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Abstract: Soil liquefaction is a significant geotechnical hazard
that poses risks to structures during earthquakes. It occurs when
loose, saturated granular soils lose shear strength under seismic
forces, causing the soil to behave like a liquid and leading to
structural damage. A common approach for evaluating
liquefaction potential involves field testing, especially the
Standard Penetration Test (SPT), combined with empirical
methods. This study assesses the liquefaction potential in the
eastern region of Miandoab, using data from 16 boreholes. Grain
size analysis and SPT results were analyzed, and the empirical
method by Iwasaki et al. (1984) was applied to assess the
region's liquefaction hazard. The findings show that in the central
areas, the liquefaction risk is moderate, with a hazard level close
to 5. In contrast, the northern and southern sections,
characterized by denser soils and lower groundwater levels, show
a lower potential for liquefaction. However, in the event of
strong earthquakes with accelerations above 0.30g, liquefaction
is still possible. Earthquakes with magnitudes greater than 7 and
accelerations exceeding 0.25g present a serious risk of
liquefaction in the region. The study highlights the need for
considering soil conditions and seismic activity when evaluating
liquefaction risks in construction planning.
Keywords: Liquefaction, Geotechnical classification,
Experimental relations, Miandoab, SPT.

I. INTRODUCTION

Soil liquefaction is a phenomenon in which saturated, loose
granular soils lose their strength and stiffness when subjected
to shear stress, behaving like a liquid. This stress can result from
earthquake-induced shaking or a sudden change in soil stress
conditions. Liquefaction occurs due to a reduction in the soil’s
strength and stiffness under undrained conditions, typically
caused by momentary and cyclic forces (Demir & Ozener, 2022).
In simple terms, if the pore water pressure between soil particles
becomes high enough to support the load, the soil particles may
separate, causing the soil to act like quicksand. This leads to a
chain reaction, where one particle’s movement triggers another,

eventually causing the soil to flow like a liquid. Prior to an
earthquake, while the soil may be saturated, its pore water
pressure is low. However, when stress is applied, the low
permeability and drainage rate cause the pore water pressure to
rise, overcoming the effective stress between the soil particles,
leading to liquefaction (Farhangi et al., 2020). Under such
conditions, the soil loses all shear strength, and its effective stress
becomes zero (Cetin et al., 2018).

The mechanism behind liquefaction is largely driven by the
buildup of pore water pressure between the particles of saturated
soil (Youd, 2003). During an earthquake, the ground shakes, and
the shear stress applied to the soil causes the loose particles to try
to rearrange themselves into a denser state. However, because the
soil is saturated, water within the pore spaces prevents the
particles from moving freely (Zhang & Wang, 2012). This
restriction causes the pore water pressure to increase rapidly.
Once the pressure builds to the point where it equals the
confining stress of the soil, the particles essentially lose contact
with each other, and the soil behaves like a fluid (Youd, 2003).
In essence, the soil undergoes a transition from a state where the
solid particles are carrying the load, to one where the load is
transferred to the pore water (Xu et al., 2021). This is a key
distinction in understanding liquefaction: while dry soil may
simply compact during shaking, saturated soil has the added
complication of water being forced to carry the load (Huang et
al., 2015). Because water cannot support shear stresses, the
strength of the soil drops dramatically, and it flows similarly to a
liquid (Xu et al.,, 2020). The soil's ability to bear loads is
effectively reduced to zero, which explains the dramatic failure
of foundations and other structures observed in liquefaction-
prone areas (Zhang & Wang, 2012).

