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Keywords Abstract: Seismically active regions are always prone to be subjected to earthquake
Seismic intensity level, events and their eventual damages to urban areas. Liquefaction is 6ne of the
Standard penetration test, earthquake related incidents occurring within soil bodies during or after
333222322 Is):\'fz?i?;lirl:éiix' earthquake excitations. Gaining the knowledge of liquefaction potential for a site is
Liquefaction potential ’ exceedingly crucial in view of seismic risk mitigation, earthquake hazard

assessments and future planning of urban areas. This study evaluates the

mappiie liquefaction potential of Igdir city located in the eastern-side of Tiirkiye, having
borderlines with three other seismically active countries in the region, Armenia,
Nakhichevan and Iran. Soil data (i.e., Standard Penetration Test values, water table,
water content, unit weight, grain size distribution and Atterberg limits) at the
considered areas within the city is gathered from 85 boreholes. After investigating
the faultlines around the city, the two possible maximum peak ground accelerations
involved in this study are determined to be 0.393g and 0.225g. Liquefaction
susceptibility maps of the areas at the two peak ground acceleration levels are
designated in regard to liquefaction potential index and liquefaction severity index
methods. The studied areas in the city exhibit various levels of liquefaction
susceptibility as the severity is observed to be greater under the larger peak ground
acceleration.
Igdir ilinde Sivilasma Tehlikesi Degerlendirmesi (Tiirkiye)
Anahtar Kelimeler 0z: Sismik olarak aktif bélgeler her zaman deprem olaylarina ve bunlarin kentsel
Sismik siddet seviyesi, alanlara nihai zararlarina maruz kalmaya egilimlidir. Sivilasma, deprem uyarimlari
Standard Penetrasyon sirasinda veya sonrasinda zemin igerisinde meydana gelen olaylardan biridir. Bir
deneyi, sahanin sivilasma potansiyeli hakkinda bilgi edinmek, sismik riskin azaltilmasi,
Swvilagsma potansiyel deprem tehlikesi degerlendirmeleri ve kentsel alanlarin gelecekteki planlamasi
indeksi, acisindan son derece 6nemlidir. Bu ¢alisma, Tiirkiye'nin dogusunda yer alan ve
Sivilasma siddet indeksi, bélgedeki diger ii¢ sismik olarak aktif iilke olan Ermenistan, Nahgivan ve iran ile
Sivilagma potansiyel sinir1 bulunan Igdir sehrinin sivilasma potansiyelini degerlendirmektedir. Sehir
haritasi icinde ele alinan alanlardaki zemin verileri (Standart Penetrasyon Testi degerleri,

su tablasy, su igerigi, birim hacim agirlik, tane boyutu dagilimi ve Atterberg limitleri)
85 sondaj kuyusundan toplanmistir. Sehir ¢evresindeki fay hatlar1 incelendikten
sonra, bu ¢alismada yer alan iki olas1 maksimum yer ivmesi 0.393g ve 0.225g olarak
belirlenmistir. En biiyik iki yer ivmeleri altinda ¢alisma sahalarinin sivilasma
duyarhilik haritalari, sivilasma potansiyel indeksi ve sivilasma siddet indeksi
yontemlerine gore belirlenmistir. Sehirde incelenen alanlar, maksimum yer ivmesi
altinda siddetin daha fazla oldugu gézlemlendiginden, gesitli seviyelerde sivilasma
duyarlilig1 sergilemektedir.
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Liquefaction Hazard Assessments in Igdir City (Tirkiye)
1. Introduction

Liquefaction is known as one of the earthquake triggered phenomena attributed to stress and stiffness losses due
to increase of pore water pressure within saturated granular soil bodies. When soil layers no longer possess
enough strength characteristics during earthquake excitations, the soil behaves as a viscous liquid [1]. This makes
the ground surface structures to endure, to some extent, varied types of damages that burden great level of
economic costs and, probably and most importantly, human casualties. Slope failures, earth dam failures, building
and bridge foundation failures and damages to the pavement and buried infrastructures (i.e. gas, electric, and
water pipelines) are the main consequences of liquefaction phenomenon [2]. Such types of damages were
observed early in 1964 during and after the Good Friday earthquake in Alaska and the Niigata earthquake in Japan
[3]- Moreover, relatively recently occurred the Duzce earthquake in 1999 [4], the Christchurch earthquake in 2010
[5], the Emilia earthquake in 2012 [6], the Japan earthquake in 2011 [7] and Indonesia earthquake in 2018 [8] led
to liquefaction related failures and damages to urban areas. Lastly, the twin Maras earthquake events on the 6t of
March 2023 caused liquefaction related building failures in many affected areas, especially in Golbas1 (Adiyaman)
and Iskenderun (Hatay) districts [9, 10].

Occurrences of earthquake events featured by aleatory uncertainty are sudden and unforeseen, therefore the
liquefaction triggering at any site [11]. However, this random uncertain natural event and, specifically, its cause
of liquefaction, at a specific site should have to be determined in order to; (1) mitigate such effect on mainly
buildings, bridges, roads and buried pipelines, (2) realise seismic hazard risks and (3) planning of the urban areas
[12]. Hence, characterisations of sites regarding the liquefaction potential under possible earthquake events
gained great interest of geotechnical and geological engineering communities.

