrop at the peaks
circumscribing the area. Basic units belonging to the
Aegean region are shown in Fig. 2b and related parame-
ters, as investigated by Pamuk et al. (2017), are reported
in Table 1. The average of S-wave velocities shows that
the Bornova Mélange rocks reflect the features of the bed-
rock in the north and south part of the study area (Pamuk
et al., 2018).

Streams cause the accumulation of alluvial sediments in
the Bornova Plain. The geological units depicted above are
discordantly overlain by alluvium. Alluvial plains around
Izmir Bay have different geomorphological characteristics.
Partially, the eastern and northern shorelines of the city is
established on alluvial delta plains (Kayan, 2000). The
most damaged area, the Bornova Plain, is constrained by
Izmir Bay and is a sedimentary basin surrounded by the
Nif and Yamanlar mountains. Mixtures of clay, silt, sand,
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loam, and fill are encountered in the topsoil profile, where
the mechanical properties are quite poor, as reported in
Table 1. Alluvial soils were also classified into four different
soil layers (Soil-1, Soil-2, Soil-3 and Soil-4 in Fig. 2d) as
reported in Pamuk et al. (2017).

Kincal (2005) presented Standard Penetration Tests
(SPT) performed in 422 boreholes in the study area. It
was observed that the SPT blow count values vary between
0 and 50. Especially on the waterfront, these values are less
than 20 and increase as we proceed to the east (Fig. 2b). It
is particularly important to notice the remarkable contrast
of stiffness between the rocks and the alluvial sediments
(Table 1), which contributes to the amplification of the
ground motion at the surface.

A concave structure was detected by several researchers
(Kincal, 2005; Pamuk et al., 2017; Pamuk et al., 2018), as
reported in Fig. 2d. The depth of the bedrock (Vg greater
than 760 m/s) changes from 150 to 450 m in the Bornova
Plain and is approximately 450 m at the coastline
(Pamuk et al., 2018).

As a consequence, the predominant period values of the
basin vary between 0.45 and 1.6 s where the regions have
thick soil layers from rivers in the Bornova Plain, and
decrease gradually from the bay (Pamuk et al., 2019).

The Department of the Earthquake of the Ministry of
Interior of the Turkish government installed a dense seis-
mograph array (16 seismic stations in the bay and a total
of 36 in Izmir Province). Many of the seismic stations in
the vicinity of Izmir province were established after 2010,
while several were established in 2007. This network suc-
cessfully recorded strong ground motions during the events
produced in the last decade. Fig. 2 presents the distribution
of the seismic stations in the Izmir region (Fig. 2a), over-
lapped on the contours of equivalent shear wave velocity,
Vs.30 obtained from the subsoil classification of the record-
ing stations based on EC8 (CEN 2004).

4. Salient features of ground motion parameters of October
30, 2020 earthquake

The October 30, 2020 earthquake occurred at 13:51
UTC on the northern coasts of Samos Island, at coordi-
nates (37.9001°N, 26.8057°E) and a focal depth of 12 km
according to the Institute of Geodynamics, National
Observatory of Athens (NOAIG). The peak ground accel-
eration (PGA) recorded on soft rock was approximately
0.173 g at the closest station located in Samos Prefecture
(Greece), 19 km from the epicenter (Kalogeras et al., 2021).

Table 2 provides the observed ground motion character-
istics recorded by the stations located around Izmir Bay
(Fig. 2a) along with the station number, equivalent shear
wave velocity in the first 30 m, Vg 30, site class according
to Eurocode 8 code (CEN 2004), and source-to-site dis-
tance. As shown in Fig. 1, the Peak Ground Acceleration
(PGA) of the recorded motion at a distance of 70 km from
the epicenter is very low, and the peak ground acceleration
on the rock subsoil (class A) around the Izmir city center is
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Table 1
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Descriptive parameters for soil and rock (modified after Pamuk et al., 2017).