Field and laboratory tests have been developed to predict the
likelihood of liquefaction in various soils. The Standard
Penetration Test (SPT) and Cone Penetration Test (CPT) are
commonly used in geotechnical engineering to measure the soil’s
resistance to penetration and to estimate its liquefaction potential
(Boulanger and Idriss 2014). Engineers also consider factors like
the grain size distribution, density, and the depth of the water
table (Lenz & Baise, 2007). One of the most important indicators
of potential liquefaction is the presence of loose, granular soils,
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such as sands or silts, combined with a shallow groundwater
level. These conditions, when paired with seismic activity, create
a high risk for liquefaction (Baez et al., 2000). The consequences
of liquefaction are not limited to structural damage alone. It can
also trigger landslides, lateral spreading, and ground subsidence,
which can devastate entire neighborhoods and cities (Zhao &
Cai, 2015). Earthquake-induced liquefaction has caused severe
damage worldwide, with notable examples being the Niigata,
Chuietsu, and Kobe earthquakes in Japan, the L’Aquila
earthquake in Italy, the Kocaeli and Izmir earthquakes in Turkey,
and the Christchurch earthquake in New Zealand (Huang & Yu,
2013). In Iran, the Rudbar-Manyjil earthquake is a key example
(Asgari, 2017). To mitigate these risks, engineers employ various
strategies, such as ground densification, soil stabilization, and
drainage systems to reduce pore water pressure. Understanding
the mechanism of liquefaction and improving methods for
prevention remains a critical area of research in seismic-prone
regions around the world (Huang & Yu, 2013).

Over the years, geotechnical experts have studied liquefiable
soils extensively, developing a variety of field and laboratory
methods to assess liquefaction potential. These include cyclic
triaxial tests, dynamic triaxial tests, cyclic simple shear tests, the
SPT, CPT, shear wave velocity (V;), and Becker Penetration Test
(BPT). While both laboratory and field methods are used to
estimate engineering parameters, field tests are more widely
accepted due to their ability to directly assess soil properties and
field conditions (Ortiz-Hernandez et al., 2022). In this study,
field approaches and SPT results were employed to evaluate the
liquefaction potential of soils in the eastern region of Miandoab.
SPT tests were conducted, and penetration index variations for
different boreholes in the study area were estimated. Using the
empirical relationships proposed by Iwasaki et al. (1984), the
liquefaction hazard in this region was analyzed.

II. ENGINEERING GEOLOGY OF STUDIED LOCATION

Miandoab is a city in the West Azerbaijan Province of Iran,
known for its strategic location at the junction of the Zarrineh
Rud and Simineh Rud rivers. Its name, translating to ‘between
two rivers’, reflects this unique geography, which has historically
made the area fertile and suitable for agriculture. Situated in a
region with a diverse climate, Miandoab enjoys abundant water
resources, allowing it to support extensive crop cultivation,
particularly of grains, fruits, and vegetables (Norouzi &
Moghaddam, 2022). The city lies within the broader Western
Alborz-Azerbaijan tectonic zone, giving it a complex geological
structure with significant folding, faulting, and alluvial deposits,
especially along the rivers (Andabili & Safaripour, 2022). Close
to Lake Urmia, Miandoab experiences high groundwater levels
and minimal soil consolidation in many areas, factors that are
relevant in geotechnical studies and impact its building practices.
Over time, Miandoab has developed into an important
agricultural and trade center, with its natural resources and
strategic location contributing to its economic growth (Vaziri et
al., 2022).

The study area focuses on the eastern part of Miandoab city,
located east of the Zarrineh Rud River (Azarafza & Mokhtari,
2013). Figure 1 shows the location of the study area. Structurally,
Miandoab lies within the Western Alborz-Azerbaijan tectonic

zone. This region has a complex geological history, characterized
by extensive unconformities, folding, and faulting (Andabili &
Safaripour, 2022). Eastern Miandoab is covered by Quaternary
alluvial deposits, as shown in Figure 2. As illustrated, the study
area primarily consists of Quaternary alluvium from the Zarrineh
Rud and Lilan Chay rivers. These deposits, influenced by
proximity to Lake Urmia, display a high groundwater level and
have experienced minimal consolidation (Azarfaza & Mokhtari,
2013).

The tectonic activity in the Miandoab region has led to
frequent earthquakes (Fazlnia, 2019), and according to the
Iranian Code of Practice for Seismic Resistant Design of
Buildings (also known as Iran national Code No. 2800) the area
is classified as having a moderate seismic risk. The design peak
ground acceleration for Miandoab is set at 0.25g by this standard,
indicating a notable earthquake hazard. This seismic risk,
combined with the area's soil characteristics, also suggests a
significant potential for soil liquefaction, posing additional
challenges for construction and infrastructure stability in the

