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ABSTRACT This study focuses on demonstrating how a holistic approach based on geophysical,
geotechnical, and Artificial Neural Network (ANN) methods in a region where urban
development is intense will crucially contribute to the assessment of liquefaction
potential. The liquefaction potential of the coastal part of the Arakli district of
Trabzon has been evaluated. First, earthquake scenarios for different magnitudes,
which may affect the study area, were produced. Maximum acceleration values to
use in liquefaction analysis were calculated from the scenarios. Second, geophysical
data were collected using seismic refraction, multichannel analysis of surface waves,
electrical resistivity tomography, and ambient vibrations measures. In addition,
results of standard penetration test were taken from the drillings in the region. The
liquefaction potential using these data was also determined by ANN. The results show
that the studied area has a serious risk of liquefaction and the more reliable liquefaction
estimates are performed in the study area with the holistic approach. The results of
this study will be of great importance for taking necessary measures in constructing
engineering projects in the region, especially along the coastline.
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1. Introduction

Earthquakes throughout human history were one of the most destructive natural disasters that
threaten human life and structures. One of the most crucial physical events in soil due to an
earthquake is liquefaction, which damages or destroys structures built on loose and saturated
deposits. Liquefaction can cause serious damage such as collapsing or sinking in engineering
structures. Determining the liquefaction hazard in the areas where there is an earthquake hazard
is of great importance for proper planning by the civil engineers.

Turkey is in a seismic region due to tectonic and structural properties and many earthquakes
have occurred throughout history. A number of 53 earthquakes with M > 6.0 and 15 earthquakes
with M > 7.0 have occurred since 1903 in Turkey (URL-1, 2019). Liquefaction disasters were
first recorded in the 1992 Erzincan earthquake in Turkey (Kayabasi and Gokceoglu, 2018).
However, liquefaction has also occurred during many earthquakes in the past. The best example
is the earthquake on 17 August 1999 in the Marmara region (Ansal et al., 1999). In Turkey, many
researchers have investigated liquefaction phenomena in different regions with different methods

© 2021 - OGS 173



Boll. Geof. Teor. Appl., 62, 173-198 Babacan and Ceylan

(Sonmez and Ulusay, 2008; Uyanik et al., 2013; Kayabasi and Gokceoglu, 2018). The analysis
of soil liquefaction can be conducted using different techniques such as standard penetration
test (SPT) (Seed and Idriss, 1971; Tunusluoglu and Karaca, 2018), cone penetration test (CPT)
(Robertson and Campanella, 1985; Moss et al., 2006; Papathanassiou et al., 2015), and shear wave
velocity (V) (Andrus and Stokoe, 2000; Youd et al., 2001). Apart from these, ambient vibrations
and artificial neural network techniques have begun to be used in liquefaction analysis in recent
years (Huang and Tseng, 2002; Beroya et al., 2009; Rezaei and Choobbasti, 2014; Abbaszadeh
Shahri, 2016). The primary purpose of this paper is analysing the liquefaction potential using
geophysical data. Liquefaction is one of the most important soil problems occurring in sandy
and non-plastic silty soils. It is known that liquefaction does not occur in all soil layers. For this
reason, first of all, it is necessary to examine the existence of geological conditions necessary for
liquefaction and to determine the horizontal and vertical continuity of the layers with liquefaction
potential. The main advantage of non-destructive geophysical methods with respect to CPT and
SPT is the ability to provide data both vertically and horizontally in the same measurement.
Moreover, geophysical methods could be used for estimation of liquefaction resistance in areas
where CPT and SPT tests cannot be performed. Another purpose is to perform liquefaction
analysis using the Artificial Neural Network (ANN) method.

The liquefaction potential of the studied area is investigated in detail. For this purpose, seismic
refraction tomography (SRT), multichannel analysis of surface wave (MASW), ambient vibrations
(HVSR) and electrical resistivity tomography (ERT) measurements were taken in the coastal area
of Trabzon city, Arakl district in the eastern Black Sea region (Fig. 1a). The investigated area is
located east of Trabzon and 30 km away from the city centre. Since Trabzon and its surroundings
have not been considered as a high-risk area for earthquakes until recently, studies on liquefaction
in this region are very limited.

2. Geological setting and seismicity

The eastern Pontides, lying in the E-W direction parallel to the Black Sea coast, belong to the
Sakarya zone described by Okay and Tiiysiiz (1999). Eastern Pontides represent an old island arc
and has been divided into different zones according to its tectonic, magmatic, and sedimentological
characteristics by many researchers (Arslan et al., 1997; Sen et al., 1998). The eastern Pontides
were divided into two sections as northern and southern zones by Ozsayar et al. (1981), whereas
Bektas et al. (1995) and Eyuboglu et al. (2006, 2007) divided them into three sections as northern,
southern, and axial zones.

