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The Analysis of Liquefaction Potential
and Post-Liquefaction Deformations at
a Highway Bridge Crossing
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Abstract: The primary goal of this study is to geotechnically analyze the soil strength and liquefaction potential of the soil where the Seyrek
highway junction and the bridge are built under earthquake-related dynamic stress. The analyses include comparisons of liquefaction potential
using various empirical approaches, studies of post-liquefaction vertical deformation, and investigations into the influence of fill soil on
liquefaction-induced surface deformation. Since the analyses of liquefaction potential in soils are made based on the “Simplified
Method” approach, this method was also used in this study. This study also used the “Simplified Method” approach, which is the basis
for studies of soil liquefaction potential. Four standard penetration tests (SPTs) on the bridge piers were used to collect field data, and
experiments in the lab were used to establish the requisite soil parameters. When the results of the Simplified Method analysis were
performed according to the soil properties of the SK-1, SK-2, SK-3, and SK-4 drillings and the liquefaction analysis results were
determined according to the required safety factor (Fs), liquefaction potential up to 18.5 m was determined in all four SPT locations.
Moreover, the results of surface damage effect analyses of the non-liquefied cover/fill layer on the Seyrek crossing bridge soil for all
four SPP fields were found to be “visible” and the liquefiable layer thickness (H2) was found to be 10.5 m. The calculated liquefaction
severity index (LS) value was found to be up to 52, which means the liquefaction effect was found to be “Possible liquefaction damage”.

Keywords: soil liquefaction, liquefaction potential and simplified method, lateral spreading and liquefaction, liquefaction severity indices

1. Introduction

Regional ground conditions significantly impact the damage
caused by earthquakes to structures. During an earthquake, different
soil types produce seismic waves in different ways, and their effect
on structures depends on the properties of the soil. Many
earthquakes, such as those in Niigata in 1964 and Kobe in 1995 in
Japan, highlighted the impact and possibility of soil liquefaction on
the world. Liquefaction is one of the most dramatic events and
causes of damage to structures during an earthquake. However,
liquefaction does not necessarily occur as a result of any strong
earthquake. There are many environmental and soil-related factors
that affect the formation of liquefaction. For example,
environmental factors such as the focal distance of the earthquake,
liquefiable soil layer thicknesses, and groundwater level are
important factors. The factors related to the soil structure are the
basic factors such as the density of the soil, the fine grain ratio, the
degree of water saturation, and plasticity properties. Considering all
factors, granular material (e.g. sand) with coarse soil grains has
proven to be the soil type that is most susceptible to the
liquefaction process. A seismic wave can cause a complete loss of
soil shear strength if such granular soil is almost completely or even
partially saturated with water. Soil particles begin to move freely in
the water and the ground liquefies, acting as a thick layer of liquid.

In this case, liquefaction can be briefly explained as follows:
Certain materials tend to reduce volume or compactness during the
application of any type of load (static or dynamic). Since
earthquake load is a cyclic and rapid type of loading, the soil is not
likely to discharge/drain the water in the pores and a sudden
increase in pore water pressure develops. With this increase in pore
water pressure, the effective stress in the soil decreases. When the
pore pressure reaches the value of the total stresses, liquefaction
occurs as a result of the loss of stiffness and soil shear strength;
liquefaction damage and liquefaction-induced soil settlement occur.

