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Introduction

Figure 1: Destructions due to soil liquefaction (a) 1999 Kocaeli earthquake, 
Turkey (b) 2023 Kahramanmaraş earthquake, Turkey.
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Abstract
The Seyrek highway intersection bridge on the İzmir-Menemen-Aliağa Highway is the study site of 
this research and is located in the Menemen town of İzmir city in Turkey. It has been determined that 
deformations have occurred in the bridge piers and approach embankment at the Seyrek highway 
intersection bridge on the İzmir-Menemen-Aliağa Highway. There is an active stream starting from 830m 
southwest of the study area and passing 2km northwest of the study area and the groundwater level 
determined according to the borehole data is between 3.1 and 4.05m. The liquefaction potential of the 
study area was calculated using the “Simplified Method” approach in this study. The liquefaction potential 
of the project area was found to be between 3.80m and 10.5m in depth using laboratory and field tests. 
Moreover, no liquefaction potential was found after 10.5 meters despite the soil type being SM-SC with 
low SPT-N values. Therefore, the importance of the effects of grain properties such as the percentage 
of plastic fines, average grain diameter and plasticity index in liquefaction analysis based on the SPT-N 
number was also shown in this study. According to the settlement analyses, the time required for the 
total settlement to decrease to the allowable levels has been calculated as approximately 49.33 years and 
since the filling has been present for more than 7.5 years, the remaining settlement is above the allowable 
specification criteria. As a result, soil improvement and reinforcement methods such as DSM columns 
and drainage canals were advised to be used in Seyrek highway intersection bridge embankments in the 
study field to ensure the safety of the engineering projects against the damage caused by liquefaction and 
settlement in the study area.
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Liquefaction is explained as the loss of some or all the shear 
strength as a result of rising pore water pressure due to lack of 
adequate drainage and falling effective stress in loose cohesionless 
soils below the groundwater level due to the effect of cyclic shear 
stress because of earthquakes. Sudden loss of stiffness and strength 
reduction in the soil can lead to a decrease in bearing capacity, 
resulting in serious displacement on the ground and damage to the 
structure above the ground. This phenomenon, which is defined 
as liquefaction is one of the most important issues to be studied 
in geotechnical engineering [1-5]. The Kocaeli Earthquake and 
the Kahramanmaraş Earthquake of February 6, 2023, damages 
due to liquefaction led to partial life and mostly economic losses, 
respectively occurred in Turkey (Figure 1).

The saturated and loose soil particles tend to converge on each 
other due to the seismic waves generated during an earthquake. 
The stress at the contact points of the particles in this state is 
transmitted to the surrounding water. Since seismic waves cause 
sudden and very short-term movements during an earthquake, 
these waves do not allow sufficient time for the interparticle water 
to drain. Therefore, the pressure of pore water, which cannot move 
away from the soil particles, suddenly increases. This sudden 
increase in pore water destroys the contact forces that hold the 
soil particles together and separates the particles from each other. 
This behavior of the soil because of dynamic loads is defined as 
liquefaction. In this case, the soil that loses its strength starts to 
behave and move like a viscous liquid (Figure 2).

Figure 2: Liquefaction mechanism.

Soil improvement is implemented in cases where the soil is not 
able to meet one or more of the conditions such as bearing capacity, 
settlement or liquefaction. There are many soil improvement 
methods, including shallow and deep improvement techniques 
[6-9]. The most suitable method is chosen by considering the 
characteristics of the ground to be improved, the cost of the 
improvement method whether the improvement method is suitable 
for the desired purpose and the duration of the soil improvement 
method. Factors such as groundwater level, geological units, particle 
size and number of standard penetration tests (SPTs) in general 
constitute necessary conditions for liquefaction. The groundwater 
level is significant mostly in the first 3m and usually up to 20m. The 
geological soil units where liquefaction develops are saturated, silty 
sandy and clayey sandy units with low bearing capacity and located 
between the first 15m and 20m.