Under the influence of the Alpine orogenic movements, different deformation structures in
Trabzon and its surroundings (northern zone of the eastern Pontides) have developed among
which vertical faults are controlling the tectonic development of NE, NW, and E-W directions of
Trabzon and its surroundings. The presence of reverse faults covering the entire southern coast
of the Black Sea is known from the TPAO/BP Eastern Black Sea Project Study Group (1997)
seismic surveys and previous studies in this region (Nikishin et al., 2003; Eyuboglu et al., 2011)
(Figs. 2a and 2b). In recent years, earthquake activity has increased in this region and many minor
earthquakes have occurred (URL-2, 2017; URL-3, 2017) (Fig. 2c). In addition, the earthquake
hazard map of Turkey, as recently proposed by the Disaster and Emergency Management

174



Soil liquefaction potential with a holistic approach

Boll. Geof. Teor. Appl., 62, 173-198

-

[ owen st
— :Ip.“fmm.u..

n—mn_-_-_m

[ Ameviam pmtec, b, mane, s, clay) [ G | Dioiin suntes

ety
|
@ | Sosyse

Fig. 1 - Location (a) and simplified geological map (b) of the studied area (modified from Giiven, 1993).

Presidency of Turkey, prescribes a high seismic hazard for the Trabzon province. The province
of Trabzon is about 110 km from the North Anatolian Fault, which is one of the most important
active tectonic structures. A major earthquake at that fault could seriously affect the study area.
Major and devastating earthquakes have happened at the fault in the past. The most important of
these occurred in 1939 and 1992 with magnitude of 7.9 (M) and 6.8 (M), respectively (URL-1,

175



Boll. Geof. Teor. Appl., 62, 173-198 Babacan and Ceylan

s - SRR

5=

Fig. 2 - Tectonic map (panels a and b) covering Black Sea and its surrounding (TPAO/BP Eastern Black Sea Project
Study Group, 1997; Eyiiboglu et al., 2011) and epicentre map (c) in the region (Emre ez al., 2013; URL-2,2017; URL-
3,2017).

2019). After the earthquake of 1992, there has been no earthquake larger than magnitude 6.0 in
this region (URL-4, 2019). The region between Tokat and Erzincan has a high seismic activity
and the probability of a magnitude 7.8 earthquake in the next 100 years is 90% (Bayrak and
Tiirker, 2017). Considering the distance to this region, a similar earthquake can seriously affect
the study area and its surroundings. There are three different formations in the study area (Fig.
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1b), which is located in the northern zone of the eastern Pontides. The turbiditic facies sediments,
underlying the volcanic and volcano-sedimentary units in and around Trabzon city, were referred
to as Bakirkdy Formation by Giiven (1993). The unit is composed of clayey-sandy limestone,
marl, claystone and, to a lesser extent, sandstone intercalations, and forms vast outcrops around
the Tasonii region of the study area. The formation is overlain by Eocene aged units with an
angular unconformity, and its age is determined as Late Cretaceous-Paleocene according to the
fossil content (Giiven, 1993). Giving extensive outcrops in the study area, the Eocene Kabakoy
Formation (Giiven, 1993) starts with clastic sediments and passes to volcanic rocks towards
upper zones. The formation is composed of andesite, basalt, and pyroclastic rocks, which are
intercalated by sandstone, sandy limestone, and marl. The yellowish, fossiliferous sedimentary
rocks below the dark volcanic rocks act as an age guide level. The age of the formations is
determined to be Early-Middle Eocene thanks to this guide layer (Giiven, 1993). In the study area,
especially near and south of the Arakli town centre outcrops, the unit is composed of pebble stone,
sandstone, claystone, and alluvium. The alluvium in the riverbeds is relatively young. Alluvials
are generally trapped in narrow valleys in the eastern Black Sea region. For these reasons, their
width is commonly less than 50 m and thickness of 10-40 m. These alluvials contain groundwater,
which is fed by surface water. In general, liquefaction potential does not turn into a risk since
there is no settlement on alluvial terrains. However, especially in Arakl district, there is a dense
settlement standing on these loose sediments that have a thickness of more than 30 m on the
coast. These areas carry the risk of liquefaction. The groundwater depth is approximately 3 m.
According to the drillings, the subsoil consists of alluvial deposits (sand size materials) down to
15 m depth, while geophysical measurements document a thickness of >30 m. The soil materials
of the studied area were classified according to the Unified Soil Classification System (USCS)
(ASTM D2487-11,2011) in the SP and SM classes.