The study area is located in the Menemen district of İzmir
province and is approximately 7 km away from the southwest of
the center of the district. Transportation to the region can be
provided via the Menemen-Aliağa highway (Figure 1). Aegean
Region in Turkey is a region with high earthquake risk with tens of
active faults. There are active fault zones in the west and south of
İzmir, extending to North-South and N.NE-S.SW. According to the
Turkish Hazard Active Fault Inventory [1], there is the Menemen
Fault Zone 12.3 km northeast of the study area. When the drilling
data in the study area are examined, the groundwater level varies
between 3.10 and 4.05 m. When the drilling data were examined,
mostly greenish colored, loose, silty sand containing very little fine
gravel, light brown colored, solid, silty clay with very little fine
gravel, and light brown-grayish colored very solid silt units were
observed in the region. The groundwater level, the earthquake zone,
and the presence of sand-silt mixed soil already show that the study
area has a high liquefaction potential.
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In the bridge located at the Seyrek Junction on the Menemen-
Aliağa Highway, 10–20 cm segregation deformations due to rotation
in the bridge piers and similar deformations in the canal bridge
located near it were detected. The main purpose of this study is to
examine the deformation characteristics, soil strength against
liquefaction, and liquefaction potential under dynamic loads from
the geotechnical point of view of the ground where the junction
and bridge are built. Seyrek bridge junction and canal bridges are
structures built on reclaimed ground by filling method. It is also

aimed to determine whether liquefaction causes the detected
deformations and to help determine the most appropriate soil
reinforcement method(s) in the “soil reinforcement” research to be
applied later to these two previously built structures.

2. Literature Review

During dynamic loads such as earthquakes, loose and saturated
sand grains break up, and loosely packed soil particles try to shift
into a denser configuration. However, in case of earthquake
loading, there is not enough time for the pore water of the soil to
come out. Instead, water is trapped and prevents soil particles from
converging and re-stacking (Figure 2). Therefore, there is an
increase in pore water pressure, which reduces the contact forces
between individual soil particles, resulting in a loss of strength
leading to liquefaction of the soil [2–6].

The term “liquified,”which means “liquefied” in soil mechanics,
was first defined by Allen Hazen in 1918 as a result of the collapse of
the Calaveras dam in California [7]. Karl Terzaghi, who is accepted as
the founder of soil mechanics all over the world, made important
research in the field of soil mechanics in Istanbul between 1916 and
1925. One of the most important results of Terzaghi’s research is
considered to be revealing the link between effective stress and pore
water pressure in soils. The concepts of effective stress and pore
water pressure, which were first introduced by Terzaghi in history,
have an important place in the basis of the liquefaction mechanism
[2, 5, 8–10].

Once a particular soil has been determined to be susceptible to
liquefaction on the basis of various susceptibility criteria, the next
step in the liquefaction hazard assessment process is the
assessment of its liquefaction potential [11]. In recent years,
researchers have proposed different methods to understand the
liquefaction mechanism and to determine the liquefaction
potential of soils. In general, a variety of approaches are used
to assess liquefaction potential, including (i) energy-based
approaches, (ii) cyclic stress-based approaches, and (iii) cyclic
strain-based approaches [2, 6, 11]. The energy-based approach
is theoretically well suited for liquefaction potential assessment
because the dissipated energy reflects both the cyclic stress and
the strain amplitudes. However, energy-based methods are less
widely used due to the lack of in situ data for the calibration of
these methods [6, 12]. Cyclic strain-based approaches to

Figure 1
Study site and (b) deformations on Seyrek

bridge on highway junction

Figure 2
Soil liquefaction mechanism
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assessing the liquefaction potential have shown that the
densification of dry sands is effectively affected by cyclic strain
rather than cyclic stress. The cyclic strain approach is not widely
used because cyclic strain amplitudes cannot be predicted as
accurately as cyclic strain amplitudes and cyclic strain-controlled test
equipment is not commonly used. It is less available than cyclic
stress-controlled test equipment [13–16]. The variation of cyclic
strain rate (CSR) in cyclic stress-based approaches is obtained using
liquefaction cycle number, Nliq. In this approach, initial liquefaction
is defined as the pore pressure ratio created reaches one or the
induced shear stress reaches a significant value, a single shear stress
amplitude of 3.75% [17].

Liquefaction can occur at any depth if the hydrodynamic
conditions (also caused by earthquakes) are such that the pore
water pressure exceeds the vertical load. Thabet et al. [18] found
that soil layers 6–23 m deep were responsible for liquefaction in
the Kushiro Port area. Naik et al. [16] found that stratified soils
with a liquefaction probability of between 2 and 20 were prone to
liquefaction from their detailed analysis of the widespread
liquefaction reported around the Heunghae basin, the first reported
liquefaction case in Korea’s modern seismic history, during the
2017 Mw 5.4 Pohang earthquake.