Soil/Rock Types Average Thickness (m)
Vs (m/s)

Quaternary alluvium 200 15-120
Soil-1: Clay, Silt clay

Quaternary alluvium 600 30-110
Soil-2: Clay, Sandy gravel

Quaternary alluvium 400 40-100
Soil-3: Clay, Gravelly clay

Quaternary alluvium 650 60-150
Soil-4: Clayey gravel, Clay-claystone

Undifferentiated volcanic rocks (outcropped) 860 300-400

Neogene sedimentary rocks (outcropped) 770 100-350

Undifferentiated volcanic rocks and 1200 100-300
Neogene sedimentary rocks (embedded)

Bornova Melange 2000 600-850
(Clastic and carbonate rocks, flysch)

Gneiss >3000 -

Table 2

Characteristics of seismic recordings of October 30, 2020 earthquake, by the stations around Izmir Bay.

Station number Vs.30 (m/s); Subsoil class R (km) PGA (g) S. [T =0.35](g) S. [T=15s](g) S.[T=35s](g)
3520 875 (A) 75.8 0.060 0.088 0.112 0.010
3514 836 (A) 73.4 0.057 0.100 0.123 0.008
3511 827 (A) 72.6 0.042 0.083 0.070 0.009
3506 771 (B) 62.3 0.042 0.121 0.043 0.007
3517 695 (B) 65.3 0.041 0.093 0.051 0.011
3512 468 (B) 65.8 0.059 0.179 0.082 0.008
3524 459 (B) 73.6 0.070 0.202 0.074 0.008
3523 414 (B) 48.9 0.082 0.213 0.067 0.016
3513 196 (C) 72.0 0.108 0.286 0.347 0.031
3518 298 (C) 68.3 0.108 0.261 0.195 0.019
3519 131 (D) 69.2 0.153 0.249 0.468 0.041
3521 145 (D) 69.6 0.113 0.214 0.205 0.055

generally less than 0.06 g (Table 2). Conversely, the stations
located on thick alluvial deposits in the center of the valley
indicate PGAs that reach 0.15 g around station 3519 and
0.11 g at station 3521 (Chiaradonna et al., 2022b).

The intensity of the shaking was compared with the esti-
mate provided by existing Ground-Motion Prediction
Equations (GMPEs). The use of the GMPEs aims to quan-
tify the variations of ground motions from the south direc-
tion from which the seismic wave propagated up to the
Izmir metropolitan region. In this study, three empirical
models were used (Table 3) according to Boore and
Atkinson (2008), Akkar and Cagnan (2010), and Akkar
and Brommer (2010), hereafter referred to as BAOS,
ACI10, and ABI10.

In Fig. 3, the recorded peak ground acceleration (PGA)
and spectral accelerations (S,) for selected periods
(T=03s, T=1s,and T = 3 s) at distances of up to
400 km (green symbols) are compared with the three
selected GMPEs, for a rock site (Vszg greater
than 800 m/s) and normal faulting type (black lines).

The observed PGA and selected spectral accelerations
were fairly consistent with the values predicted by the
AB10 and BAO8 models. Conversely, the AC10 model,
developed explicitly for Tiirkiye, underestimates the PGA
and the spectral acceleration (S,) at T = 0.3 s, whereas it well
predicts the spectral acceleration at periods higher than 1 s.

The observation of the data in the region of Izmir Bay
(between 60 and 80 km) reveals that the seismic parameters

Table 3

Adopted GMPE models.

Model Abbreviation Region No. records, No. main shocks Minin-Miax Distance (km)
Boore and Atkinson (2008) BAO08 Worldwide 1574, 58 5—8 0—400
Akkar and Cagnan (2010) ACI10 Tirkiye 1259, 573 3.5—7.6 0—-200
Akkar and Brommer (2010) ABI0 European Mediterranean 532,131 5.0—7.6 0—200
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are generally higher than those of the models proposed for
Tirkiye. This is particularly true for the spectral accelera-
tion at period T = 1 s, which is the closest value to the fun-
damental period of the alluvial deposit in the Bornova
valley (Makra et al., 2021; Pamuk et al., 2019).

Additionally, data from recording stations settled on
sites classified as subsoil class B, C and D are shown in
Fig. 3 and compared with GMPE proposed by Boore
and Atkinson (2008) multiplied by an amplification factor
(red dotted lines).