Site Investigations
Information of the study field

The Seyrek highway intersection bridge on the İzmir-

Menemen-Aliağa Highway is the study field in this research and is 
located in the Menemen town of İzmir city, 7km away in the south 
of the center of the town (Figure 3). It is seen from the results of 
field observations, laboratory studies and previous geological 
studies in the project area that the area consists of Quaternary 
units. The floodplain sediments, most commonly observed on the 
Gediz River delta and south of the Menemen district, consist of 
fine sand intercalated with silt. There are neotectonic E-W striking 
normal faults and NW and NE oblique faults developed due to N-S 
striking stress tectonics in İzmir and its surroundings. There are 
many active fault zones in the west and south of İzmir, striking N-S, 
N-.NE and S-SW. İzmir has a Mediterranean climate according to the 
Köppen climate classification with warm winters and very hot and 
dry summers. The average highest temperature is 33.8 °C in July 
and the average lowest temperature is 6.0 °C in January. There is 
an active stream starting from 830m southwest of the study area 
and passing 2km northwest of the study area and the groundwater 
level determined according to the borehole data is between 3.1 and 
4.05m.
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Figure 3: Location of the study site.

Field and laboratory tests
A total of 160.00m of drilling was carried out in four different 

locations (SK-1, SK-2, SK-3, and SK-4) and 104 SPT samples were 
taken within the scope of the project. The soil profile and the cross-
section of the project area are shown in Figure 4. The laboratory 

experiments were performed using the SPT samples, following 
international standards. The laboratory tests were carried out 
using the selected representative SPT specimens of the boreholes 
and the results of the laboratory and field tests are shown in Table 
1.

Figure 4: Soil profile and cross-section of the bridge and abutments.
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Table 1: The laboratory and site test results.

Specimen Depth 
(m)

Water 
Content 

(%)
SILT% CLAY%

Atterberg Limits Soil 
Class

SPT-N LithologyNo. 4 
Retained 

(%)