3. Geophysical methods

Integrated geophysical methods can provide more accurate and detailed information in the
analysis of liquefaction potential. To evaluate the liquefaction hazard of the study area, SRT,
MASW, ERT, and HVSR measurements were acquired by geophysical methods and parameters to
be used for liquefaction calculation were determined. All geophysical measurements were carried
out on the Quaternary deposits. Moreover, the acceleration value to be used in the liquefaction
calculation was determined from the peak ground acceleration map created by taking into account
the worst earthquake scenario (Fig. 3a). Earthquake magnitude with regard to this scenario was
taken as M =7.9. This was the largest earthquake in Erzincan and its vicinity in the last century.
The peak ground acceleration values were mapped using the empirical formula proposed by
Ambraseys et al. (1996). In addition, a map of the macroseismic intensity that can be observed
in and around the studied area during the same earthquake was prepared (Fig. 3b). The formula
given by Erdik and Eren (1983) was used in the calculation of the intensity values.
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Fig. 3 - Peak ground acceleration (a) and macroseismic intensity maps (b) for the study area and its surroundings for the
scenario earthquake (M =7.9) (ESRI, 2017; URL-1,2019).

4. Electric resistivity tomography

The electrical resistivity method reveals the underground structures by sending current into
the ground by current electrodes and measuring voltage differences at potential electrodes. The
main objective is to determine the change in groundwater level, water flow regime, and bedrock
topography. However, the electrical resistivity method has a very effective and widespread use in
determining the permeability, humidity, salinity, space and degree of decomposition, lithological
changes in lateral and vertical directions, fault and fracture systems (Reynolds, 1997). ERT
measurements use a combination of many potential and current electrodes connected to a multi-
cable system. This system is placed on the ground at certain intervals along a survey line and
measurements are made automatically. In this study, it is aimed to obtain information about the
groundwater level, geological structure, and material. Furthermore, the depth of the groundwater
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level inferred from ERTs was used in the liquefaction analysis. ERT data were collected with
a Wenner-Schlumberger array, using 41 electrodes in 6 profiles. The electrodes spacing for six
profiles were 3.0,2.0,1.5,2.5,2.5, and 2.0 m, respectively (Fig. 4). The apparent resistivity data
were collected with an ABEM Terrameter LS and the data were inverted by using the Res2Dinv
program (Geotomo, 2009). The current intensity was adjusted between 5 and 200 mA and the
ABEM Terrameter LS automatically adjusts the selected current intensity range. 2D ERT images

Fig. 4 - Location of ERT profiles, seismic profiles, and ambient vibration measurements. The geometric scheme of the
measurement profiles for SRT and MASW are given at the lower left corner.

of the studied area are shown in Fig. 5, where the iteration numbers and RMS error rates can be
seen. In 3 of the 6 ERT profiles, the RMS error rates are above 10%. It is thought that the reason
for the error rates being greater than 10% is not due to low quality data. The variation percentages
of the measured values are also low. Moreover, all data points were checked in the Res2Dinv
program, and the outliers were removed before the inversion of apparent resistivity data. This
is probably because there is a large difference between the minimum and maximum of apparent
resistivity values measured. The measured, calculated, and inverse model for the ERT section (5th
profile), with the highest error rate, is given in Fig. 6. In addition, in Fig. 7, a linear regression
graph for measured and calculated apparent resistivity for this section is given. A total of 464
apparent resistivity data is used for the inversion of this profile. The measured and calculated
apparent resistivity values are compatible.

5. Seismic prospecting

SRT and MASW measurements were conducted along 8 profiles (Fig. 4) to calculate
longitudinal (V,) and shear wave (V) velocities and layered structure of underground in the
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Fig. 5 - Results of ERT sections in the studied area: a) profile 1, b) profile 2, ¢) profile 3, d) profile 4, e) profile 5, f)
profile 6.

Fig. 6 - Measured apparent resistivity pseudo-section (a), calculated apparent resistivity pseudo-section (b), and inverse
model resistivity section (c) for profile 5.
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studied area. PASI 24-channel research seismograph was used in the seismic measurements.
Twenty-four receivers with 4.5 Hz vertical components were used. The seismic source was a
10-kg sledgehammer and impact plate. Source locations and receivers were along a straight line.
Seven shot points were used for each SRT profile. Many shots were done to enhance the signal-
to-noise ratio (S/N) in each shot point. However, since the underground structure is composed
of very loose and water-saturated material, reliable and quality data could not be obtained at far
offset shot points of SRT measurements with a long profile. Therefore, these data were not used in
SRT solutions. The source-receiver geometry for both SRT and MASW is given in Fig. 4 in detail.
The signals were recorded for 0.25 s with sampling interval of 0.25 ms in SRT measurements.
Time-distance graphs were drawn from the first arrival time of the seismic shot gather obtained
from the seismic refraction method. 2D V, cross-sections (Figs. 8 and 9) of the underground
were obtained from the tomographic inversion solution of time-distance graphs, generally after
ten or more iterations. The V, velocity section for the profile 5 could not be obtained because a
reliable first arrival time reading could not be performed. Only the V velocity section is calculated
in this profile. Obtaining the tomographic velocity section from the seismic data for the first
profile is shown in detail in Figs. 8a to 8c. In this study, the SeisImager/2D software was used
for the tomographic inversion of seismic refraction data (Geometrics, 2009). This software uses
a non-linear travel time technique (Hayashi and Takahashi, 2001). The tomographic inversion
technique uses the simultaneous iterative reconstruction technique (SIRT) (Gilbert, 1972). SIRT
is one of the prominent iterative reconstruction techniques (Lehmann, 2007). In Lehmann (2007)
the mathematical formulations and detailed information about the SIRT technique are given.
Tomographic inversion is an iterative technique: it is based on traveltime calculation, initial
velocity model constructions and minimisation of the difference among observed and calculated
travel times (Bishop et al., 1985).
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Fig. 9 - 2D V, sections obtained
from SRT measurements from the
study area: a) profile 1, b) profile 2,
¢) profile 3, d) profile 4, e) profile 6,
f) profile 7, g) profile 8.