Out of 160 station records, only 119 were considered for
which Vg 30 was available. As shown in Fig. 3, the majority
of the data refer to site categories B (56) and C (50),
whereas limited data are available for D (2) site classes.

The amplification factors obtained globally (10 to
300 km) between class C soil and class A (excluding the
Izmir Bay region) according to BAO8 GMPE model are
of the order of 2.2 for PGA (Fig. 3a), 2 for S, at a period
of 0.3 s (Fig. 3b) and 4 for S, at periods of 1 s and 3 s
(Fig. 3c and 3d).

The response spectra of the recorded signals by stations
installed on the rock (class A) in Izmir periphery
(Chiaradonna et al., 2022a) are compared in Fig. 4a with
those calculated from the GMPEs proposed by Boore

and Atkinson (2008) and Akkar and Brommer (2010).
The GMPE model by Akkar and Cagnan (2010) was not
used in this comparison because it underestimated the mea-
sured values. Fig. 4a shows that the records from the Izmir
region are richer in terms of energy at lower frequencies
(larger periods). The spectra show very little variation in
spectral acceleration along a wide period band (plateau
between 0.25 s and 1.5 s), which is fundamentally different
from the spectra established by GMPEs where spectral
acceleration decreases with increasing periods.

Fig. 4b shows a comparison between the spectra
obtained from the recorded signals on soil class B and
AB10 and BAOS models. The GMPEs better reproduced
the recorded signals for soil class B than for soil class A.
In contrast, the comparison with the signals recorded on
class C soil (Fig. 4c) and class D soil (Fig. 4d) shows signif-
icant differences and highlights the presence of the same
plateau observed in the signals recorded on class A soil
between 0.25 s and 1.5 s. The amplification factor of the
spectral acceleration between 0.25 s and 1.5 s is about 2.5
for soil class C and 3 for soil class D.

The comparisons highlight important differences in
terms of frequency content between the GMPEs and the
recorded signals in the region of Izmir Bay. This difference
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provided by the considered GMPEs.

is probably the result of local geology in the Izmir region,
as noted by Pamuk et al. (2019). As stated by Gulerce et al.
(2022), differences in the median estimation of GMPEs
from the observed ground motions may be related to sev-
eral factors such as source effects, site amplification effects
or inconsistencies in the depth, magnitude and distance
scaling among others. In particular, the available empirical
equations are not well constrained at large distances in
basin configurations due to the scarcity of suitable empiri-
cal data. It is difficult to isolate the different effects with
limited data from one earthquake only. However, for this
specific earthquake, the source factor and the basin effects
appear to be important contributors to the enhanced long-
period motions recorded in Izmir area (Cetin et al., 2021;
Gulerce et al., 2022).

Therefore, it is relevant to analyze signals recorded dur-
ing a seismic event whose source comes from another direc-
tion. Indeed, Fig. 5 presents a comparison between the
response spectra of the recorded signals during the June
12, 2017 earthquake, located 20.73 km north-west of
Karaburun and about 84 km from Izmir Bay (Fig. 1a), at
the same stations installed on class A soil around Izmir
bay and the spectra determined using BAO8 and AB10
GMPEs. Fig. 5 shows that the BAOS and AB10 GMPEs
predict the response spectra fairly well for periods larger
than 0.3 s which is not the case for records measured dur-
ing the October 30, 2020 earthquake.
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Fig. 5. Acceleration response spectra of the two horizontal components
east-west and north-south) of the motion registered during the 12 June
2017 Karaburun earthquake by different class A stations installed around
Izmir Bay.

While amplitude and frequency content variations were
highlighted in the previous figures, the elongation of the
duration of the shaking inside the basin was indirectly
investigated through the Arias Intensity, which is the
time-integral of the square of the ground acceleration
(Arias, 1970). Fig. 6 reports the trend (best-fit line) of the
Arias intensity, calculated for the recorded signals in the
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range of the Joyner-Boore distance, R;,, between 62.5 and
79 km, as a function of Vg 30 of the correspondent record-
ing stations. Moving from class A to class D (decreasing of
Vs30), the calculated Arias intensity shows a marked
increase. The main districts of Izmir Bay are also reported
to circumscribe the basin and identify the valley effect (sub-
soil class C and D).