region.
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To assess the geotechnical conditions of eastern Miandoab, a
series of local surveys and engineering geological studies were
conducted, collecting data from 16 boreholes. Borehole logs
indicate that the main soils in the study area consist of clay, silt,
and sand. In addition to borehole sampling, soil samples were
taken from several trenches in the area, followed by grain size
analysis. The local soils are classified as ML (low-plasticity silt),
CL (low-plasticity clay), and SM (silty sand). Figure 3 shows the
grain size distribution for sandy soils in the region. Among key
projects in this area is a 350-bed hospital currently in the study
and construction phase, with over 10 boreholes drilled at the site.
Figure 4 presents the geotechnical cross-section for this hospital
site. The groundwater depth in the study area ranges from 6 to
10m. Norouzi & Moghaddam (2020) believe that the entire city
of Miandoab sits atop an aquifer fed by nearby mountain ranges,
such as Sahand, and major rivers like the Zarrineh Rud. The

Miandoab plain, located near the water-abundant Zarrineh Rud
and Simineh Rud rivers, generally has a groundwater level
fluctuating between 5 and 10 m in depth. The region’s lowland
geography, along with the Zarrineh Rud flowing through the
center of the city, contributes to the high groundwater levels.
Based on the groundwater depth at various points and their
elevations above sea level, an equipotential map was created
using GIS software (Figure 5). The highest elevations are
observed in the southern and northeastern points at 1286 and
1288 m. Moving northwest, elevations decrease, indicating
proximity of the groundwater to the surface. However, some
areas deviate from this pattern; for instance, in the central part of
the map, elevations near the river reach 1284 m, while further
from the river they drop to 1280 m, indicating groundwater
pumping activity.
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Fig. 4 Geotechnical cross-section of the 350-bed hospital in the east of Miandoab
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Fig. 5 Alignment map of the underground water level in the east of
Miandoab

III. LIQUEFACTION POTENTIAL WITH EMPIRICAL METHODS

Evaluating soil liquefaction potential is crucial in assessing
seismic hazards, especially in earthquake-prone areas (Lin et al.,
2004). Empirical methods provide a practical approach to
estimate the likelihood of liquefaction by using field data,
typically from tests such as the SPT, CPT, and V,. These
methods are often preferred due to their efficiency and the direct
insights they offer into soil behavior under seismic loading
(Kayen et al., 2013; Zhang & Wang, 2012).

Researchers such as Seed & Idriss (1971) developed a field-
based approach for estimating soil liquefaction potential using
SPT data, which was later expanded upon by Idriss & Boulanger
(2006). In their method, they introduced the concept of cyclic
stress ratio (CSR) and utilized soil layer response analysis under
seismic vibrations to predict liquefaction potential. The method
involves calculating CSR, which represents the earthquake-
induced stresses on soil layers, and comparing it to the soil’s
resistance to liquefaction. This approach has become
foundational in liquefaction assessment, with the following
formula often used to express their relationship:

CSR= [Tjw ] ~0.65 (”m“ J[ Do J.rd 1)
o v0 g o v0

where, @, represents the maximum ground acceleration, g is
the acceleration due to gravity, o, denotes the total stress, o', is

the effective overburden stress of the layer under consideration,
and ry is the stress reduction coefficient. This coefficient
accounts for the flexibility of the overburden soil profile and is
used to ensure that it behaves appropriately in the calculations.
Typically, this coefficient is calculated using depth-related
relationships as follows:

r, = 1.0-0.00765z

r, =1.17-0.00267z @

0<z<915m =
}’d—)
9.15<z<23m =

where, z represents the overburden depth. Idriss & Boulanger
(2006) suggest that a soil's resistance to liquefaction can be
estimated using the cyclic resistance ratio (CRR), which can be
calculated from the corrected SPT value, denoted as Ng,. The
corrected SPT values are obtained based on 60% of the energy
from the SPT blows, (Ngpr)sp. After making the necessary
adjustments, the CRR corresponding to a magnitude 7.5
earthquake (CRR;s) can be derived from the clean sand as
(Nspr)eocs values. The relationships for calculating the CRR are as
follows (Neyromand et al., 2016):

_ 1 + WNoer)soes 50 b 3)
P 34-(Ngp)g 135 [10(Ngy)go,, +451° 200
[ (AZT 6()cs ] +[ (AZT 6()0: ]2 _
CRR=exp 14.1 126 4)
[(NSPT)éocs ]3 + [(Nspr)aocs ]4 _ 2 8
23.6 25.4 ’
(NSI’T)6Ocs :(NSI’T)6O +A(NSI’T)6O (5)