V velocities used in both liquefaction analysis calculations and the determination of 1D
underground structure were calculated by the MASW (Park et al., 1999) method. MASW has been
successfully applied in the identification of local site condition (Pischiutta ef al.,2017; Babacan et
al.,2018) and liquefaction analyses (Lin ef al., 2004; Uyanik et al., 2013) for many years. In this
method, the V velocities are basically determined by the dispersion properties of Rayleigh waves
from the surface waves propagated in the layered media (Xia et al., 2004). The determination
of the V velocity in the MASW method consists of 3 stages. In the first stage, the seismic data
(shot gathers) are collected in the field. Second, dispersion curves are created by Rayleigh waves.
Dispersion curves are usually obtained by wavefield transformation techniques (Fourier, radon
transform, phase shift, etc.). Dispersion curves were obtained by using the phase shift method
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(Park et al., 1998) in this study. Here, the dispersion curve is created by picking the maximum
amplitude points on each frequency on the velocity spectrum by means of phase shift (Hayashi,
2008). At the last stage, one dimensional (1D) V, images are calculated from the inversion of
the dispersion curves. This process is an iterative solution. First, an initial model is defined by
taking into account the surface wave velocity on the shot gather, the characteristic structure of the
dispersion curve, and prior information. Then, V sections are obtained by applying the nonlinear
least squares technique on the model (Hayashi, 2003). In this paper, MASW measurements
were taken along 8 profiles. The source-receiver geometry for MASW is given in Fig. 4. The
source locations were placed at O m (zero) and a forward shot was done. The source-receiver
offset was chosen to be 4 times the receiver spacing. 3-5 vertical stacks are used to increase S/N
during data acquisition. The signals were recorded for 1 s with a sampling interval of 1.024 ms
in MASW measurements. The MASW data were analysed using the SeisImager software. Figs.
8d to 8g show the solution stages of MASW data in detail. The dispersion curves obtained by the
MASW method show both normal and inverse dispersion properties. The parts where the velocity
decreases with depth show inverse dispersion, and since these areas are saturated with water, V
decreases with depth. 1D V sections are given in Figs. 8f and 10.

When V. sections are examined, lateral variations are seen in some profiles. One of the main
problems in the MASW method is the presence of lateral heterogeneities, which reduce the
resolution of the survey (Dal Moro and Pipan, 2007). Depending on the lateral heterogeneity, the
energy distribution between the different modes in surface wave analysis may not be the same
across the entire frequency band (Foti et al., 2018). In other words, the energy of the fundamental
mode can be transferred to high modes in the presence of lateral variations. When the phase velocity
frequency images obtained from the profiles with lateral variations are examined, the fundamental
mode is clear, although some scatterings in energy distribution are observed. Moreover, the effects
of lateral variations were examined by making both forward and reverse shots.

6. Ambient vibrations measurements

Local soil conditions have a great effect on the occurrence of liquefaction during an earthquake.
For this reason, it is very important to correctly define the local soil conditions. Ambient vibration
measurements (microtremor/HVSR) are one of the widely used non-destructive geophysical
methods to determine local soil conditions (Nakamura, 1997; Bindi et al., 2000; Babacan and
Akin, 2018; Pamuk, 2019). With this method, the predominant frequency and amplification of the
soil can be calculated and, then, soil classification can be carried out. Moreover, in recent years,
many studies have been performed to assess the soil liquefaction potential using vulnerability
index (Kg) calculated from microtremor data (Huang and Tseng, 2002; Beroya et al., 2009;
Rezaei and Choobbasti, 2014). Mokhberi and Fard (2018) stated that the Kg value can be used
as a parameter to evaluate the liquefaction potential of a soil. In this study, ambient vibration
measurements were recorded at 14 points (Fig. 4) from west to east along on the coast of the
Arakli district of Trabzon province to evaluate the potential of liquefaction of soil. Microtremor
data were taken by a portable three-component digital broadband seismometer (Guralp System
CMG-6TD). For quality data, the ME criteria (SESAME European Research Project WP12 Group,
2004) have been considered in measurements (Bard, 1999). The data obtained from HVSR can
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Fig. 10 - 1D V/ sections obtained by the MASW measurements for the study area: a) profile 2, b) profile 3, ¢) profile 4,
d) profile 5, e) profile 6, f) profile 7, g) profile 8.
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be analysed by many methods. One of the most common of these is the Nakamura H/V spectral
ratio method which is fast and economical (Nakamura, 1989). Microtremor data were analysed
using the Geopsy (www.geopsy.org) program for the H/V spectral ratio method. The predominant
frequency and H/V ratio were determined by using the amplitude spectrum of three components.
To obtain the H/V curve, a series of processes were applied to the data on the Geopsy program.
The trend effect was removed by using the mean value from microtremor data. A band-pass filter
from 0.5 to 20.0 Hz was applied, 25-s-long windows were selected and a 5% cosine window was
applied to block energy leakage to data considering SESAME criteria. The Fast Fourier Transform
(FFT) was performed in selected windows to obtain the amplitude spectra of three components
of ground motion. The data were smoothed with a Konno-Ohmachi filter (Konno and Ohmachi,
1998) and the Bandwidth b-value of Konno-Ohmachi window was selected as 40. Finally, the
horizontal/vertical (H/V) spectral ratios were obtained by using the geometric mean of the two
horizontal E-W and N-S components. Data from 14 measurement points were evaluated using the
Nakamura method and all results are presented in Fig. 11 and Table 1.