Liquefaction potential of a given site can often be determined based on laboratory and field tests. Laboratory test
results are always regarded as sceptical since taking samples from the soil ground, transporting to the laboratories
and placing the samples to the test machines may disturb the original soil structures [13, 14]. In contrast, field
tests produce relatively more sustainable soil data free from the issues confronted in laboratory tests [2]. Hence,
field tests have seen as better choice over the laboratory tests. Common field tests practised with the aim of
delineating liquefaction potential of soil layers are Cone Penetration Test (CPT), Standard Penetration Test (SPT)
and Becker Penetration Test along with the shear wave velocity (Vs) measurement techniques. When CPT test and
Vs measurement can still convey the liquefaction potential of the soils [15-16], SPT based liquefaction assessments
are overwhelmingly applied in geotechnical and geological engineering studies [18-20]. In this regard, the study
conducted by [2] presented the liquefaction potential in the Kahramanmaras city situated on the East Anatolian
and Dead Sea Faults. They used 238 geotechnical boreholes to analyze and map the liquefaction risk over the city.
In addition, the city of Erzincan was also studied for the liquefaction potential under different seismic intensities
[21]. Since the city is positioned close to the both main fault lines (North Anatolian and East Anatolian fault lines),
the study clearly indicated the liquefaction potential by utilizing the SPT data. Moreover, the liquefaction potential
of Battalgazi region (in the Malatya city sitting nearby the East Anatolian Fault) was evaluated, along with the site
amplification, based on the measured SPT values [22]. The Vs and SPT based liquefaction assessments were also
made for Ercis (Van) as the liquefaction cases were observed during the October 23, 2011, Van earthquake [23].
The predictions of the study were shown to represent the actual scenarios.

Specific focus of this study is an urban area of Igdir province in the eastern Anatolian region of Tiirkiye. It aims to
map the liquefaction potential of the location based on in-situ test results. The area falls within the Ararat Basin,
which was created by the geological shifts of the Eurasian and Arabian plate boundaries, along with other nearby
basins such as Rioni, Kura, Mid-Araks, and Nakhichevan [24]. The Ararat Basin is bordered to the northwest by the
Aragats and Gegham volcanic formations and to the south by the volcanic Mount Ararat. The area is located on
quaternary alluvium and surrounded by sedimentary rocks (i.e., slope debris, alluvial fan deposits, and moraines)
as well as clastic rocks. Moreover, volcanic rocks such as basalt and andesite are present towards Mount Ararat.
Since the province neighbors with Armenia in the north-east, Nakhichevan in the south-east and Iran in the south,
its location is one of the unique geographical locations in the world. The province is also growing in terms of
population, as at the beginning of the century, it has 174 285 population and in 2022 the population reaches to
203 594 by almost %17 of increase [25]. Due to its distinctive position suitable for trade and therefore for
industrial developments, the growing population is likely to rise even more rapidly. Thus, mapping the liquefaction
of the three different parts of the city, which has not been conducted before, can be beneficial in mitigating seismic
effect of possible future earthquake events, depicting seismic hazard risks and for future planning. The geological
maps presented throughout the paper are produced by means of geographic information systems (GIS) software.
The paper carries on with describing the location and its seismicity in details. In addition, the locations of SPT
boreholes are illustrated. Subsequently, the methods used to delineate the liquefaction potential of the site are
presented. Lastly, the liquefaction maps of the studied area are interpreted with some comparisons.
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Liquefaction Hazard Assessments in Igdir City (Tirkiye)
2. Location of Igdir province

The Igdir province is positioned in between approximately 390- 410 latitude northerly and 439-459 longitude
easterly [26]. The considered study site is the urban area of the Igdir province covering the city centre as shown
in Figure 1. The province consist of mostly mountainous fields, but almost %30 of the area formed by plain land,
so called Igdir plain. The population, including the main city, has largely been settling in the plain area. The plain
remains between Mount Ararat and the Caucasus Mountains causing the plain to be featured with the bowl-shape
structure [27].

The soil of the plain region is characterised substantially by quaternary alluvial soils covering a land of around 922
kmZ. The alluvial soil is formed over time by the depressions of Aras river connected with various straits. In fact,
Aras River is accepted as border between Tiirkiye and Armenia and is the main cause of recent soil formations in
Igdir plain at the Tirkiye side, and Revan plain at the Armenian side, with almost equal sizes. These two plain areas
are sit on top of Surmeli and Sahat concavities at the Tiirkiye and Armenian sides, respectively [28].
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Figure 1. Elevation model for the Igdir province demonstrating the mountanious and plain areas
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3. Seismicity of the Site

Tirkiye is known as one of the seismically active countries in the world, as it sits on top of mostly Anatolian and
partially Arabian and Eurasian plates. As a result of relative movement of Arabian plate toward northwards with
arate of 6-10 mm per year, Anatolian plate is pushed to the westwards with a rate of 18.7- 21.5 mm per year [29,
30]. The contrast between these three plates create two main fault lines, recognised as North Anatolian Fault Zone
(NAFZ) and East Anatolian Fault Zone (EAFZ). Moreover, these tectonic plates are the causes of many fault lines
formed over the countries of Tiirkiye, Greece, Armenia and Iran.

Within 100 km distance in radius from the Igdir city center, there has been, in total, 89 earthquake events recorded
with magnitudes greater than or equal to 4.00 [31]. The epicenter of the events are illustrated in Figure 2. The
number of earthquake events taken place within the scale at different magnitude ranges is presented in Table 1. It
is clear that, as the magnitude range increases, the occurrence of such event reduces. For instance, at 4-4.50 and
4.50-5.00 magnitude ranges, 45 and 20 earthquake events have been recorded when only 9 and 5 records are
available at 5.00-5.50 and higher than 5.50, accordingly. In other words, the small magnitude earthquake events
are frequent and but less destructive, while the big earthquake events are relatively rare but more destructive and
pertinent.
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Figure 2. Location of past earthquake events taken place around the area of interest including the circle centered by 100 km
in radius from the Igdir city center

Table 1. Number of past earthquake events at various magnitude ranges occurred within the 100 km radius around the Igdir

city center
Magnitude 4.50- 5.00-
range 4.00-4.50 5.00 5.50 >5.50
Number of 45 20 9 5
event