9.7 157 Y
FC H j ©
+0.1) \FC+0.1

where, FC represents the percentage of fine-grained soil at
the specified depth, and the ratio of CRR to CSR is referred to as
the liquefaction safety factor (F.S;,). Liquefaction is likely to
occur if F.Syq is less than 1. Another approach is proposed by
Youd & Idriss (2001), based on the National Center for
Earthquake Engineering Research (NCEER) method, which
calculates CSR using the peak horizontal acceleration of the
earthquake at the ground surface (an..). Their relationship is
expressed as follows (Youd & Idriss, 2001; Cetin et al., 2004):

CSR=| Feve |=0.65| Gmex || To | T (7)
c' g o', ) MSF

In this Eq., MSF represents the magnitude scaling factor,
which adjusts for the earthquake magnitude and is calculated
using the following formula (Adeli-Gharjedaghi et al., 2011):

7 5 2.95
{} > M, <75

w

7 5 2.65
— > M, >75

w

A(Ngpr)go =1.63+ exp(l +

MSF = (®)

The calculation of CRR based on SPT blows in the NCEER
method involves the following steps:
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- Identifying the FC and Ngpr values for layers that are
prone to liquefaction,

- Correcting Ngpr based on rod length, sampler type, and
borehole diameter. The corrected Ngpy for clean sand is
then calculated according to FC, following the Seed and
Idriss method.

Another approach used in this study is the method by Iwasaki
et al. (1984), which builds on Seed & Idriss (1971) method. The
Iwasaki et al. (1984) empirical method is one of the widely used
approaches. It involves collecting SPT data at various borehole
locations, determining the (Ngpr)qo to adjust for energy variations,
and then calculating the liquefaction potential index (LPI) for
each point. The LPI helps quantify the likelihood and severity of
liquefaction across different soil layers, considering factors like
soil type, relative density, groundwater level, and expected
earthquake magnitude. Iwasaki et al. (1984) method calculates
the F.S by dividing the two parameters R by L.

+0.22510g 33

R=0.0882
Dy, )

(10)

an

It is worth noting that if D5, (the median grain diameter) is
between 0.04 and 0.6 mm, Eq. 9 is recommended, and if it falls
between 0.6 and 1.5 mm, Eq. 10 is suggested. Finally, the PL
value is calculated as.

20
PL= j F-W(z)dz (12)
0
IF F, <1 - F=I1-F
(13)
IF F,>1 - F=0
W A)=10-6 z (14)

In these Egs., z represents depth. Accordingly, based on the
calculated PL value, three conditions apply: if PL is less than 5,
the risk of liquefaction is very low for the area; if it is between 5
and 15, the risk is moderate; and if it is greater than 15, the risk
of soil liquefaction is considered very high. It should be noted
that the empirical methods, while sometimes limited by local soil
conditions and uncertainties in estimating seismic forces, remain
widely accepted due to their simplicity and field applicability.

IV. LIQUEFACTION POTENTIAL OF THE REGION

To assess the liquefaction potential of the study area, field
investigations were conducted, and data from 16 boreholes
drilled for various projects in eastern Miandoab were collected.
The depths of these boreholes range from 10m to 30m, with their
locations shown in Figure 6. Among the drilled boreholes,
certain soil layers were found to have no liquefaction potential
and can be disregarded in this context. However, some boreholes

indicate layers with potential liquefaction risk (Pajoohesh Omran
Rahvar, 2021).

In the drilled boreholes, variations in the SPT values have
been estimated. Table 1 illustrates the changes in SPT values
across different boreholes in the study area. Additionally, Table 2
presents the changes in SPT values relative to (Ngpr)socs- Based
on the results from the SPT tests, the liquefaction safety factors
for the area under investigation can be calculated using the
Iwasaki et al. method. The results of these calculations are
provided in Table 3. The variations in the calculated F.S;, for the
study area are depicted in Figure 7.