200 
Passing 

(%)
LL (%) PL (%) PI (%) USCS

SPT-3 4.50-
4.95 31.4 15.51 - 0.0 15.5 NP SM 9 Silty sand

SPT-4 6.00-
6.45 30.4 18.27 - 0.0 18.3 NP SM 5 Silty sand

SPT-5 7.50-
7.95 24.8 16.33 - 0.0 16.3 NP SM 8 Silty sand

SPT-6 9.00-
9.45 29.7 21.22 3.31 0.0 24.5 NP SM 8 Silty sand

SPT-7 10.50-
10.95 29.6 48.12 22.19 0.0 70.3 30.6 20.2 10.4 CL 6 Silty clay

SPT-8 12.00-
12.45 39.2 44.8 20.53 0.0 65.3 32.9 19.4 13.6 CL 4 Silty clay

SPT-9 13.50-
13.95 30.5 49.96 26.18 0.0 76.1 33.8 17.5 16.3 CL 5 Silty clay

SPT-10 15.00-
15.45 36.0 45.28 27.19 0.0 72.5 36.5 19.4 17.1 CL 7 Silty clay

SPT-11 16.50-
16.95 33.4 49.8 28.19 0.0 78.0 30.5 18.3 12.2 CL 9 Silty clay

SPT-12 18.00-
18.45 28.9 44.55 25.63 0.0 70.2 31.3 19.6 11.8 CL 9 Silty clay

SPT-13 19.50-
19.95 28.5 35.28 28.96 0.0 64.2 30.3 17.2 13.1 CL 5 Silty clay

SPT-14 21.00-
21.45 35.6 50.49 28.03 0.0 78.5 36.2 18.7 17.5 CL 8 Silty clay

SPT-15 22.50-
22.95 27.2 47.7 32.16 0.0 79.9 39.6 20.5 19.1 CL 7 Silty clay

SPT-16 24.00-
24.45 49.3 37.79 48.55 0.0 86.3 59.7 28.3 31.4 CH 7 Clay

SPT-17 25.50-
25.95 48.4 49.9 43.11 0.0 93.0 59.5 27.5 32.0 CH 5 Clay

SPT-18 27.00-
27.45 50.0 71.7 16.17 0.0 87.9 52.2 25.1 27.1 CH 9 Clay

SPT-19 28.50-
28.95 41.4 39.92 49.74 0.0 89.7 57.0 25.3 31.7 CH 10 Clay

SPT-20 30.00-
30.45 47.1 45.76 37.99 0.0 83.8 54.0 25.2 28.8 CH 5 Clay

SPT-21 31.50-
31.95 28.8 38.64 40.03 0.0 78.7 57.8 24.2 33.6 CH 10 Clay

SPT-22 33.00-
33.45 36.1 41.82 47.85 0.0 89.7 58.8 24.4 34.3 CH 14 Clay

SPT-23 34.50-
34.95 37.0 40.87 50.74 0.0 91.6 56.8 25.1 31.7 CH 15 Clay

SPT-24 36.00-
36.45 36.9 38.04 46.57 0.0 84.6 62.2 28.4 33.8 CH 22 Clay

SPT-25 37.50-
37.95 33.0 31.78 30.47 3.9 62.3 43.5 22.5 21.0 CL 18 Silty clay

SPT-26 39.00-
39.45 36.0 44.7 38.57 0.0 83.3 55.2 22.4 32.8 CH 22 Clay
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Geotechnical Evaluations of the Study Field
It has been determined that deformations have occurred in 

the bridge piers and approach embankment at the Seyrek highway 
intersection bridge on the İzmir-Menemen-Aliağa Highway 
(Figure 5). Some critical soil parameters needed to be addressed 
when the soil profile of the research area was examined. The 

possible mechanisms of the deformations are the liquefaction and 
settlement problems of loose granular units in the soil profile of the 
project area with high seismicity and the potential for consolidation 
settlement of clay units. A separation of approximately 15-20cm 
was observed between the bridge deck and the support bench 
due to the consolidation settlements above permissible limits and 
possible liquefaction (Figure 5).

Figure 5: Deformation observed as 15-20cm separation between the bridge deck and the support bench.

Simplified Method’ in liquefaction assessment

Problems due to liquefaction usually occur in the form of flow 
collapse, loss of bearing capacity, sand boiling, retaining structure 
failure that exposes buried structures, and lateral displacement 
[10-12]. The methods used to find the safety factor against 
liquefaction are examined under three main categories: empirical 
methods, analytical and material modeling. Empirical methods have 
become a widely used method in the determination of liquefaction 
potential in soil engineering practices due to the difficulties in using 
analytical and material modeling methods. The most well-known 
method in the empirical methods was proposed by Seed [10] and 
a later “Simplified Method” approach was developed and updated 
by Youd et al. [13]. The liquefaction potential of the study area was 
calculated using the “Simplified Method” in this study. The safety 
coefficient against liquefaction in the study area selected in the 
study was calculated in light of the previous drilling studies, the 
geotechnical report, and the data obtained from field and laboratory 
tests [14].

The “Simplified Method” approach is based on the ratio of the 
essential cyclic resistance ratio (CRR) of the soil to the cyclic stress 
ratio (CSR) caused by the seismic motion and the safety factor 
(FS) of the soil. The CSR is calculated based on the gravitational 
acceleration, the maximum horizontal ground acceleration, the 
effective stress, the total stress, and the co-efficiency of stress relief. 

These parameters are depth dependent parameters. On the other 
hand, CRR can be found with the help of SPT as determined by the 
sampling method, top layer load, rod length, energy ratio and well 
diameter correction parameters. Other parameter affecting the 
cyclic resistance ratio (CRR) is the fine grain ratio of the soil. By 
calculating the earthquake correction factor, the ratio of the cyclic 
resistance ratio to the cyclic stress ratio creates the safety factor 
against liquefaction. If the safety factor against liquefaction is FS≤1, 
it is known that the soil has a risk of liquefaction, while if the safety 
factor against liquefaction is FS>1, it is concluded that there is no 
risk of soil liquefaction.