Several active earthquake fault lines surrounding Igdir city are demonstrated in Figure 3. It is important to stress
here that only active faultlines in the Tiirkiye side, which have relatively recently been updated by Emre etal. [32],
is considered as can be depicted from the figure. Active fault lines in the Armenia, Nakhcivan and Iran sides
neighboring the Igdir province are not presented since up-to-date active fault lines are not available. In fact, an
extensive study carried out in 2004 by Karakhanian et al. [33] focused on fault lines and past earthquake events
occurred over those lines in Armenia, eastern Tiirkiye and northwestern Iran. However, the presented fault lines
in the aforementioned study, in the eastern Tiirkiye covering the study area, were significantly changed when
compared with the active fault lines presented in Figure 3. Such changes may also be conceivable for the active
faults in the neighboring countries. Therefore, the fault lines at the neighboring countries and hence any likely
possible earthquake events are not taken into consideration in this study.
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Figure 3. Active fault lines around the studied area of Igdir [25]

The nearest fault line called Igdir Fault Zone with ID of 263, is just about 7.40 km distance to the area of interest.
In addition, there are other active fault lines whose locations are shown in Figure 3 which may trigger earthquake
events that may cause some level of hazards in the study area. General properties of the fault lines are given in
Table 2. In order to determine largest earthquake event likely to occur at the active fault lines, the equation
proposed by Wells and Coppersmith [34] is applied. The equation depicts the moment magnitude (Mw) by relying
on the surface rupture length (SRL).

M,, = 5.08 + 1.16log (SRL) (1)

Based on this equation, it is clear that magnitude of an earthquake event to be happened over the faultline depends
on its length. Therefore, the highest magnitude earthquake event is likely to occur in the Perilidag Section with Mw
of 6.83, followed by Tirso Goli Section with Mw of 6.80 and Igdir Fault Zone with Mw of 6.78 for the faultline lengths
of 32 km, 30 km and 29 km, respectively. Magnitudes of potential earthquake events at the other fault lines are
included in Table 2.

Table 2. Active fault lines around the studied area and the largest possible earthquake events possible to take place along
these faults

Fault Distance to the study PGA (g)
Name area (km)
ID Type | Length Mw
Igdir FZ 263 RL 29 6.78 7.40 0.393
Dogubeyazit F 264 RL 20 6.60 28.85 0.126
262-3 NN 11 6.30 17.00 0.225
Agr EF 262-1 NN 8 6.13 32.74 0.140
262-2 NN 9 6.19 41.40 0.122
Candervis S 265-1 RL 25 6.70 35.80 0.200
E Perilidag S 265-2 RL 32 6.83 41.40 0.194
ED Kovancik S 265-3 RL 10 6.24 43.73 0.120
Es Tirso Golu S 265-4 RL 30 6.80 49.90 0.160
Yeni Cadir S 265-5 RL 17 6.50 38.50 0.163
Cetenli S 265-6 RL 18 6.54 38.83 0.166
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FZ; Fault Zone, F; Fault, EF; Extentional fissure, S; Segment, RL; Right Lateral, NN; Normal

The peak ground accelerations (PGA or amax) likely to be experienced at the studied area due to the predicted
earthquake events should be determined. This is because of the fact that the magnitude of an earthquake event
can demonstrate its energy level, but cannot give any indication of its hazards to the considered area. In contrast,
PGA can better illustrate the impact level of such event. In particular, the prediction of PGA is necessary to
represent the liquefaction potential of the area. While there are several ground motion attenuation equations
proposed to predict PGA, this study utilised the one developed by Ulusay, Tuncay [35] based on the local-based
(Tirkiye) earthquake data. The associated ground motion prediction equation is given belove.

PGA = 2.18¢0-0218(33.3My—Re+7.842754+18.92825p) (2)

in which, Sa=0, Sg= 0 for rock, Sa=1, Sg= 0 for stiff soil and Sa=0, Sg= 1 for loose soil. Re is a distance measured from
the closest point of the fault line to the area of interest. In this sense, considering the magnitude level of a potential
earthquake event at the Igdir Fault Zone and its closeness to the study area with just about 7.5 km, it may causes
the largest PGA, that is equal to 0.393g, at the site. Second largest PGA of 0.225g may be recorded, when an
earthquake event is triggered at the Agri Extension Fissure (fault ID of 262-3), as tabulated in Table 2. This is
followed by the any likely earthquake event at the two sections of the Balikgolii Fault Zone (i.e. Candervis Section
with fault ID of 265-1 and Perilidag Section with fault ID of 265-2) resulting in PGA of 0.20g and 0.194g at the site,
respectively. Other potential PGA at the study area under forseable earthquake events at the regarded fault lines
are given in Table 2. Important to note here that the maximum probable PGA in 475 years of return period (%10
probalility of exceedance in 50 years) is given as, on average, around 0.25g for the studied area (Ministry of Disaster and
Emergency Management Presidency (AFAD) [31]), which is distinctively lower than the maximum PGA predicted from
the deterministic approach. Therefore, this study considers only first two highest possible PGA values that are
0.393g and 0.225g calculated based on the above deterministic approach. Considering the fault lines around the
study area from Tiirkiye side as well as from Armenian side, adapting deterministic approach may be more
reliable in assessing the liquefaction potential.

4. Study Areas and Geotechnical Features

In this study, three separate regions called as Area_1, Area_2 and Area_3 at Igdir city are taken into consideration,
as highlighted in Figure 4. While the Area_1 involves only Yeni Mahalle district, the Area_2 and the Area_3 consist
of Konakli, 7 Kasim, Ozgur, Konakli and Karaagac districts and Emekli, Alikemerli and Hakveyis districts,
respectively. The studied Area_1 covers approximately 1.00 km?, the Area_2 and the Area_3 occupy lands of 4.50
km? and 3.40 km?, accordingly. As the geotechnical data is attained from the local municipality (Igdir), the data is
esteemed to be reliable to conduct this study.