5. Description and assessment of damages
5.1. Description of observed damage

Building stock in Izmir is composed of several types of
structures that can be classified into three categories: rein-
forced concrete buildings with six stories or more, rein-
forced concrete buildings with less than six stories, and
masonry buildings with one to two stories. These structures
were built during different periods and designed following
different codes, i.e., 1975, 1998, 2007, and 2018. After the
earthquake on October 30, 2020, teams employed by the
Ministry of Environment, Urbanisation and Climate
Change performed a comprehensive reconnaissance study
throughout Izmir Province. Moreover, an independent
on-site reconnaissance after the earthquake was made by
a team supported by some of the authors. According to
the Ministry of Environment, Urbanisation and Climate
Change (2020), damage in buildings can be classified into
low, moderate, and heavy damage by simple observations.
Slightly damaged buildings were distinguished by slender
cracks and fissures in the building plaster, walls, and paint
caused by ground shaking. These observations lead to the

Soils and Foundations 63 (2023) 101330

fact that the buildings are still operational. Moderately
damaged buildings were defined by discontinuities in
frames and slender cracks on load-bearing elements. Build-
ing use is not permitted until the damaged elements are
reinforced or repaired. Heavily damaged buildings showed
wide shear cracks and cleavages in the load-bearing ele-
ments of the structure, which cannot be reverted to their
initial performance by reinforcement and maintenance.
Fig. 7 presents examples of typical damages observed after
the earthquake. Inappropriate superstructural design and
field application, low-quality of concrete and reinforcement
detailing, under-designed beam-column joints, formation
of soft stories, and short columns were more frequently
observed (Cetin et al., 2021; Demirci et al., 2021; Akansel
and Ozkula, 2021, Yakut et al., 2021). The information
obtained was used to classify the damage that occurred,
by methodologies proposed by Boduroglu et al. (2013)
and modified by Ilki et al. (2020).

5.2. Damage distributions

In Fig. 8, the number of different-levels damaged build-
ings in the districts in Izmir Province is presented along
with contours of Arias Intensity (Al). The AI values are
maximized in the Bayrakli, Bornova, and Karsiyaka dis-
tricts where the damage is concentrated, and the valley
effect is also much more pronounced. In this respect, irre-
spective of the level of damage, the maximum number of
slightly, moderately, and heavily damaged buildings were
determined to be within the boundaries of Bayrakli, Bor-
nova, and Karsiyaka districts.

100

N

N
S
3519 Z.N\ 3513

3521

3518

Arias intensity (cm/s)
=
|

Karsiyaka \3§22\\§: 3534
(]
3522 ‘k}\

95% confidence interval

) 3524

., |

e = .
AN g

iC ]

35 12\\:5 N

T~
\"o~3514\03i20

S,
3517 \ ~
3511 "g J
~.
Class D Class C Class A
! 2(")0 3(")0 4(l)0 5(.)0 6(")0 7(;0 8(.)0 9(.)0
100 Vs, 30 (m/s) 1000

Fig. 6. Arias intensity vs. Vg3 in the region of Izmir Bay.



Soils and Foundations 63 (2023) 101330

A. Chiaradonna et al.

Fig. 7. (a) Partially collapsed building in Manavkuyu District (heavy damage) (b) Failure of the beam-column joint (moderate damage) (c) Formation of
cracks (moderate damage) (d) Damage due to soft story effects in Karsiyaka (heavy damage) (e) Relative movements in a masonry building in Konak
District (heavy damage) (f) Short column formation (moderate damage) (g) Building with first floor collapse (heavy damage).
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Fig. 8. The number of a) heavily, b) moderately and c) slightly damaged structures in inhabited areas of Izmir metropolitan municipality correlated with
contours of Arias intensity (in cm/s).

also affected by the occurrence of the tsunami. However,
the number of stories of buildings in these districts is quite

The AI values are consistent with the number of dam-
aged buildings in the coastal districts of Izmir, which are

close to the epicenter of the earthquake. Karaburun,
Cesme, Urla, and Seferihisar among these districts, were

low in comparison with those located in a highly residential
city center, which was another reason for the lower number
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of damaged structures. As expected, damage levels are
lower in northern and eastern districts (Dikili, Bergama
Kinik, Bayindir, Kemalpasa, Odemis, Beydag and Tire),
which are underpopulated in comparison with districts
constituting the city center (Fig. 8).

