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ABSTRACT: After the Kahramanmaras-Pazarctk (Mw=7.8) and Elbistan (Mw=7.5) earthquakes, site studies were conducted in
earthquake-affected districts to examine the effects of site conditions on the performance of superstructures. Onsite observations in
liquefied regions revealed that some buildings had sustained structural damage, leading to excessive rotation, settlement, or collapse.
In contrast, other buildings in the same areas showed no structural damage and performed well. In this study, a layered liquefiable soil
profile inspired by the geological conditions of the Iskenderun district, Hatay province, Tiirkiye, was modeled in Plaxis 2D using the
PM4Sand and PM4Silt constitutive models. Based on configurations inspired by a building located in Hatay, the seismic performance
of buildings with different foundation systems was evaluated. These systems include shallow raft foundations with one and two
basement floors; and unreinforced pile foundations without a basement, with one basement, and with two basements. For each
configuration, the excess pore pressure ratio, shear strains, horizontal and vertical displacements with depth, and total and differential
settlements beneath the buildings were calculated. Angular rotations of the superstructures were also determined. The results were then
compared against international engineering standards and guidelines to assess structural performance. Findings indicate that increasing
foundation depth consistently improves structural performance across all systems. The best performance was observed in the structure
with two basement floors and an unreinforced pile foundation, while the lowest performance was associated with the single-basement
raft foundation. These results highlight the critical influence of foundation types on the seismic behavior of structures.

KEYWORDS: Liquefaction, Pm4Sand, Pm4Silt, different foundation types, building performance.

1 INTRODUCTION outside the model’s formulation. Finally, numerical
implementation (mesh density, boundary conditions, and
coupling scheme) can affect predicted responses and needs to
be considered when interpreting results. Overall, the present
numerical results should be interpreted with these limitations in
mind and validated against experimental and observational
evidence.

Various soil improvement techniques have been developed
to prevent structural damage caused by liquefaction (Bray and
Dashti, 2014). Among these methods, diaphragm walls, jet
grout columns, and unreinforced piles are commonly used to
strengthen foundation systems. In addition, the presence of a
basement in the building plays a decisive role in the structural
performance under liquefaction. Together with structural loads,
such soil improvement applications can be modeled using
numerical tools such as Plaxis 2D, enabling a comprehensive
evaluation of structural performance. These evaluations are

Soil liquefaction has long been recognized as a critical topic in
geotechnical engineering. Research efforts aimed at
understanding the mechanism of this phenomenon and
mitigating its effects began with Casagrande’s introduction of
the concept of critical void ratio in 1936, and gained momentum
with the incorporation of the term “liquefaction” into the
literature by Terzaghi and Peck in 1948 (Casagrande, 1936;
Terzaghi and Peck, 1948). Subsequently, researchers such as
Mogami and Kubo (1953) extensively investigated the behavior
of liquefaction under cyclic loading conditions (Mogami and
Kubo, 1953).

Today, advanced constitutive models such as PM4Sand
and PM4Silt have significantly advanced liquefaction
assessments by providing more realistic simulation results.
While the PM4Sand model is employed to simulate the seismic
behavior of sandy soils, the PM4Silt model is preferred for expressed through parameters such as total settlements,

anal}{Z}ng the behavior of sﬂty and clay'ey SOII.S with low differential settlements, and tilting behavior of the structure
plasticity. These models, when integrated into finite element- (Bird et al., 2005)

based analysis software such as Plaxis 2D, enable more reliable
estimates of lateral and vertical displacements, shear strains,
and excess pore water pressures during seismic events (Dafalias
and Manzari, 2004).