Based on the obtained results and the threshold value for the
liquefaction safety factor (F.Sjq = 1.0), it can be concluded that
the study area exhibits a range from no potential for liquefaction
to high potential for liquefaction. Considering the calculated
variations through these relationships, a liquefaction hazard map
has been developed and is presented in Figure 8. According to
the soil types and the results obtained, the central and southern
parts of the area face a high risk of liquefaction in the event of an
earthquake with a peak ground acceleration exceeding 0.25g and
a magnitude greater than 7. Furthermore, using the Iwasaki et al.
method, it has been identified that the central sections in eastern
Miandoab have a liquefaction risk factor close to 5, indicating a
medium risk of liquefaction. Considering the groundwater level
and its flow direction from south to north, along with the
presence of fine-grained soils up to a depth of approximately 8m,
followed by loose, saturated sandy soils, it is essential to conduct
drilling for projects in the area down to a depth of 20m. This
depth is critical for accurately assessing the geotechnical
conditions and potential liquefaction risks associated with
construction in the region.

g

Fig. 6 The position of boreholes in the studied area
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Table 1 SPT values variations via depth

Borehole Nspr (m per depth)

1D 8 10 12 14
BHO1 65 75 18 76
BHO02 16 15 18 15
BHO3 16 15 17 15
BHO04 12 18 18 37
BHO05 17 15 16 16
BHO06 18 16 17 22
BHO07 18 20 17 18
BHO08 18 12 11 27
BH09 20 37 33 12
BHI10 19 18 16 15
BHI11 17 23 16 14
BHI12 24 14 18 16
BH13 43 54 16 60
BH14 40 36 17 54
BH15 17 15 18 21
BHI16 15 18 17 14

Table 2 Average modified SPT values variations via depth

Depth (m) NSPT FL
N(')O (N1)60 (Nl coefficient
2 16.6 36.0 40.3 2.12
4 20.0 30.3 38.5 2.05
6 30.8 38.6 52.9 2.38
8 50.0 53.0 75.7 2.83
10 54.2 59.9 76.5 2.55
12 63.3 71.2 86.1 2.57
14 15.0 22.5 273 1.05

Table 3 The F.S;;, variations in accordance with Iwasaki method

Depth (m) L coefficient R coefficient FL coefficient
2 0.16 0.34 2.13
4 0.15 0.32 2.05
6 0.15 0.36 2.38
8 0.15 0.43 2.83
10 0.16 0.42 2.55
12 0.16 0.43 2.57
14 0.16 0.17 1.05
16 0.16 0.40 243
24 0.12 0.28 2.23
26 0.11 0.21 1.87
28 0.10 0.23 2.22
30 0.09 0.20 2.23

V. CONCLUSION

The study area is located in the Miandoab plain, characterized
by alluvial deposits primarily formed by the Zarrineh and Lilan
rivers. The topsoil in eastern Miandoab is fine-grained up to a
depth of 8 meters, followed by sand and gravel layers, and
deeper layers (beyond 35 m) consist of black marl. Groundwater
levels range from 5 to 15 meters below the surface, with a
general flow direction to the north. Grain size analysis indicates
soils with medium plasticity, with a plasticity index between 15
and 25%. According to the Unified Soil Classification System
(USCS), the soils are mainly categorized as CL and SM. SPT
results show that soils in the central and southern parts are loose
to medium, while soils in the northern parts are medium to very
dense. Based on Code 2800, the area is in a moderate relative
risk zone, with a design base acceleration of 0.25g. An



Civil and Geoengineering Letters, 2024, 1(1): 100012
https://doi.org/10.22034/CGEL.1.1.e100012

earthquake with 0.25g acceleration and magnitude 7 could
induce liquefaction to a depth of 15 meters, with lower
liquefaction risk expected in northern areas. Fine-grained soils in
this area show minimal liquefaction potential. Due to an 8-
meter-thick non-liquefiable fine-grained layer at the surface, sand
liquefaction at depths of 8 to 15 meters would likely not
significantly impact shallow foundations up to a ground
acceleration of 0.30g. In seismic conditions, the primary
geotechnical hazard includes liquefaction, which this study
aimed to assess using SPT values based on the Iwasaki method.
Results indicate low to very low liquefaction potential across
most points, although some depths show a factor of safety below
one. Detailed liquefaction hazard assessments are recommended
for major projects in the region.
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