Li et al. [6] reported that liquefied sandy soil in the lower layers at a
depth of 16–17 mmoved upwards to the upper clay layer, showing that
deep liquefaction occurred at a depth of 18–20 m. Such liquefaction
events in field studies are rarely found in the literature.

Evaluation of post-liquefaction settlement is important for
the analysis of seismic soil behavior. The liquefaction-induced
soil settlement of saturated granular soils can be estimated
using one of the semi-empirical methods. Such semi-empirical
methods are described by Tokimatsu and Seed [19], Ishihara
and Yoshimine [20], Shamoto et al. [21], Wu and Seed [22],
Cetin et al. [23], and Cetin et al. [24]. Studies have been
conducted to correlate liquefaction-induced settlement with
shear wave velocity [20, 25, 26].

2.1. Theoretical framework and research
methodology

The “Simplified Method” analysis, which is one of the most
used liquefaction potential and analysis methods, proposed by
Seed and Idriss [27] and using standard penetration test (SPT)
data, which is one of the in-situ drilling tests, was used in this
research (Figure 3). The simplified liquefaction method includes
laboratory tests with samples taken from the field such as soil
characterization tests and water permeability with SPT data to
evaluate the liquefaction potential of the soil.

In the simplified method, parameters such as density, water
content, permeability, particle size distribution, and effective
normal stress of the samples are measured. By using these
parameters, values such as cyclic resistance ratio (CRR), cyclic
stress ratio (CSR), and factor of safety (FS) of the soil are
calculated. These values are used together in the Simplified
Method to indicate the probability of soil liquefaction.
Generally, the potential of soil liquefaction is considered low if
the FS value is greater than 1.3. This method is redescribed by
Youd et al. [28] and updated. In the soil liquefaction literature,
the seismic demand (loading) on the soil is simplified and
expressed as CSR. On the other hand, the capacity of the soil
to resist liquefaction is defined as the CRR [27–29]. The
mean cyclic shear stress, τav, developed due to shear waves
propagating vertically on the horizontal surface of the soil

layers is defined as the inclusion of the increase in shear
strength by normalizing the initial effective vertical stress σ'v.
With an increase in effective stress, CSR is found as [28]:

CSR ¼ τav
τav

σ
0
v
¼ 0:65

σmaxσv

gσ
0
v

rd (1)

where σv is the total vertical stress of the soil at the working depth,
amax is the peak horizontal ground surface acceleration, g is the
gravitational acceleration, and rd is the shear stress reduction factor.

Figure 3
(a) SPT drilling and (b) cored specimens
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To evaluate the effect of fine grain content (FC) in soil, Youd
et al. [28] introduced the corrected SPT numbers for clean sands and
proposed the following formula:

CRR7:5 ¼
1

24� N1:60cs
þ N1:60cs

135
þ 50

10N1:60cs þ 45ð Þ2 �
1
200

(2)

where N160cs is the corrected SPT test impact number for sands and
is expressed as:

N160cs ¼ aþ bN160 (3)

N1,60 is expressed as the number of corrected SPT impact numbers,
and a and b are two constant parameters used to account for the effect
of fines content FC and both are functions of FC. The coefficients a
and b are given in Table 1.

One measure of the liquefaction potential of the soil is the FS,
conceptually defined as the FS= CRR/CSR. Therefore, it is said that
the soil is liquefied if FS≤ 1, and not liquefied if FS> 1 [27]. For
safety factor against liquefaction, Youd et al. [28] suggested the
following formula:

FS ¼ CRR7:5

CSR

� �
�MSF�Kσ�Ka (5)

where FS is the safety factor against liquefaction; CRR7.5 is the cyclic
resistance ratio for earthquakes of equivalent magnitude 7.5; CSR is
the cyclic stress ratio for a given quantity; MSF is the magnitude
scaling factor; Kσ is the overload correction factor; and Kα is the
correction factor for sloping ground, assumed equal to 1 for flat
ground surface.