The PM4 constitutive models (PM4Sand / PM4Silt)
provide an advanced constitutive description for simulating
cyclic behavior and pore-pressure generation in sandy and fine-
grained soils. On the other hand, it has several limitations that
should be acknowledged. Firstly, PM4 models are calibrated
primarily for uncemented, cohesionless, or weakly cohesive
soils and may not accurately capture the behavior of heavily
cemented, fissured, or highly organic deposits. Secondly, the
model’s predictions of pore-pressure accumulation and post-
liquefaction stiffness and strength are sensitive to input
calibration (e.g., CRR curves, convective parameters) and to the
quality of the laboratory data used. Therefore, inadequate 2 NUMERICAL ANALYSES
calibration can produce unrealistic results. Thlrdly, rate- In this study, a two-dimensional soil model was developed
dependent effects, temperature, and chemical alterations are based on the ISK-275 borehole log, consisting of sand with a

The scope of this study is to investigate the seismic
performance of buildings with different foundation systems by
conducting numerical analyses using the PM4Sand and
PM4Silt constitutive models. The analyses are inspired by the
observed behavior of a building located on liquefiable soil
conditions in the Cay District of Iskenderun, Hatay Province,
during the February 6, 2023, Kahramanmaras Earthquakes. A
representative soil profile was developed based on the local soil
conditions in Iskenderun, and the seismic performance of
buildings with varying foundation systems was analyzed. The
study aims to evaluate the effects of different foundation
configurations on building performance under seismic soil
liquefaction conditions.
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relative density of 35% and silty clay with a plasticity index of
20%. Dynamic analyses were performed using the PM4Sand
and PMA4Silt constitutive models available in Plaxis 2D. The
buildings analyzed were designed as seven-story structures with
a foundation width of 25 meters.

The structures modeled include: (i) buildings with a raft
foundation system incorporating one and two basement floors,
and (ii) buildings with unreinforced pile foundations designed
as basement-free (with a foundation depth of 1 meter), with one
basement floor (3 meters deep), and with two basement floors
(6 meters deep).

As a result of seismic soil liquefaction, the variations in
settlements beneath the center of the building foundations,
lateral displacements, shear strains, and excess pore water
pressure ratios with depth were examined. To evaluate the
structural performance of the buildings, the maximum
settlement, differential settlement, and angular distortion values
were calculated. These values were then assessed in accordance
with internationally recognized civil engineering standards and
codes of practice to determine whether they remained within
acceptable limits.

2.1  Earthquake Record

The earthquake record used in this study corresponds to the first
mainshock (Mw = 7.8) of the February 6, 2023, Kahramanmaras
Earthquakes. It was obtained from the TK-3116 station, the
closest recording station to the study area in the Iskenderun
district, which did not experience any interruptions during the
earthquake. The raw acceleration-time record retrieved from
the AFAD (Disaster and Emergency Management Authority)
Tirkiye Strong Motion Database and Analysis System is
presented in Figure 1.

It was observed that the portion of the 125-second
acceleration-time record with the highest amplitudes occurred
between 58 and 90 seconds. Accordingly, the 32-second
segment of strong motion within this interval was selected for
the numerical analyses. The selected ground motion was
corrected for baseline using DeepSoil v7, and displacement
correction was applied during analyses in Plaxis 2D. The
baseline-corrected earthquake record is shown in Figure 1,
while the key characteristics of the strong ground motion are
presented in Table 1.
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Figure 1. a) Raw acceleration—time record obtained from the TK3116
station, b) Acceleration—time record from the Iskenderun station used
in the analyses
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Table 1.  Seismic parameters of the Kahramanmarag earthquake used
in the numerical analyses.

Earthquake Kahramanmarag Earthquake
Sequence
Station Code TK-3116
M, 7.8
PGA (g) 0.17
f.q (Hz) 1.59
I, (m/s) 0.77
2.2 Numerical Model

Before the February 6, 2023, Kahramanmarag Earthquakes, a
geotechnical site investigation was conducted in the Iskenderun
district of Hatay Province, adjacent to the building that inspired
this study, to characterize the subsurface conditions. The SPT-
N and corrected Ni,¢0 values obtained from the borehole log are
presented in Figure 2. According to the borehole data, the
groundwater table is located at a depth of 3 meters below the
ground surface.

The soil profile consists of a 4-meter-thick sandy clay layer
from the surface, underlain by an approximately 16-meter-thick
gravelly sand layer. Based on the Standard Penetration Test
(SPT) results from the ISK-275 borehole log, the average Ni,e0
value of the upper sandy clay layer was calculated as 21. In
contrast, the average Ni,60 value of the underlying gravelly sand
layer was calculated as 6.