Table 4 presents the number and level of damage for the
most damaged districts, while the damage in the remaining
districts is recorded as “Other.” Structural damage is con-
centrated in Bayrakli and Bornova districts, while damage
in the Karsiyaka district is also significant. Near collapsed
buildings, older buildings of three to five stories survived
after the ground shaking and suffered only slight damage.
According to the Ministry of Environment, Urbanisation
and Climate Change (2020), 50 buildings collapsed in
Izmir, compared to the total number of buildings, which
is more than 158,000. This value may seem to be very
low concerning the total number of buildings; however, it
represents an anomaly when compared to other sites with
the same distance and the same PGA/S, (T) from the epi-
center, where damage was not observed.

Thirty-five buildings were urgently leveled, while the
numbers of slightly, moderately, and heavily damaged
buildings were 6683, 688, and 581, respectively. These num-
bers normalized to the total number of buildings (ratios in
Table 4) reveal that different levels of damage are concen-
trated in the Bornova and Bayrakli districts, followed by
the Karsiyaka district (Fig. 8a). Menderes and Seferihisar
districts are closer to the epicenter of the Samos earthquake
and, despite the tsunami that occurred after the earth-
quake, the number of damaged buildings and their damage
ratios were lower. Damages were observed in Kiraz, which
is the most distant district from the epicenter in the east
direction (Fig. 8a, 1b). The same observations can be made
in Dikili, Bergama, and Kinik districts, which are far from
the epicenter and located to the north. However, the ratio
of collapsed buildings is comparably high in Bayrakli and
Bornova districts, because these districts are highly residen-
tial and populated, and the number of casualties was
higher. The number of moderately damaged buildings in
Bayrakli (3.00%0) and Karsiyaka (1.85%¢) districts were
the highest, and Bornova had a ratio of 1.27%o. Slightly

Table 4
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damaged buildings in Bayrakli (24.22%0) or Karsiyaka
(21.87%0) districts are greater than the sum of those in
the remaining 20 districts, labeled as “Other” in Table 4
(20.96%0). Karsiyaka, Bayrakli, and Bornova districts,
where the majority of the concentrated building stock is
settled on alluvium, were exposed to a greater amount of
damage.

A lower amount of damage was observed in districts
almost equally close or closer to the epicenter (Urla and
Cesme). This is attributed to the low population and fewer
buildings, and the absence of basin effects in these districts.
However, these coastal arecas were also affected by the
earthquake-induced tsunami, so to avoid misinterpreta-
tion, data from these districts were not reported in Table 4.

5.3. Damage assessment

Considering the structural features, individual maps
based on building type and height were prepared for the
most damaged area. In this regard, Fig. 9 shows peak
ground acceleration (PGA) and spectral accelerations (S,)
at periods T of 0.3 and 1 s, Arias Intensity (Al), and the
distribution of slightly, moderately, and heavily damaged
concrete buildings with a number of stories greater than
or equal to 6.

Regarding PGA, Karsiyaka district is also subject to a
basin effect due to reflections from Yamanlar Mountain,
while a slightly lower PGA is observed in Bayrakl: district,
where damage and collapsed structures are concentrated
(Fig. 9a). The analyses reveal that the contours of Al S,
(T=0.3s),and S, (T =1 s) are compatible with those
of the PGA. Heavy damages for concrete buildings with
more than or equal to 6 storey are observed for S,
(T =1 s) values ranging between 0.20 g and 0.35 g in
Karsiyaka, while corresponding values in Bayrakli district
are in the range of 0.17 g and 0.25 g. For moderately dam-
aged structures, S, (T = 1 s) values lie over a very broad
range. A similar distribution of S, (T = 0.3 s) is observed;
however, contours covering heavily damaged concrete
structures of a number of stories more than 6 range
between 0.20 g and 0.26 g in Karsiyaka and between

Building stock in Izmir and reported levels of damage (Report of the Ministry of Environment, Urbanisation and Climate Change, 2020).