In recent years, the vulnerability index (Kg value) (Nakamura, 1996, 1997) which is calculated
by using the amplification factor (Ag) and the predominant frequency (Fg) obtained from
microtremor, can be used to evaluate the liquefaction potential:

Kg=AgFg. (1)

If the Kg value is greater than 20, the soil is susceptible to high deformation (Nakamura, 1997).
Huang and Tseng (2002) have used Kg values to estimate the soil liquefaction potential and the
locations where Kg values are over 10 are risky areas for liquefaction. Rezaei and Choobbasti
(2014) conducted a liquefaction assessment with traditional methods, artificial neural networks,
and microtremor measurements in Iran in 2014 and compared the results. They calculated Kg

Table 1 - Parameters obtained from the HVSR measurements.

Measurement Predominant Predominant H/NV Vulnerability
Points Frequency (Hz) Period (s) (Kg value)
1 3.60 0.27 3.64 3.60
2 1.52 0.65 3.06 6.10
3 1.26 0.79 3.68 10.70
4 1.05 0.95 6.16 36.10
5 0.94 1.06 8.54 77.50
6 0.81 1.23 6.50 52.10
7 0.84 1.19 6.74 54.00
8 0.81 1.23 6.01 44.50
9 0.64 1.56 6.36 63.00
10 0.75 1.33 7.13 67.70
11 0.75 1.33 7.04 66.00
12 0.75 1.33 6.61 58.25
13 0.81 1.23 6.08 45.60
14 0.81 1.23 7.25 64.80
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values from microtremor data and concluded that there is liquefaction potential when Kg is 5
or more. To evaluate the potential soil liquefaction of the study area, Kg values were calculated
by Eq. 1 using amplification factor and predominant frequencies obtained from microtremor
measurements collected at 14 points in this study. The results are given in Table 1.

7. Analysis of liquefaction using geophysical methods

There are various methods to determine liquefaction potential as proposed by various
researchers: the simplified Seed and Idriss (1971) method, the method of initial acceleration
(Dobry et al., 1981), the periodic shear stress method (Seed and Idriss, 1981), and the liquefaction
index method (Iwasaki et al., 1984). In addition, the data obtained with in-situ tests, such as
SPT, CPT, and V, wave velocities determined by seismic methods, can be used to determine the
liquefaction potential of soil. The Factor of Safety (FS) value against liquefaction is calculated
using the data obtained in all of these methods and tests. Generally, there is liquefaction potential
in case of F'§ < 1,but not in case of F'§S> 1.V, are very advantageous because they can be obtained
in all kinds of land conditions and in laboratories with lower costs than other methods. In this
study, V, velocities (Fig. 10) from MASW were used as the main method in liquefaction analysis.
Moreover, 2D ERT sections and Kg (Nakamura 1996, 1997) values, obtained from microtremor
measurements, were used in this study to evaluate the liquefaction potential. Liquefaction
potential has been investigated in some studies by using the results obtained from the electrical
resistivity method (Abu Zeid et al., 2012; Giocoli et al., 2014): from the resistivity distribution of
the subsurface, saturated soil can be determined and the geological structure of the underground
can be characterised. A safety factor (FS) is used to evaluate the potential liquefaction risk. F'S
vs. liquefaction is calculated as the ratio between the cyclic resistance ratio (CRR) and the cyclic
stress ratio (CSR) (Seed and Idriss, 1971; Idriss and Boulanger, 2006). In addition, F'S can be
found by proportioning the shear stress ratio (SSR) to the shear resistance ratio (SRR) (Uyanik,
2006; Uyanik et al.,2013). V_ velocities are taken into account in this formulation. Uyanik (2006)
revealed a linear relationship between SSR and CSR. The formulations and other details of the
method can be found in Uyanik et al. (2013). In this study, SRR and SSR were calculated by using
the parameters obtained from geophysical methods and FSs were determined (Table 2). According
to Iwasaki er al. (1981), the areas where FS is less than 1 indicate that the liquefaction hazard is
high, and the areas greater than 1 indicate where the liquefaction hazard is low. Seed and Idriss
(1982) found F'S at 1.0 or below as liquefiable, among 1.0 and 1.2 as potentially liquefiable and
upon 1.2 as non-liquefiable. In Table 2, values less than 1.0 are highlighted. F'S values less than
1.0 in the table (including negative values), and corresponding depth (z) values, show liquefiable
depths. Liquefiable depths generally vary between 6.0 and 13.5 m. As it can be seen, a significant
part of the study area has a high liquefaction potential.