In total, 85 boreholes were opened to investigate the geotechnical characteristics of the areas. 68 boreholes were
explored until the depth of 15 m, when only 17 boreholes extent to the depth of 20 m. Mainly, grain-size
distribution, Atterberg limits, unit weight, ground water levels and Standard Penetration Test values (SPT-N) were
determined. The soils were classified in compliance with the Unified Soil Classification System (USCS). From the
sieve analysis, the soil layers are characterised by mostly fine grained soils comprising %75 of the total soil bodies
and partially by coarse grained soils encompassing %25 of the total soil bodies. Fine grained soil layers are made
of low or high plastic clay and silt with the inclusions of gravel and sand soils. Similarly, coarse grained soil layers
include mainly sand and occasionally gravel involving silt and clay materials. The maximum-minimum plastic limit
(PL) and liquid limit (LL) values available for the characterised soils equal to 77.9-26.2 (%) and 42.1-12.4 (%),
respectively. The water content of the soils at the site ranges from 1.7 (%), realised above the water table to 57
(%) as maximum available below the water table. The soil densities measured were varied between 17.7 KN/m3
and 19.2 kN/m3.

The water levels at the boreholes get mostly as low as to 1.5 m from the ground surface, and reaches to 5 m at
several locations. Water table distributions within the studied areas are illustrated in Figure 5. It is clear that the
water table measured at all boreholes within the Area_1 varies only between 1.5 m and 2.00 m (Figure 5a), while,
within the Area_2, it ranges from 1.50 m to 2.00 m (Figure 5b). The water levels at the Area_3 are mostly varies
between 4.00 m to 5.00 m, as seen in Figure 5c, when only 3, 1 and 2 boreholes kept water tables at 1.50-2.00 m,
2.00-3.00 m and 3.00-4.00 m depth ranges. The measured SPT-N values at the boreholes extended from 3 to 51. In
general, the SPT-N values increased with depth, but fluctuate at some boreholes as encountered with relatively
softer soil layers. Three SPT-N profiles (one borehole in each area) and their changes through the borehole depths
are demonstrated as an example along with the correlated shear wave velocity (Vs) values in Figure 6. The recent
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study conducted by Guzel [36] provides correlation between SPT-N and shear wave velocity (Vs) values for the
area, as such:

V, = 199N00626 (3)
The average Vs values at the associated boreholes are 243. 35 m/s, 244 m/s and 230 m/s, respectively.
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Figure 4. (a) Borders and Locations of the studied areas within the Igdir city, (b) positions of the boreholes within the
Area_1, (c) positions of the boreholes within the Area_2 and (d) positions of the boreholes within the Area_3
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Figure 5. Water level distributions over the studied Area_1 (a), Area_2 (b) and Area_3 (c) based on the measured water levels
at the associated boreholes
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Figure 6. Three exemplary SPT-N profiles and correlated Vs values located in; (a) Area_1 (BH-7), (b) Area_2 (BH-28) and (c)
Area_3 (BH_82)
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5. SPT Based Liquefaction Assessment Methods

The liquefaction potential of a soil layer can be assessed through laboratory testing or on-site test methods, as well
as through empirical techniques. Empirical methods, which rely on on-site penetration testing, are commonly
utilized because of the challenges of obtaining appropriate soil samples testing on laboratory environments. The
Standard Penetration Test (SPT) is a popular in situ test choice for evaluating the risk of liquefaction, and is widely
used in many countries, including Tiirkiye. In this study, the potential for liquefaction was analyzed using the
simplified SPT-based method introduced by Seed and Idriss [37] and Seed et al. [38]. The modifications suggested
by Youd et al. [19] were also considered. The corrected SPT-N values were calculated using the equation provided
by Liao and Whitman [39]. The cyclic stress ratio (CSR), defined as the amount of cyclic shear stress needed to
cause liquefaction, was first proposed by Seed and Idriss [18]. Youd et al. [19] made a slight modification to the
calculation of CSR. Seed et al. in 1985 presented an empirical correlation between corrected SPT(N1)es0 and CSR.
The empirical correlation curves, which are the same as the liquefaction triggering curves, depict the capacity of
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soil to resist liquefaction, referred to as the cyclic resistance ratio (CRR). Youd et al. [19] modified the CRR curves
from Seed et al. [38], including those for clean sands and magnitude 7.5 earthquakes. The CRR curves provide the
limiting conditions for determining if liquefaction will occur for a magnitude 7.5 earthquake. Moreover, CRR
curves were developed for granular soils with fine contents of %5 or less, %15, and %35 [19].

In this study, the Cyclic Resistance Ratio (CRR) equation proposed by Youd et al. [19] was used. To evaluate the
risk of liquefaction, a factor of safety (Fs) equation was developed, which considers CRR7s, Cyclic Stress Ratio
(CSR), and Maximum Scaling Factor (MSF) as represented by the following formula:

Fs = (CRR; s /CSR)MSF (3)

The Magnitude Scaling Factor (MSF) was utilized as described in Eq. 4 [19].

102.24
MSF = 15z (4)
CRR and CSR were calculated based on the equations originally given by Seed et al. [38]:
I B G 50 1
75 = 34— (Np)eo | 135 ' [10(N;)eq + 452 _ 200 ()
_ a o
CSR = 0.65( max/g)( ”"/aéo)rd (6)

In which, a,,,, is the maximum ground acceleration, g is the acceleration of gravity, g,,and o, are total and
effective overburden stresses and r,; is the stress reduction coefficient. The value of r; is computed from the
following depth- dependent equations:

ry =1—0.00765z for z < 9.15m
1y = 1.174 - 0.0267z for9.15m <z <23 m (6)

(N;)go in the Equation 5 is the corrected SPT-N (N3,) and obtained by using;

(N1)6o = N CyCgCCrCs (7)

In which, N,,: the measured standard penetration counts, Cy: normalization of N,, with respect to the reference
overburden pressure, Cz: hammer energy efficiency level, Cy: rod length dependent correction factor, Cs: borehole
sampler correction. The overburden pressure correction factor, Cy, is calculated regarding the equation proposed
by Liao and Whitman [39]:

Cy = (P“ )0 (8)

Tvo
Where, P, is an atmospheric pressure of 100 kPa (1 atm) and o, is the effective overburden pressure. This value

cannot exceed 1.70. Besides, since the amount of fine content involved in clean sand is shown to alter the
liquefaction resistance of the soil, following fine content (FC) corrections are recommended.