N Values
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Figure 2. Variation of N values with depth based on borehole data

Based on the data obtained from the aforementioned borehole
investigation, the soil model used in the numerical analyses was
developed as shown in Figure 3. The uppermost 0.5 meters of
the soil model represents a fill layer defined using the HS-Small
soil model. Immediately beneath this layer, a 3.5-meter-thick
silty clay layer with a plasticity index of 20% was defined.
Below this, a 16-meter-thick sand layer with a relative density
of 35% was included in the model. The underlying engineering
bedrock layer described in the model has a thickness of 1 meter.
The total width of the numerical model used in the analyses is
140 meters. At both lateral boundaries of the model, 2-meter-
wide drained soil layers were incorporated to ensure
compatibility with the overall model behavior. It should be
noted that the adopted numerical modelling approach does not
consider the influence of the position of the structure’s center
of gravity on the overall dynamic response. This simplification
is acknowledged as a limitation of the study.
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Figure 3. Soil profile used in the numerical analyses

2.2.1 Material Parameters of the Soil

Although the PM4Sand and PMA4Silt constitutive models
accurately simulate soil liquefaction behavior, they are not
suitable for modeling initial stress conditions. Therefore, in the
analyses conducted, the initial stress state was established using
the Hardening Small Strain (HS-Small) soil model. The
material parameters of the HS-Small model were calculated for
a relative density of 35% and are presented in Table 2
(Brinkgreve et al., 2010). In the dynamic analyses performed
using Plaxis 2D, the earthquake motion was not applied directly
to the soil layer but instead transmitted through an underlying
bedrock layer. The material parameters of the linear elastic
engineering bedrock defined for this purpose are listed in
Table 2.

Table 2. Material parameters of the HS-Small soil and linear elastic

engineering bedrock models (Brinkgreve et al., 2010; Bastidas, 2016;

PLAXIS Connect Edition, 2023).
Hardening Small Strain

Linear Elastic Engineering

Bedrock
Drainage Type Drained Drainage Type Drained
ya (KN/m?) 15.34 ya (kN/m?) 22
Yea (KN/M?) 19.36 Yeat (KN/m?) 22
e 0.695 €init 0.5
Dry 0.35 Rayleigh a 0
Esorer (MPa) 21 Rayleigh 0
Eoed ref(MPa) 21 Elref (Mpa) 8
Eureer (MPa) 63 v 0.2
m 0.59 Girer (MPa) 3.33
¢ (MPa) 0 Eoed (MPa) 8.889
D (°) 33 V, (m/s) 1219
Yo7 0.00017 V, (m/s) 1991
Gorer (MPa) 83.8
v 0.3
Pt (MPa) 0.1
R¢ 0.956

For the selection of material parameters for the PM4Sand
constitutive model—developed for simulating the dynamic
behavior of sandy soils in geotechnical earthquake engineering
applications—the recommended values from the PM4Sand
manual were used based on the average relative density of 35%
corresponding to the soil between depths of 4 m and 20 m in the
reference borehole log. The primary input parameters were
selected for Dr = 35%, (Ni)eo = 6, and Vs: = 144 m/s. Default
values were used for the secondary parameters, and the
contraction rate parameter (hpo) was calibrated using direct
simple shear (DSS) tests.

For the PM4Silt constitutive model—developed to
simulate the behavior of low-plasticity silty and clayey soils in
earthquake engineering applications—the material parameters
were selected based on the recommendations in the PM4Silt
manual for a plasticity index (PI) of 20%, representative of the
sandy clay soil between the ground surface and a depth of 4 m
in the reference borehole log. The soil in this layer is classified
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as CL (low-plasticity clay) according to the USCS, is normally
consolidated, has a plasticity index of 20%, a liquid limit (LL)
of 42%, and a shear wave velocity (Vs) of 120 m/s. It consists
of 70% kaolinite and 30% silica silt by dry mass (Price et al.,
2015; Price et al., 2017). The PM4Sand and PM4Silt material
parameters used in the analyses are provided in Table 3.