8. Analysis of liquefaction using artificial neural network

ANN is a method inspired by the human biological nervous system and has been successfully
applied in the solution of complex engineering problems in recent years. ANN is formed by
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Table 2 - Liquefaction analysis results for the Erzincan earthquake with Ms = 7.9. F'S = safety factor, z = depth.

Seismic z (m) FS Seismic z (m) FS Seismic z (m) FS
Profile Profile Profile

1 1.5 0.02900 4 1.5 -223.83900 7 1.5 -0.02838
1 3.0 0.22800 4 3.0 0.00547 7 3.0 0.34368
1 45 -0.06500 4 4.5 0.66243 7 4.5 0.61109
1 6.0 -0.76800 4 6.0 -710.73700 7 6.0 -0.13600
1 7.5 -1.50000 4 7.5 8.95989 7 7.5 -0.24137
1 9.0 -6.16400 4 9.0 8.47071 7 9.0 -2.06368
1 10.5 11.47700 4 10.5 6.79845 7 10.5 0.50671
1 12.0 6.11200 4 12.0 5.44842 7 12.0 0.21997
1 13.5 5.58100 4 13.5 1.64127 7 13.5 0.05861
2 1.5 -0.04700 5 1.5 -0.80824 8 1.5 -0.07325
2 3.0 0.56700 5 3.0 -0.35496 8 3.0 0.38844
2 4.5 0.30200 5 4.5 -1.23274 8 4.5 -0.06430
2 6.0 -2.72900 5 6.0 -46.1345 8 6.0 -0.33335
2 7.5 -2.84200 5 7.5 9.02305 8 7.5 -0.35824
2 9.0 -6.51600 5 9.0 7.41662 8 9.0 -0.14153
2 10.5 8.23700 5 10.5 6.97830 8 10.5 -0.08711
2 12.0 5.87600 5 12.0 5.64233 8 12.0 -0.62104
2 13.5 -1.01800 5 13.5 -0.36835 8 13.5 -1.29915
3 1.5 -2.25587 6 1.5 -0.41635

3 3.0 1.25681 6 3.0 -0.99651

3 4.5 -1.20900 6 4.5 -3.26348

3 6.0 -1.41300 6 6.0 -85.97530

3 7.5 16.69670 6 7.5 9.61716

3 9.0 6.67092 6 9.0 6.29431

3 10.5 6.67927 6 10.5 5.55054

3 12.0 7.40939 6 12.0 5.52655

3 13.5 -0.61115 6 13.5 -0.28582

combining multiple neurons within certain categories. The main properties of the networks
connecting the neurons are learning, memorising and determining the relationship between data.
Generally, an ANN can be defined as a system consisting of a plurality of non-linear artificial cells
that can be arranged in a single-layer or multi-layer and working in parallel (Nasr ef al., 2003).
Essentially, neural networks are composed of three elements: neuron, the connection of the input-
output vectors, and the weights of these connections (Elmas, 2003). The use of the ANN method in
different areas of Earth sciences has increased in recent years (Gelisli ez al., 2015; Kilic and Eren,
2018). Moreover, many researchers have used the ANN method to evaluate liquefaction potential
(Goh, 1996; Juang et al., 2003; Rezaei and Choobbasti, 2014; Abbaszadeh Shahri, 2016).

FS with ANN using the MATLAB 2014 program (Demuth et al., 2008) was determined. ANN
can be trained to perform many complex functions. It uses various training algorithms to perform
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these operations. In this study, a feedforward backpropagation algorithm was used as the artificial
neural network type (Demuth et al., 2008). Supervised training (Sathya and Abraham, 2013) was
selected as a learning method. In this training algorithm, all activation functions were tried. The
hyperbolic tangent sigmoid (de Harrington, 1993) was used as transfer function providing the best
results. Moreover, models in the ANN structure are usually trained by the Levenberg-Marquardt
algorithm (Marquardt, 1963; Hagan and Menhaj, 1994). Gradient descent with momentum back
propagation algorithm was utilised as the learning rule; and the mean square error was utilised
as the performance function. The training procedure is performed to minimise the difference
between the estimated and the actual values. The parameters obtained from the experiments are
inputs to an ANN model and, then, the results are estimated by various training algorithms and
transfer functions in hidden layers. After that, the results are transferred to the output layer.