(N1eocs = a + B(Ny)6o 9)

In which, @ and f coefficients are determined regarding the extent of fine content inclusions, as:

FC < %5, a=0and =1
%5 < FC < %35, , a = exp [1.76 _ (190/FCZ)] and B = [0.99 + (F61-5/1000)] (10)
FC = %35, a=5and ff =1.2

In the literature, the susceptibility of loose sand layers to liquefaction has been investigated up to a depth of 20
meters from the surface [37-42]. According to various studies, liquefaction occurs when the factor of safety is less
than 1.0. Additionally, it is stated that the factor of safety ranging from 1.0 to 1.2 defines the liquefaction as
marginally liquefiable, but no liquefaction will occur when the factor of safety is above 1.2 [42-44]. However, Seed
and Idriss [46] noted that the acceptable factor of safety value for the liquefaction phenomenon is between 1.25
and 1.5.
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Iwasaki et al. [47] introduced a liquefaction potential index (LPI) to overcome the limitations of the factor of safety
(Fs). The LPI is divided into four categories of liquefaction potential, including very low, low, high, and very high,
and is calculated using the following equations (Egs. 11a, b, ¢, d and e).

LPI = [ F(2)W(2)dz, (11a)
F(z) =1—F, for F, < 1.0, (11b)
F(z) = 0forF, = 1.0, (11c)
W(z) = 10 — 0.5z for z < 20m, (11d)
W(z) =0 forz =20m (11e)

The depth of the soil layer is represented by z, measured in meters, and FL represents the factor of safety against
liquefaction and equals to Fs. The classification of liquefaction potential is defined by the boundary values of the
liquefaction potential index (LPI) which are presented in Table 3 along with the liquefaction susceptibility
descriptions.

Table 3. Liquefaction potential classification suggested by Iwasaki et al. [47]

Liquefaction index (LPI) Description

0 Very Low

0<LPIs<5 Low

5<LPI<15 High

15>LPI Very high
F(z) =0forF, = 1.2, (12a)
F(z) = 2 X 10%~18427FL for 1.2 > F, < 0.95, (12b)
F(z) =1—F, for F, <0.95 (12¢)

The probability of soil liquefaction (PL) depends on the value of F. Sonmez and Gokceoglu [48] proposed the
liquefaction severity index (Ls), and they preferred to use the PL value in this index equation. According to Sonmez
and Gokceoglu [48], it is believed that the use of a liquefaction probability equation in the calculation of a
liquefaction index will provide more consistency. The liquefaction severity index (Ls) is calculated using the

following equations (Eqgs. 133, b, ¢, d and e).

L=, P@W(@)dz, (13a)
PL = W fOI‘ FL S 1411, (13b)
P.(z) =0 for F, > 1411, (13¢)
W(z) = 10 — 0.5z for z < 20m, (13d)
W(z) =0forz = 20m (13e)

The depth of the midpoint of the soil layer is represented by z and the factor of safety against liquefaction is
represented by FL in Eq. (13) for the calculation of the liquefaction severity index (Ls). The boundary values for Ls,
along with descriptions of liquefaction susceptibility, are presented in Table 4.

Table 4. Liquefaction severity index value ranges

Liquefaction severity (Ls) Description
85<Ls<100 Very High
65<Ls<85 High

35<Ls<65 Moderate
15<Ls<35 Low

0<Ls<15 Very Low

Ls=0 Non-Liquefiable

6. Results and Discussions

6.1. SPT versus Cyclic Stress Ratio

The corrected SPT(N1)eo values and corresponding CSR values at 0.393g and 0.225g seismic intensity levels are
plotted in Figure 7 along with the modified CRR curves given by Youd et al. [19]. The boundary CRR curves in
Figure 7 are determined by the fine content of the granular soil (i.e. being higher than 35%, between 35% and 5%
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and less than 5%) and, therefore, separates the graph into three regions. The curves are developed based on
historical cases. For the PGA level of 0.393g, out of the 46 data, 17 of them fall into the liquefaction region, over the
%35 fine content CRR curve. Only 3 of the soil data are between %35 and %15 fine content CRR curves and 12 of
them are represented between %15 and %5 fine content CRR curves. For the lower PGA level (i.e.,, 0.225g), the
number of soil data likely to experience liquefaction is reduced. For instance, only the 5 soil data are over the %35
fine content CRR curve and only the 10 soil data are fitted between the CRR curves. This is obviously due to the
fact that the stress on soil induced by the 0.393g seismic intensity is greater than the stress caused by the 0.225g
seismic intensity.