District Total number of buildings Level of damage
Collapsed Ratio (%o) High Ratio (%o) Moderate Ratio (%o) Slight Ratio (%o)

Bornova 56,646 7 0.12 59 1.04 72 1.27 894 15.78
Bayraklh 31,493 9 0.16 127 2.24 170 3.00 1372 24.22
Seferihisar 13,994 2 0.04 23 0.41 33 0.58 235 4.15
Aliaga 14,223 2 0.04 11 0.19 20 0.35 107 1.89
Buca 57,989 1 0.02 28 0.49 49 0.87 428 7.56
Karabaglar 38,379 2 0.04 21 0.37 33 0.58 345 6.09
Karsiyaka 153,743 6 0.11 25 0.44 105 1.85 1239 21.87
Kemalpasa 2114 0 0 10 0.18 2 0.04 42 0.74
Konak 37,237 3 0.05 40 0.71 55 0.97 642 11.33
Menderes 5896 1 0.02 23 0.41 29 0.51 192 3.39
Other 84,679 17 0.30 214 3.78 120 2.12 1187 20.96
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0.14 g and 0.24 g in Bayrakli and Bornova districts. Moder-
ately damaged structures are accompanied by S, (T = 0.3 s)
values between 0.10 g and 0.14 g. Slight damage can barely
be associated with the intensities of PGA, S,, and Al
values.

The damaged buildings are concentrated in a limited
area, where the natural period of the structure (0.6 — 1 s)
tends to be strongly excited by the amplified shaking in
the same range of periods (0.3 — 1 s) (see also Fig. 4c).

For residential structures up to 7-9 stories, Ziotopoulou
et al. (2022) reported that foundation systems were mostly
identified as two-way combined footings or individual foot-
ings with strip beams. Due to the nature of the shallow
foundation, inertial soil-structure-interaction effects could
have been generated. To evaluate the elongation period
of those buildings, the structure-to-soil stiffness ratio has
been estimated. According to the NIST (2012), the
structure-to-soil stiffness ratio, h/(Vs T), is the ratio
between the height of the center of mass for the first mode
shape, estimated as 2/3 of the building height, and the pro-
duct between Vg (the shear wave velocity of the foundation
soils) and T (the period of the fixed base structure, i.e., not
considering the inertial soil-structure-interaction effects
that induced elongation of the period of the structure).
According to TBEC (2018), the fixed base period of the 7
to 10 story buildings is ranging from 0.9 to 1.3 s. Assuming
an average height of storey of 3 m, and a Vg ranging
between 300 and 600 m/s, the structure-to-soil stiffness

ratio, h/(Vg T) is less than 0.07 so that the period lengthen-
ing due to the inertial soil-structure-interaction can be
neglected (NIST 2012).

Consequently, the approximate estimation of the funda-
mental periods of these high structures is included in the
0.6 — 1.5 s range of periods where the higher spectral accel-
erations were observed (Fig. 4c). This highlights a double
resonance effect among ground motion, soil deposits, and
high concrete buildings, which reasonably explains the sev-
ere damage suffered by such structures.

Fig. 10 illustrates the same distributions for concrete
structures with a number of stories less than 6. Analyzing
Fig. 10a, it is noticed that the PGA contours are again
good descriptors of heavy and moderate damage; however,
the damage distribution throughout Izmir city is more evi-
dent. In contrast to Fig. 9, the basin effects are not pro-
nounced as for higher concrete buildings, and the damage
distribution is widespread. Al values are as low as 6 and
3 can be associated with heavy and moderate damages
for concrete structures with fewer stories than 6, respec-
tively. Slight damage is not dependent on the intensity of
the PGA, S,, and Al values.