In this study, depth (z), magnitude (M), acceleration (a,_ ), stress reduction coefficient (rd),
P-wave velocity (V,), S-wave velocity (V,), modulus of elasticity, shear modulus, Poisson ratio,
and effective stress were used as input parameters in liquefaction analysis process with ANN.
The number of training sets was 66 and the number of testing sets was 9. While training for each
data set, the number of hidden layers, number of neurons in the hidden layer, degree of learning,
momentum coefficient, and number of iterations were determined by trial and error. Data were
normalised before analysis. The aim of normalisation is to ensure that the output parameter is
between (+1) and (-1) for each parameter according to the minimum and maximum values. Thus,
those taking the value of 1 in the output vector can be liquefied, while those taking the value of
-1 are considered being non-liquefiable. Obtaining optimal results with ANN requires minimising
the error. The error graphic of the artificial neural network selected for S with a dependence on
iteration is given in Fig. 12 and the epoch number where the training of models stopped was 4.
Twenty neurons were used in this model. To check the accuracy of the network after the training,
the network was tested with 9 data not used in the training. The results of ANN are shown in Fig.
13, including the number of neurons. The training step, the validation step, the test step and the
average fit of these three steps are obtained as a percentage.

9. Results and discussion

In this paper, geophysical surveys and ANN were used to calculate the liquefaction potential of
the studied area in Arakli district of Trabzon province. The properties of the soil were determined
by the geophysical studies performed on the site and the previously drilling. The peak ground
acceleration value used in the liquefaction analysis was based on the earthquake of magnitude
7.9 occurred on the North Anatolian Fault, which was the largest event in this region in the last
century. The peak acceleration value (a, ) that may occur in the study area is approximately 0.22
g. According to the earthquake scenario, V, value is taken as 760 m/s for the soil conditions in the
formulation used when calculating the peak acceleration value of the study area. Thereby, local
ground conditions are not taken into account and local ground conditions should also be taken
into account when calculating liquefaction. V, values calculated from MASW were found to be
quite low in the study area. Considering this situation, it is inevitable that the peak acceleration
value will be much larger in case of a large earthquake. This is also one of the reasons to increase
the risk of liquefaction.
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ERT measurements were conducted to determine the groundwater level, the depth of bedrock,
and soil properties. The resistivity values range from about 0.2 to 800.0 ohm-m. Depending on the
length of the profile in the ERT, information could be obtained between 11.0 and 22.4 m depth.
In some of the ERT, although there are high resistivity values, these values do not indicate the
presence of the bedrock. These higher values are mostly present in the first 5-6 m. Considering
that the study area is a fill, these high values are mainly due to blocky rocks or voids (such as
non-metallic wastewater pipes) in the soil embankment. According to the ERT, the groundwater
level varies between about 2.5 and 6.5 m. Moreover, there is a saltwater intrusion in a major part
of the study area.

Sensitivity of the V values obtained from the MASW measurements, correct determination of
the largest peak ground acceleration, properties of the soil, and the magnitude of the earthquake
are important factors for reliable liquefaction analysis. V,, values obtained by using the MASW
method in the study area generally varies between 150 and 240 m/s. However, the minimum and
maximum V velocities for all profiles vary between 50 and 350 m/s. While the V, velocities vary
between 200 and 2100 m/s, the dominant velocity values are between 1500 and 1700 m/s. The
groundwater level is between 3 and 6 m according to the MASW results. V, sections support the
results obtained from MASW. Both V,, and V indicate that the studied area is saturated with water
and that the liquefaction potential is high.

According to the HVSR results, the natural frequency ranges from 0.64 to 1.52 Hz, and it is
found to be 3.60 Hz only at the first measurement point. Although the frequency values in the study
area are quite low, a high frequency value at the first measurement point can be thought of as a
local effect. H/V values vary between 3.06 to 8.54 while Kg values vary also between 3.6 and 77.5
(Table 1). High Kg values were obtained in almost all of the study area. The higher the Kg value,
the higher the probability of liquefaction potential. On the other hand, the Kg values in liquefied
areas are higher than in neighbouring areas where no liquefaction occurs (Huang and Tseng, 2002).
According to Nakamura (1997), Huang and Tseng (2002) and Rezaei and Choobbasti (2014),
liquefaction potential hazard is high where the Kg values are greater than 20, 10 and 5, respectively.
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According to the soil classification made by Kanai and Tanaka (1961), the soil class of the
study area was defined as 4 (Z4). Class Z4 consists of soft delta deposits, alluvium containing
mud, and topsoil units with a thickness of 30 m or more. The HVSR results are completely
compatible with general geology.