0.6
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o
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No liquefaction

® (0.393g
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Figure 7. Computed cyclic stress ratio (CSR) with the measured SPT(N1)eo values at the 0.393g and 0.225g seismic intensity
levels and cyclic resistance ratio (CRR) based on Youd et al. [19]

6.2. Liquefaction potential in regard to fine content

Additionally, hydrometer and Atterberg limits experiments were conducted on 288 soil samples obtained from
various depths of 85 boreholes in alluvial deposit areas. The liquefaction potential of these soils (specifically in fin-
grained soil layers) was also assessed using the method proposed by Seed et al. [41] (as shown in Figure 8). It is
clear from the figure that the low-plastic silt soils (and also low-plastic silt soils with clay) are regarded to be
susceptible to liquefaction. On the contrary, low- and high-plastic clay soils and high-plastic silt layers are unlikely
to liquefy. Based on this method, 24 samples were classified into region A and 87 samples were classified into
region B (as seen in Figure 8). Therefore, the fine-grained soil layers exist in the area also hold liquefaction
potential.
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Figure 8. Liquefaction potential silty soil layers at the studied boreholes as described by Seed et al. [41]
6.3. Mapping of liquefaction potential

Liquefaction potential of the studied areas are assessed with respect to the two methods described in the previous
section (LPI and Ls), mentioned in the previous section, suggested by Iwasaki et. al. [47] and Sonmez and Gokceoglu
[48]. The two highest PGA values of 0.393g and 0.225g that can be recorded at the site in future are regarded when
the liquefaction potentials are mapped. The maps presented in this section are produced by means of geographic
information systems (GIS) software. The computed LPI and Ls at SPT locations are interpolated with inverse
distance weight (IDW) method. The interpolation method estimates the desired values at a location from the
measured values at known certain locations by allocating weight values based on their distances to the location of
estimate.

Based on the LPI values, likelihood of liquefaction occurrence within the Area_1 can be categorized as high, as
demonstrated in Figure 9a. Only at three boreholes (BH-1, BH-5 and BH-9) the liquefaction potential is low as exact
LPI values are 4.67, 4.54 and 4.19, respectively (as presented in Table 5). It is very high at only BH-7 with exact
LPI value of 16.50. Besides, most part of the Area_2 is likely to experience liquefaction at very high or high levels,
when the area is shaken by an earthquake event with PGA level of 0.393g (Figure 9b). The liquefaction potential
is seen as low at 5 boreholes (BH-21, BH-23, BH-34, BH-35 and BH-36) in the same area since the computed LPI
values are lower than 5, as seen in Figure 9b and Table 5. In contrast, in the north-west side of the city (Area_3),
the liquefaction potential is very low, as LPI values obtained at all of the boreholes are equal to 0 or less than 5.00
(shown in Figure 9c and Table 5).

The liquefaction assessments of the areas with respect to the Ls values express less degree of liquefaction
occurrence when compared with the LPI based assessment method under the same seismic intensity level. More
specifically, the Area_1, in contrast to the liquefaction potential being high with respect to the LPI values, is
characterized by low liquefaction severity (Figure 10a). The Area_3 is symbolized by non-liquefiable or very low
liquefaction potential (Figure 10c), as in the case of LPI based methodThe Area_2, though, is very likely to
encounter liquefaction effect extending from mostly high level to moderate level, as can be depicted from Figure
10b. The liquefaction potential at the remaining area is dominantly low and only very low at 5 boreholes (BH-21,
BH-23, BH-34, BH-35 and BH-36). However, most of the Area_2 is at very high level of liquefaction potential risk
when the LPI values are regarded.
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Figure 9. Liquefaction Potential Index (LPI) of the studied areas when 0.393g peak ground acceleration is considered
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Figure 10. Liquefaction Severity Index (Ls) of the studied areas when 0.393g peak ground acceleration is considered

In the case of implementing the second largest possible peak ground acceleration, the investigated areas are less
likely to experience liquefaction at the greater extent as the examined PGA reduces from 0.393g to 0.225g.
Specifically, the Area_1, Area_3 and most part of the Area_2 own very low level of LPI values being 0 or less than 5
(can be seen in Figures 11a-c and Table 5). In the area_2, only at 7 boreholes (BH-72, BH-75, BH-77, BH-80, BH-84
and BH-85) possess high level of liquefaction which can be observed from Figure 11b and Table 5. The LPI values
at these boreholes are 6.03, 8.31, 5.65, 11.98, 5.21 and 7.05, respectively. In the same way, the Ls values for the
Area_1 and Area_3 suggestvery low liquefaction severity (Figures 12a, c). However, at the large parts of the Area_2,
there is still moderate and low levels of liquefaction severity since the Ls values extend from 15 to 65 while the
remaining part of the area is very low level of liquefaction potential (Figure 12b). It is clear from Figure 11b and
Figure 12b that the same part of the Area_2 expresses greater level of liquefaction potential in terms of than the
remaining part. This implies that although the LPI and Ls based liquefaction evaluation methods are different,
they can still leads to similar liquefaction potential indication, hence, in a way validate each other.
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Figure 11. Liquefaction Potential Index (LPI) of the studied areas when 0.225g peak ground acceleration is considered
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Figure 12. Liquefaction Severity Index (Ls) of the studied areas when 0.225g peak ground acceleration is considered

Table 5. Locations and liquefaction potentials at the boreholes in terms of LPI and LS values

coordinates

Borehole_no | easting northing | LPI Describ. Ls Describ. LPI Describ. | Ls Describ.
BH-1 423135.1 | 4419672 | 4.67 | Low 17.47 | Low 0.00 | Low 345 | Verylow
BH -2 423514.3 | 4419534 | 7.71 High 25.06 | Low 0.36 Low 6.97 | Verylow
BH -3 423689.4 | 4419468 | 6.73 High 17.75 | Low 0.64 Low 7.30 | Verylow
BH -4 423361.2 | 4419891 | 12.69 | High 53.38 | Moderate | 1.65 | Low 9.72 | Verylow
BH -5 423452.3 | 4419754 | 4.54 Low 7.16 Low 0.00 Low 3.90 Very low
BH -6 423701.5 | 4420054 | 8.40 | High 35.72 | Moderate | 2.01 | Low 8.96 | Verylow
BH -7 4239415 | 4420087 | 16.50 | Very high | 43.01 | Moderate | 2.30 Low 16.49 | Low