For earthquakes of different magnitudes, the scale factor needs
to be converted to a scale of 7.5. Seed and Idriss [30] developed an
MSF transformation formula that takes into account the
appropriateness of calculating a particular earthquake factor:

MSF ¼ �0:058þ 6:9exp� Mw
4

� �
� 1:8 (6)

Here, Mw refers to the earthquake moment magnitude to be
calculated.

3. Results and Discussion

According to the calculations made in Turkey’s Disaster and
Emergency (AFAD) Turkey Earthquake Hazard Maps Interactive
Web Application, the effective ground acceleration of the study
area was found to be Ao = SDS × 0.4= 0.44.

Based on the analyses made, the possible causes of the
deformations in the bridged junction are considered as the

potential for liquefaction in the loose granular units in the soil
profile and consolidation settlement of the clay units. The results
of this study include liquefaction potential analyses and post-
liquefaction-related settlement analyses, which are among the
causes of deformations in the Seyrek bridge junction and
lateral spreading analysis. Simplified Method analysis results
based on soil properties obtained from SPT drilling data and
laboratory tests of SK-1, SK-2, SK-3, and SK-4 and
liquefaction analysis results determined according to calculated
safety coefficients showed that liquefaction of up to 18.5 m is
expected in the SK-1 location soil. According to the SK-2 well
data, it was found that up to 13.5 m of liquefaction is expected
in the ground. In the analyses made with the SK-3 and SK-4
data, it was determined that up to 18 m of liquefaction is expected
in the ground.

In the literature, liquefaction potential is determined at depths
up to 10–15 m, which is generally accepted as the maximum
liquefaction depth. General assumptions are inevitable in the
literature and scientific studies, and ideally, the depth limits of soil
liquefaction can be determined. The following question should be
asked here: how to determine the depth of the deep liquefied soil
beneath if there is no evidence of sand eruption. The most widely
used liquefaction assessment methods are known to be based on
test data on “liquefied” layers. In the literature, 15 m is generally
accepted as the highest depth of liquefaction in soil containing
sand. However, the literature has reported liquefaction at depths of
20 m or even deeper [6, 31, 32]. For example, the depth limit in
the Chinese seismic design code is 20 m [6]. Evaluation of the
Seyrek interchange ground, which is considered in this thesis,
concluded that liquefaction analysis of SK-1, SK-3, and SK-4
wells is expected to liquefy up to 20 m.

In accordance with the analysis of Ishihara and Yoshimine [20],
the results of the analysis for the SK-1 area are given in Table 2. The
amount of lateral spreading after liquefaction, LDI, in the
investigated area was found to be 7.38 m. Due to the volumetric
unit deformation, the amount of vertical settlement due to
reconsolidation after liquefaction was found to be 0.78 m. On the
other hand, according to the model proposed by Tokimatsu and
Seed [19], the amount of dynamic settlement due to volumetric
unit deformation was found to be 0.58 m. According to the
analysis results of Ishihara and Yoshimine [20] for the SK-2 well,
the amount of lateral displacement after liquefaction, LDI, was
found to be 5.13 m. Depending on the volumetric unit
deformation, the total amount of settlement in the vertical
direction was found to be 0.47 m (Table 3). On the other hand,
the vertical settlement amount suggested by Tokimatsu and Seed
[19] was found to be 0.33 m. The analysis results for the SK-3
well showed the amount of lateral displacement, LDI, after
liquefaction in the investigated area was found to be 7.38 m.
Depending on the volumetric unit deformation, the total amount
of settlement in the vertical direction was found to be 0.72 m. On
the other hand, according to the model proposed by Tokimatsu
and Seed [19], the vertical settlement amount was found to be
0.51 m. Finally, the LDI after liquefaction in the investigated area
was found to be 7.38 m, and the total amount of settlement was
found to be 0.73 m; according to the model proposed by
Tokimatsu and Seed [19], on the other hand, the vertical
settlement amount was found to be 0.53 m.