According to the information obtained from the drillings with a depth of 15 m for different
purposes in and around the study area in previous years, the study area is composed of alluviums
(sand size materials). Drilling points are very close to the 5th-6th electrical and 7th-8th seismic
measuring points. According to the drillings, the groundwater level is about 3 m and the SPT-N
values vary between 10 and 25. According to the relative density and soil properties classification
based on SPT-N values (Terzaghi and Peck, 1948), the relative density of the sands in the study
area is loose and medium.

The evaluation of the liquefaction hazard of the study area was made using only the results
obtained from the geophysical studies. The acceleration value was obtained from the earthquake
scenario, the V velocities were obtained by the MASW method, and the groundwater level
was obtained using both MASW and ERT methods. Other parameters are derived using this
information. As can be seen from the Table 2 based on V; velocity, the liquefaction potential
is high in most of the coastal areas of the Arakli district of Trabzon city. It is observed that the
potential of liquefaction in the eastern part of the area further increases.

In this study, F'S values obtained for the liquefaction from experiments were also estimated
with the ANN model. Considering the results obtained using the ANN method, the mean square
error (MSE) was 0.05 at the 4 epoch (Fig. 10). When the performance evaluation criteria are
considered, it is seen that the results are acceptable. According to the best MSE value in Fig. 12,
the education of the network model (Training) was found as R = 0.95 and the test data (Test),
which was not included in the training data and randomly selected, was found as R = 0.94 (Fig. 13).
These results indicate that the model is well trained. Validation values and test data (Validation)
were calculated as R = 0.92 and R value of all results (All) was calculated as 0.94 (Fig. 13). These
results show that the network provides the approach to the estimation results at a high level of
reliability.

10. Conclusion

Trabzon city constructions are usually built on the Black Sea coastal area due to its topography.
The construction in the region is increasing day by day. According to the new earthquake hazard
map prepared by the Disaster and Emergency Management Presidency of Turkey, Trabzon is
one of the provinces with increased earthquake risk in Turkey. Moreover, in the next century
there is a high probability of a major earthquake along the North Anatolian Fault, which is
close to the province of Trabzon. For all these reasons, the potential liquefaction risk should be
investigated in detail. Evaluation of liquefaction potential is vital in both field selection planning,
and construction processes. In this study, more than one geophysical method (ERT, SRT, MASW,
and HVSR) was used to evaluate the liquefaction potential. Liquefaction analysis was performed
using only geophysical data without SPT and CPT data. Firstly, an evaluation was made using
V, velocities obtained from the MASW method. The groundwater level, which is one of the
important parameters in the evaluation of the liquefaction potential, was determined from MASW
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and ERT measurements. Then, an evaluation was also made by using the data obtained from the
microtremor method which is used less in the literature to evaluate the liquefaction potential.
Finally, a liquefaction analysis was carried out using the ANN method. The results obtained
from all methods are quite compatible with each other. Moreover, in order to make comparisons,
liquefaction analysis was carried out by using SPT-N values obtained from around 15 boreholes.
The results obtained from SPT data were found to be consistent with the results obtained using
V, velocities.

Both V, and especially V, are quite low in the study area with V generally lower than 250
m/s. V, values are usually lower than 2000 m/s. These velocities show that the studied area has
a significant degree of liquefaction potential. ERTs show that the soil is saturated with water.
Moreover, according to the Kg values obtained from microtremors, there is a serious potential of
liquefaction, especially in the eastern parts of the study area. These results are also compatible
with the results obtained from the liquefaction assessment with V velocity. In this area both
the predominant period (max: 1.56 s) and H/V values (max: 8.54) are quite high. Therefore,
the construction of multi-story buildings may be risky. Evaluation of liquefaction potential
with the microtremor method can be a good preliminary assessment tool in terms of being fast
and cheap. The liquefaction analysis using geophysical data was carried out without damaging
the ground, in a shorter time and with less cost. The most important advantage of geophysical
methods is the ability to collect data in both lateral and vertical directions in any environment.
Thus, liquefaction analysis can be performed in any desired geological environment. In all soil
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conditions, geophysical methods can be applied quickly, easily, and inexpensively, and the use of
these methods in the liquefaction analysis is more advantageous than other methods.

Successful results were also obtained with ANN used in liquefaction analysis together with
geophysical methods. It is seen that ANN can be applied to estimating F'S successfully. FS can be
calculated by using the ANN method with fewer parameters and in a shorter time within acceptable
limits. Because many mathematical operations are performed in experimental calculations, an
error may occurs, but the probability of such an error in the ANN is very low.

According to the results obtained from all geophysical methods, there is a risk of liquefaction
in a significant part of the study area. This risk is more increasing towards the east of the region.
The evaluation of all the results obtained from geophysical methods with a holistic approach will
reveal the liquefaction areas in a more detailed and safe manner. In addition, the results for the
studied area will be helpful for geotechnical studies, earthquake and engineering geology. For
this reason, a detailed liquefaction analysis should be carried out in Trabzon and the neighboring
provinces before any construction and when necessary, soil remediation studies should be carried
out before the construction.
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