Fig. 11 shows the distribution of damage in the masonry
buildings in Izmir. In fact, after 1970, owing to high seismic
threat, almost all buildings are reinforced concrete struc-
tures, while older structures remain to be masonry. Because
there is a great need for housing in Izmir, many of the old
structures were demolished and these parcels were used to
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construct higher reinforced concrete structures. However,
these types of structures can still be encountered through-
out Izmir. Damages in masonry structures with a maxi-
mum of two stories were encountered in Karsiyaka,
Bayrakli, Konak, Bornova, Gaziemir, Buca, Konak, and
Karabaglar districts. It is interesting to note that heavy
damage was observed in a wide range of PGAs from
0.05 g to 0.14 g. Similarly, the damage is concentrated in
Kargiyaka, Bayrakli and Bornova Districts, however,
masonry buildings in the old city center to the south secem
to be severely affected. It is evident that the damage distri-
bution is in good agreement with the contours, but at the
same time, the observed damage is quite widespread high-
lighting a remarkable role played by the vulnerability of the
masonry structures.

Fig. 12 summarizes the distribution of the number of
damaged buildings divided into the three previous typolo-
gies and the three levels of damage as a function of the dis-
tance from the epicenter. These distributions are further
compared with the spatial distribution of the ground
motion parameters (Arias Intensity, PGA, spectral acceler-
ations at periods 0.3 s and 1 s). The comparison shows that
the damage distribution of high-rise buildings (more than 6
stories) can be only roughly approximated as normally
distributed around about 75 km (Fig. 12d, h, 1). One can
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observe that there is no collapse outside the Bornova valley
of the Izmir Bay region (epicentral distance between 60 and
80 km). This can be related to two reasons: first, there is a
small number of high-rise buildings outside the region of
Izmir Bay and the second is the change of the frequency
contents and the amplification related to the valley effect.
For concrete buildings with less than 6 stories, the damages
are normally distributed around about 70 km. A lower con-
centration of damage is observed around 40 km (Fig. 12c,
g, k). For masonry buildings, the damages are also almost
normally distributed around about 70-75 km. A lower con-
centration of damage is also observed around distances of
30 and 40 km (Fig. 12b, f, j).

6. Conclusions

Regional scale analysis of the data of the October 30,
2020 event suggests that a complex combination of several
factors explains the damages produced in Izmir metropoli-
tan area. The interpretation of the damage pattern is
mainly sought in the soft sediments filling the basin and
the structure of the basin itself, along with the characteris-
tics of the building stock (significant lack of code
compliance).
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Ground motion analysis reveals that a significant ampli-
fication is associated not only with the thickness and stiff-
ness of the soil deposits but also with the multiple
reflections produced by the basin or valley effects, i.e., an
increase in the duration of the seismic event as revealed
by the Arias intensity distribution.

Site effects due to the local basin overlap with the main
characteristics of this far-field event. The amplitude of the
shaking is amplified in the Bornova Plain because of the
presence of soft sediments that exhibit a PGA approxi-
mately three times higher than the ground motion recorded
on the rock (Fig. 4). The shaking coming from the south
direction, already rich in low frequencies owing to the long
distance from the epicenter, is further modified by the
deformability of the basin, because the natural period of
the basin is estimated to be approximately 1 s (Pamuk
et al., 2019). The resonance between the frequency content
of the incoming shaking and the natural period of the basin
induced a large plateau in the acceleration response spectra
(Fig. 4c) between 0.6 and 1.5 s.

A comparison between the observed damage and
mapped parameters of the recorded shaking suggests that
the structural performance is below the expected level, pos-
sibly because of design and/or construction process defi-
ciencies combined with the number of cycles increased by
the multiple reflections.

Analysis of the distribution of damages revealed that the
earthquake caused damage all over the boundaries of Izmir
province, however, the concentration of moderately and
heavily damaged concrete buildings with more than six sto-
ries are particularly evident in the basin area highlighting a
double resonance effect among ground motion, soil depos-
its, and high concrete buildings, which reasonably explains
the severe damage suffered by such structures.

Future in-depth investigations of the soil properties of
the thick alluvial layer in Izmir will further verify the above
findings at the scale of single manufacturers, by improving
the awareness of the local authorities of the existing seismic
risk and contributing to the improvement in understanding
the geotechnical factors affecting the site response of simi-
lar basins.

Besides, future near-field earthquakes (from the active
faults surrounding the city of Izmir) may portend an extre-
mely worrying situation concerning a greater number of
fatalities and much more significant damage. As such, retro-
fit/replacement campaigns are needed to address this risk.
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