Since the non-liquefiable layer (H1) is an important factor for the
liquefaction-induced ground surface damage and liquefaction severity
index (LS), H1 was used as the key parameter in designing the chart
proposed by Sönmez and Gökçeoğlu [33] and given in Figure 4. The
areas bounded by the dashed lines in Figure 4 represent three zones:

Table 1
Effect of fine content on liquefaction parameters

a= 0 FC ≤ %5

a = (1.76–190/FC2) %5 < FC < %35
a= 5 FC ≥ %35
b= 1 FC ≤ %5
b= 0.99 + FC1.5/1000 %5 < FC < %35
b= 1.2 FC ≥ %35
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(A) except 25%of the sites, traces of liquefaction are observed, and (B)
75% and (C) 90% of the sites, traces of liquefaction on the ground are
not observed [33]. When the FS against liquefaction of a soil profile,
which is overlain by a cap soil and is taken place within the zone
between the surface and a depth of 20 m, equals unity, it will form
a boundary for the zone shown by grey tone in Figure 4. This zone
is called as “zone where liquefaction is not theoretically
expected” [33].

The post-liquefaction surface damage effect of the non-
liquefied fill soil layer on the Seyrek crossing bridge soil was also
analyzed. Analyses were made using Ishihara [34] and Sönmez
et al. [35] approaches to make comparative analyses. The results
of the SK-1 area are given in Table 4. According to the analysis
of Ishihara [34], the thickness of the non-liquefied fill soil (H1) is
4.5 m and the thickness of the liquefiable sand soil, H2 (m), is
14.8 m. The visibility of the liquefaction effect as damage on the
surface was found at the “Possible” level (Table 4). Analyses
made according to the Sönmez and Gökçeoğlu [33]’s method
showed the LS value was to be 54, and the liquefaction effect was
found to be “Possible liquefaction damage” (Table 4). The same
analyses were performed for SK-2, SK-3, and SK-4. According to
the results, the thickness of the liquefiable sandy layer (H2) in the
SK-2 well was 10.3 m and the visibility of the liquefaction effect

Table 2
Estimation of vertical and lateral displacement due to liquefaction for SK-1

Ishihara and Yoshimine [20] Tokimatsu and Seed [19]

Max. shear unit
deformation, gmax

Liquefied soil
layer thickness,

ΔHi (m)

Lateral
displacement
ΔLDli (m)

Volumetric
unit deformation

ϵν (%)

Dynamic
settlement,
ΔSi (m) CSRM,7,5 ϵ (%) ΔH (m)

0.5 2.0 1.000 0.041 0.081 0.12 0.028 0.06
0.5 1.5 0.750 0.055 0.083 0.12 0.041 0.06
0.5 1.5 0.750 0.045 0.068 0.13 0.031 0.05
0.5 1.5 0.750 0.046 0.070 0.14 0.032 0.05
0.5 1.5 0.750 0.054 0.081 0.13 0.039 0.06
0.5 2.25 1.125 0.063 0.142 0.13 0.052 0.12
0.5 2.25 1.125 0.060 0.136 0.12 0.048 0.11
0.5 2.25 1.125 0.054 0.122 0.12 0.040 0.09

LDI = 7.38 m ΣS= 0.78 m ΣS= 0.58 m

Table 3
Estimation of vertical and lateral displacement due to liquefaction for SK-2

Ishihara and Yoshimine, [20] Tokimatsu and Seed [19]

Max. shear unit
Deformation, gmax

Liquefied soil
layer Thickness,

ΔHi (m)

Lateral
displacement
ΔLDli (m)

Volumetric
unit Deformation

ϵν (%)

Dynamic
settlement,
ΔSi (m) CSRM,7,5 ϵ (%) ΔH (m)