BH -8 423934.5 | 4419991 | 6.38 | High 1328 | Verylow | 0.36 | Low 6.97 | Verylow
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BH -9 424082.5 | 4419909 | 4.19 | Low 11.49 | Verylow | 0.00 | Low 347 | Verylow
BH -10 423611.3 | 4420069 | 5.22 High 16.99 | Low 0.00 Low 4.88 Very low
BH -11 423583.3 | 4419719 | 6.30 High 19.62 | Low 0.00 Low 5.43 Very low
BH -12 424256.6 | 4419802 | 7.04 | High 28.69 | Low 0.64 | Low 7.30 | Verylow
BH -13 424071.5 | 4419556 | 6.79 High 14.82 | Verylow | 0.08 Low 6.64 Very low
BH -14 4238714 | 4419328 | 6.49 | High 21.34 | Low 0.36 | Low 6.97 | Verylow
BH -15 423967.5 | 4419697 | 11.28 | High 39.85 | Moderate | 1.48 Low 8.30 Very low
BH -16 420033.9 | 4417335 | 9.81 | High 29.33 | Low 0.00 | Low 8.92 | Verylow
BH -17 420234 4417898 | 9.11 | High 36.07 | Moderate | 0.64 | Low 7.30 | Verylow
BH -18 420472.1 | 4418059 | 8.90 High 20.83 | Low 4.07 Low 11.36 | Very low
BH -19 420746.2 | 4418082 | 599 | High 17.97 | Low 0.00 | Low 543 | Verylow
BH -20 420153 4416584 | 8.59 High 19.82 | Low 0.00 Low 7.34 Very low
BH -21 420220 4416737 | 0.00 Low 11.93 | Verylow | 0.00 Low 0.00 Very low
BH -22 419975.2 | 4416911 | 6.86 High 26.32 | Low 1.20 Low 7.96 Very low
BH -23 420377.8 | 4416778 | 4.88 Low 7.55 Very low | 0.00 Low 4.36 Very low
BH -24 420136 4416957 | 4.88 Low 12.16 | Verylow | 0.00 Low 436 | Verylow
BH -25 420132.9 | 4417156 | 5.89 High 17.15 | Low 0.00 Low 6.02 Very low
BH -26 420465.1 | 4417700 | 6.05 High 18.61 | Low 0.00 Low 6.33 | Verylow
BH -27 420838.3 | 4417739 | 13.25 | High 49.30 | Moderate | 0.64 Low 14.74 | Very low
BH -28 420228 4417361 | 8.64 High 43.65 | Moderate | 0.64 Low 7.30 | Verylow
BH -29 420312 4418018 | 6.79 High 36.72 | Moderate | 0.00 Low 5.73 | Very low
BH -30 420132 4417887 | 5.98 High 15.15 | Low 0.00 Low 6.18 Very low
BH -31 420066 4417202 | 5.05 High 25.36 | Low 0.00 Low 461 | Verylow
BH -32 419946.8 | 4417397 | 6.57 High 32.06 | Low 0.00 Low 5.15 Very low
BH -33 419501.7 | 4417523 | 1.14 Low 15.06 | Low 0.00 Low 0.00 Very low
BH -34 419426.9 | 4417387 | 0.00 Low 4.13 Very low | 0.00 Low 0.00 Very low
BH -35 419142.7 | 4417518 | 0.00 Low 7.38 Very low | 0.00 Low 0.00 Very low
BH -36 419463.7 | 4417598 | 0.00 Low 2.82 | Verylow | 0.00 Low 0.00 | Verylow
BH -37 414438.1 | 4422272 | 0.24 Low 16.02 | Low 0.00 Low 0.00 Very low
BH -38 4144715 | 4422043 | 0.00 Low 12.56 | Verylow | 0.00 Low 0.00 | Verylow
BH -39 414785.9 | 4422158 | 0.00 Low 11.60 | Verylow | 0.00 Low 0.00 Very low
BH -40 414785.4 | 4422400 | 0.35 Low 9.76 | Verylow | 0.00 Low 0.00 | Verylow
BH -41 415094 4423149 | 0.00 Low 3.11 | Verylow | 0.00 Low 0.00 | Verylow
BH -42 414826.9 | 4423451 | 0.00 Low 4.41 Very low | 0.00 Low 0.00 Very low
BH -43 4144255 | 4423649 | 0.00 Low 9.52 | Verylow | 0.00 Low 0.00 | Verylow
BH -44 414046.9 | 4423173 | 0.00 Low 4.77 Very low | 0.00 Low 0.00 Very low
BH -45 414083 4423536 | 0.02 Low 9.95 Very low | 0.00 Low 0.00 Very low
BH -46 413568.4 | 4423843 | 2.31 Low 17.28 | Low 0.00 Low 142 Very low
BH -47 414611.8 | 4423512 | 0.00 Low 0.00 Very low | 0.00 Low 0.00 Very low
BH -48 4144915 | 4423519 | 0.00 Low 0.15 Very low | 0.00 Low 0.00 Very low
BH -49 414801.9 | 4423327 | 0.00 Low 3.71 Very low | 0.00 Low 0.00 Very low
BH -50 413855.6 | 4424058 | 0.00 Low 2.46 Very low | 0.00 Low 0.00 Very low
BH -51 414073.3 | 4423864 | 0.00 Low 1.53 Very low | 0.00 Low 0.00 Very low
BH -52 414281 4423344 | 0.00 Low 0.71 Very low | 0.00 Low 0.00 Very low
BH -53 414364.6 | 4423695 | 0.00 Low 0.00 Very low | 0.00 Low 0.00 Very low
BH -54 414587.7 | 4423714 | 0.00 Low 0.31 Very low | 0.00 Low 0.00 Very low
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BH -55 414598.8 | 4423922 | 0.00 | Low 0.00 | Verylow | 0.00 | Low 0.00 | Verylow
BH -56 414899.2 | 4423194 | 0.00 Low 5.82 Very low | 0.00 Low 0.00 Very low
BH -57 414605.1 | 4423086 | 0.00 Low 5.29 Very low | 0.00 Low 0.00 Very low
BH -58 416304.5 | 424021.6 | 0.00 Low 1.13 Very low | 0.00 Low 0.00 Very low
BH -59 416423.6 | 4423805 | 0.00 Low 5.00 Very low | 0.00 Low 0.00 Very low
BH -60 416244.2 | 4423548 | 0.00 Low 1.66 Very low | 0.00 Low 0.00 Very low
BH -61 416032.8 | 4423386 | 0.37 Low 5.11 Very low | 0.00 Low 0.00 Very low
BH -62 416142 4423618 | 0.00 Low 391 Very low | 0.00 Low 0.00 Very low
BH -63 416207.3 | 4423403 | 0.00 Low 3.64 | Verylow | 0.00 Low 0.00 Very low
BH -64 416087.4 | 4423155 | 0.00 Low 6.66 Very low | 0.00 Low 0.00 Very low
BH -65 415913.3 | 4423693 | 0.00 Low 12.00 | Verylow | 0.00 Low 0.00 Very low
BH -66 416419.3 | 4423516 | 0.00 Low 1.55 Very low | 0.00 Low 0.00 Very low
BH -67 416011.7 | 4423560 | 0.00 Low 3.53 Very low | 0.00 Low 0.00 Very low
BH -68 416508 4423607 | 0.00 | Low 0.00 | Verylow | 0.00 | Low 0.00 | Verylow
BH -69 419682.1 | 4417474 | 16.23 | Very high | 63.33 | High 0.00 Low 10.19 | Very low
BH -70 419719.9 | 4417094 | 28.98 | Very high | 75.00 | High 1.50 Low 27.07 | Low
BH -71 419767 4416291 | 20.26 | Very high | 74.01 | High 2.36 Low 2249 | Low
BH -72 419333.3 | 4416396 | 29.43 | Very high | 63.54 | Moderate | 6.03 High 30.09 | Low
BH -73 419191.7 | 4416756 | 25.10 | Very high | 77.03 | High 1.22 Low 25.69 | Low
BH -74 419450.2 | 4416972 | 37.97 | Very high | 86.03 | Very high | 4.95 Low 41.40 | Moderate
BH -75 419324 | 4417227 | 30.25 | Very high | 68.28 | High 8.31 | High 3254 | Low
BH -76 418959.9 | 4416782 | 33.42 | Veryhigh | 71.82 | High 3.84 Low 33.89 | Low
BH -77 418903.1 | 4417062 | 31.93 | Very high | 84.10 | High 5.65 High 36.28 | Moderate
BH -78 418661.5 | 4416847 | 27.34 | Very high | 70.38 | High 2.56 Low 24.63 | Low
BH -79 419105.6 | 4416342 | 23.92 | Veryhigh | 72.44 | High 6.16 | High 25.90 | Low
BH -80 418554.4 | 4417218 | 40.75 | Very high | 88.01 | Very high | 11.98 | High 48.68 | Moderate
BH -81 418567.4 | 4416515 | 27.59 | Very high | 78.56 | High 321 Low 25.96 | Low
BH -82 418124.3 | 4417014 | 33.12 | Very high | 82.24 | High 4.18 Low 37.62 | Moderate
BH -83 417962.2 | 4415532 | 21.49 | Very high | 74.68 | High 2.34 Low 20.92 | Low
BH -84 417531 4417914 | 17.78 | Very high | 51.66 | Moderate | 5.21 High 20.61 | Low
BH -85 416822.7 | 4418631 | 31.58 | Very high | 81.63 | High 7.05 High 35.14 | moderate