The cyclic stress ratio (CSR) generated by seismic motion is 
calculated using Eq. 1 shown by Seed [10] as follows:

max
'0.65 d
v

aCSR r
g

νσ
σ

=       (1)

Where: amax: peak horizontal ground acceleration; g: 
gravitational acceleration (9.81m/s2); σv: total vertical stress; σ’v: 
effective stress; rd: stress reduction coefficient. Stress reduction 
coefficient, Seed et al. [10], with the help of Eq. 2a for (z ≤ 9.15 m) 
and Eq.2b for (9.15m ≤ z ≤ 23m): 

1 0,00765r zd = −          Eq.2a

1,174 0,0267dr z= −     Eq.2b

The cyclic resistance ratio (CRR), which indicates the soil’s 
strength to liquefaction, is a function of the number of impacts 
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measured by the Standard Penetration Test (SPT). The measure 
SPT blow count is normalized for the overburden stress at the 
desired depth and corrected to a standardized value (N1)60.

Then the CRR for the soil based on the computed clean-sand 
equivalent (N1)60 is found using the empirical curve drawn from 
the liquefaction of a magnitude 7.5 earthquake [15]. The following 
equation is provided for a good approximation when (N1)60 ≤30 
because clean sands with a value of (N1)60 ≥ 30 (fine grain ratio 
close to zero) are considered very compact and are considered to 
be in the class of non-liquefaction soils:

1 60
:7.5

1 60

( )95 1100.
34 ( ) 1.3 2M

NCRR
N

= + −
−

      Eq.3

Where: CRRM:7.5 is the CRR for a Mw=7.5 earthquake. 

The CRR values   used in the equations given in Eq.3 are used   
for earthquakes with a moment magnitude of 7.5. Youd et al. [13] 
suggested an evaluation equation given in Eq. 4 according to the 
magnitude scaling correction (MSF) for earthquakes with moment 
magnitudes other than 7.5: 

2.24

2.56

10

w

MSF
M

=       Eq.4

Where Mw is the moment magnitude of the earthquake. As a 
result, if the cyclic resistance ratio (CRR) of the soil is less than the 
cyclic stress ratio (CSR), there is a potential for liquefaction [3]: 

7.5CRRFS MSF
CSR

=     Eq.5

Seismicity and liquefaction potential of the study area

Figure 6: Turkey’s Seismic Hazard Map including active fault lines and the study field [18].

Regarding the dynamic ground movements caused by an 
MW=7.0 earthquake causing liquefaction in the study area, the 
maximum horizontal ground acceleration was taken as 0.44g 
from the Turkey Earthquake Hazard Map, the study area taking 
into account (Figure 6). The ground acceleration coefficient was 

determined by considering the earthquake ground motion level 
and the soil class of the study area. The liquefaction potential of the 
study field was determined by the “Simplified Method” approach 
proposed by Seed [3] and later by Youd et al. [13]. The results of the 
analysis are given in Figure 7.  

Figure 7: Liquefaction potential assessment.
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It has been observed using the analyses made with the 
drillings in the selected area, that the layers of different depths and 
thicknesses have different levels of liquefaction potential at almost 
all four drilling locations in the bridge foundation study area (Figure 
7). While the layer thicknesses that have the risk of liquefaction are 
limited to 4m in some locations, it has been observed that layers 
up to 20m thick in some areas around the foundations are at risk 
of liquefaction.

In addition to the danger of liquefaction that may occur in a 
region, the estimation of the severity of this liquefaction is also 
important. Iwasaki evaluated the degree of liquefaction (DL) in 
1982 [16] as follows:

(1 ) ( )*LRDL F W Z Z= − ∗∑  Eq.6

Where FLR is liquefaction resistance, and it equals:

  
R

LR R
F S

τ=        Eq.7
' 0.207 0.367 0.318

500.109 * *R v N dτ σ − − −= ∗        Eq.8

max
'* *v

R d
v

aS rg
σ
σ
  =       

         Eq.9

W(Z) is the weight function of the soil layer and equals W(Z)=10-
2/3*Z.  Z is the depth in m.  Table 2 shows the relationship between 
liquefaction degree DL and liquefaction severity level [11,16,17]. 
Since the DL value was found to be 28 in the calculations, the 
liquefaction damage level of the study area was determined as ‘Very 
high’.