0.5 2.0 1.000 0.058 0.117 0.120 0.045 0.09
0.5 1.5 0.750 0.048 0.072 0.129 0.033 0.05
0.5 1.5 0.750 0.042 0.064 0.135 0.029 0.04
0.5 1.5 0.750 0.044 0.066 0.136 0.030 0.04
0.5 1.5 0.750 0.039 0.058 0.134 0.026 0.04
0.5 2.2 1.125 0.042 0.093 0.131 0.028 0.06
0.01 0.0 0.000 0.006 0.000 0.123 0.023 0.00
0.01 0.0 0.000 0.005 0.000 0.118 – 0.00

LDI= 5.13 m ΣS= 0.47 m ΣS= 0.33 m

Figure 4
Liquefaction severity index, thickness of non-liquefiable cap soil,

and occurrence of liquefaction-induced surface disruption
relationships [33]
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as damage on the surface was found at the level of “Visible”. The LS
value is 47 and the liquefaction effect was found to be “Possible
liquefaction damage.” In the SK-3 well, the liquefiable sandy
layer thickness (H2) was 14.8 m and the liquefaction effect in the
SK-3 well was found to be “Visible” on the surface. The LS value
was found to be 51 and the liquefaction effect was found to be
“Possible liquefaction damage.” Finally, the thickness of the
liquefiable sandy layer (H2) in the SK-4 was 14.8 m, and the
visibility of the liquefaction effect as damage to the surface was
found at the level of “Visible”. The LS value is 53 and the
liquefaction effect was found to be “Possible liquefaction damage.”

4. Conclusion

The effective ground acceleration of the Seyrek crossing bridge,
which is in the study area, was determined as Ao = SDS × 0.4= 0.44.
Based on the Turkey EarthquakeHazardMap, the local soil class of the
study area was determined to be ZE. It has been determined that the
underground water level varies in the range of 3.10–4.05 m. When
the results of the Simplified Method analysis were performed
according to the soil properties of the SK-1, SK-2, SK-3, and SK-4
drillings and the liquefaction analysis results were determined
according to the required safety factor (Fs), liquefaction potential up
to 18.5 m was determined in the SK-1 location. According to the
SK-2 data, the liquefaction potential of up to 13.5 m in the soil was
calculated. In the analyses made with the SK-3 and SK-4 data,
liquefaction potential up to 18 m in the soil was determined.

The surface damage effect of the non-liquefied cover/fill layer on
the Seyrek crossing bridge soil was found to be “visible.” In addition,
the liquefiable layer thickness (H2) was found to be 10.5 m. The
liquefaction severity index (LS) value was found to be 54, and the
liquefaction effect was found to be “Possible liquefaction damage.”
According to the results, the H2 for SK-2 was found to be 11.5 m

and the visibility of the liquefaction effect as damage to the surface
was found at “Possible” level. The LS value was found to be 47
and the liquefaction effect was found as “Surface damage condition:
“Possible liquefaction damage.” In SK-3, H2 was found to be 13.4 m,
and the visibility of the liquefaction effect as damage on the surface
was found at the level of “Possible.” The LS value is 51, and the
liquefaction effect was found to be “Possible liquefaction damage.”
Finally, the H2 value of SK-4 was found to be 9.75 m, and the
visibility of the liquefaction effect as surface damage was found to
be “Possible” level. The LS value is 53, and the liquefaction effect
was found to be “Possible liquefaction damage.”

Recommendations

Different methods such as NCEER (National Center for
Earthquake Engineering Research), AIJ (Architecture Institute of
Japanese), NCREE (National Center for Research on Earthquake
Engineering), and HBF (hyperbolic function) methods should be
used to determine the liquefaction potential in addition to the
“Simplified Method” approach used in this study.

In addition, some recent advanced technologies that assess the
undergroundwater potential such as Derdour et al. [36] could be used
to strengthen the liquefaction risk studies in soils.
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