7. Conclusions

This study deals with the liquefaction potentials of several districts, comprising Area_1, Area_2 and Area_3, in Igdir
city located in the eastern side of Tiirkiye. The city borders with three seismically active countries (i.e. Armenia,
Nakhicivan and Iran) is located in a plain land and sits on Quaternary alluvial deposits, likewise the studied areas.
Moreover, the site has been surrounded by several fault lines with potentially high magnitude earthquake
triggering capabilities which may influence the city with as large as 0.393g and subsequently with 0.225g input
motions. Due to these reasons, the study maps the liquefaction potential of the aforementioned areas within the
city by considering soil data from 85 boreholes in total. The liquefaction potential is assessed at 0.393g and 0.225g
seismic intensity levels with respect to two methods; (i) Liquefaction Potential Index (LPI) and (ii) Liquefaction

Severity Index (Ls). The outcomes of the study can be listed as follows:

Based on LPI and Ls criteria, the Area_1 located in the south-east side of the city is particularly prone to
liquefaction as most part of the area is categorized by very high (LPI) and high (Ls) liquefaction probability

under PGA of 0.393g.

The Area_2 positioned on the north-west side of the city may also endure liquefaction effect with high to

very high extents (LPI) or with low to high extents (Ls).
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e Subsequently, in the south part of the city (Area_3), the liquefaction phenomena is expected to be
recognized as very low by both LPI and Ls methods.

e As anticipated, when the city is hit by an input motion with PGA of 0.225g, liquefaction potential or
severity stretch down to the lower categories. In particular, the Area_1 and the Area_3 are depicted to be
non-liquefiable or very low liquefaction susceptibility. The Area_2 falls into, mostly, very low to low and,
partially, high categories with respect to LPI criteria and low and very low (most proportion of the area)
and moderate concerning Ls criteria.

o Finally, the studied areas at Igdir city are likely to persist liquefaction with varied degrees of severity. This
study expresses the liquefaction potential at the city that may be benefitted for seismic risk mitigation,
earthquake hazard assessments and urban planning policies.
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