Table 2: Liquefaction severity [17].

Degree of liquefaction, DL <5 5-15 >15

Liquefaction severity Low High Very high

Results and Discussion
According to the drilling data, it has been determined that 

the study area consists of alluvial units. In addition, since the 
groundwater level varies between 3.10-4.05m in the drillings made 
in the study area, possible causes of deformations are considered 
as the potential for liquefaction of loose granular units in the soil 
profile and consolidation settlement of clay units. Soil parameters 
obtained as a result of laboratory and field tests carried out with 
the specimens obtained with a total of 160m of drilling from the 
Ulukent Seyrek highway bridge study area was evaluated using the 
Simplified Liquefaction Analysis Method (SLAM) [5]. The results 
of the analyses performed are summarized in the relative tables. 
Based on the “Turkey Earthquake Hazard Map” determined by the 
decision of the Council of Ministers of Turkey, the effective ground 
acceleration of the study area was determined as Ao=SDS x0.4=0.44 
according to the calculations made in the “AFAD (Ministry of 
interior disaster and emergency management presidency) Turkey 
Earthquake Hazard Maps Interactive Web Application”. Local soil 
class is ZE, which means ‘the study area is defined as layers of 
loose sand, gravel, soft-solid clay, or profilers with a total thickness 
of more than 3 meters (cu<25kPa) of soft clay layers satisfying 
the conditions PI>20 and w>40%” [18]. After the liquefaction 

potential analysis, vertical and lateral displacement analyses due 
to liquefaction were performed using the Ishiara and Yoshimine 
evaluation method [2]. In these analyses, the total amount of lateral 
displacement (∆LDI) was found to be 2.46m and the total dynamic 
settlement (DS) was found to be 0.26m. According to the settlement 
analyses, the time required for the total settlement to decrease to 
the allowable levels has been calculated as approximately 49.33 
years and since the filling has been present for more than 7.5 years, 
the remaining settlement is above the allowable specification 
criteria. Moreover, it was concluded that the clay units in the study 
area caused consolidation settlement under fill loads. Terzaghi 
[19,20], PI–Φ› correlation determine the effective internal friction 
angle in the long-term analysis of clay units. As a result of the 
calculations, it is evaluated that the proposed soil improvement 
method in the Seyrek highway intersection bridge approach fillings 
examined in this study should meet the stability, settlement and 
liquefaction criteria. In such bridge approach embankment soil 
where both liquefaction and settlement problems are high, it would 
be appropriate to use DSM (deep soil mixing) columns together 
with methods to create drainage channels.

Conclusion
The results obtained specified the depths of the drillings for 

which the analyses were made, the soil classes at these depths, 
and the liquefaction potentials for each layer. The liquefaction 
potential of the project area was found between 3.80-10.5 m in 
depth using laboratory and field tests done with the SK-1, SK-2, 
SK-3, and SK-4 borehole specimens.  Moreover, according to the 
SLAM results, despite the soil type being SC and having low SPT-N 
values, no liquefaction potential was found after 10.5. Therefore, 
the importance of the effects of grain properties such as the 
percentage of plastic fines, average grain diameter and plasticity 
index in liquefaction analyses based on the SPT-N number was also 
shown in this study. Moreover, the maximum settlement amount in 
the infilled soil is calculated as the consolidation settlement under 
the expected soil conditions of the time-dependent settlement 
problem. It was concluded that the clay units in the study area 
caused consolidation settlement under the fill load. As a result, soil 
improvement and reinforcement methods such as DSM columns 
and drainage canals were advised to be used in Seyrek highway 
bridge embankments in the study field to ensure the safety of the 
engineering projects against the damage caused by liquefaction and 
settlement in the study area.
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