Table 3. Material parameters of the Pm4Sand and Pm4Silt
constitutive models (Bastidas, 2016; Boulanger and Ziotopoulou, 2017,
2018)

Pm4Sand Pm4Silt
Drainage Undrained A Drainage Undrained A
Type Type
e 0.695 € 1
Dr, 0.35 SUratio 0.35
G, 476 G, 345
hyo 0.53 hyo 1.2
Cmaks 0.8 Py (KN/m?) 101.3
Cmin 0.5 nS 1
Pa (MPa) 0.101 h, 0.5
n 0.5 A 0.18
ng 0.1 D, (°) 25
D, (°) 33 nbwet 1
v 0.3 n>dy 0.5
Q 10 n 0.3
R 1.5 Ago 0.8
Zinax 10
c, 20
Cec 0.25
Ckllf 4
v 0.3

2.2.2  Material Parameters of the Structures

In the analyses, a seven-story building model was defined by
applying a “Line Load” on top of the foundation modeled as a
“Plate” element, with each story load equal to 15 kPa. The
material parameters of the shallow raft foundation, which has a
diameter of 0.6 m and a width of 25 m, are presented in Table 4.
Unreinforced piles are modeled as “Embedded Beam” elements
in the analyses. The unreinforced piles, with an elastic modulus
of 30 GPa, have a length of 6 meters, a diameter of 60 cm, and
are spaced at 2-meter intervals. The material parameters of the
piles are presented in Table 4. In this study, the pile-foundation
connections were modeled as hinged. Therefore, the model
does not account for moment transfer and cannot simulate
tensile (uplift) axial forces in the piles. This simplification may
slightly underestimate the vertical load transfer under seismic
excitation and is considered a limitation of the study.

Table 4. Material parameters of shallow raft foundation and
unreinforced piles (PLAXIS, 2023)

Shallow Raft Foundation Unreinforced Pile
Material Type  Elastic Material Type  Elastic
w (KN/m/m) 20 y (KN/m®) 25
Rayleigh a 0.232 Lipacing (M) 2
Rayleigh 0.008 d (m) 0.6
EA (kN) 45E6 E (kN/m?) 30E6
EI (kNm) 1.35E6 Tinax (KN/m) 1E12
v 0
d(m) 0.6

3 ANALYSIS RESULTS

In this section, the performance of buildings with different
foundation systems during seismic soil liquefaction is
examined based on the results of numerical analyses conducted
in Plaxis 2D using the PM4Sand and PM4Silt constitutive
models. The analyses were carried out using the earthquake
record from the TK-3116 station located in the Iskenderun



district, corresponding to the first mainshock of the February 6,
2023 Kahramanmaras Earthquakes.

To enable comparison of the performance of different
foundation systems, all buildings were designed with the same
number of stories, i.e., seven stories. The models include a
building with a raft foundation system having one and two
basement floors and buildings with unreinforced pile
foundation systems designed as basement-free (foundation
depth of 1 m), one basement floor (3 m foundation depth), and
two basement floors (6 m foundation depth). All buildings were
modeled using a soil profile developed from data from the ISK-
275 borehole log. The variations in depth of settlement beneath
the center of the building foundations, lateral displacements,
shear strains, and excess pore-water pressure ratios due to
seismic soil liquefaction were investigated. The settlement
values calculated at the foundations were evaluated to assess
the buildings' performance, considering maximum settlement,
differential settlement, and angular rotation. These parameters
were then compared against permissible limits defined in
international standards and codes used in civil engineering
practice.

Figure 4 presents the distribution of settlements obtained
from the analysis conducted for the structure with unreinforced
piles and two-storey basement floors. Lateral and bottom
boundaries of the numerical model were positioned sufficiently
far from the foundation to minimize artificial reflections and
constraint effects. Minor strain localizations observed near the
model edges are typical of finite model boundaries; however,
sensitivity analyses confirmed that these boundary edge effects
do not significantly influence the overall settlement pattern or
the performance of the improved ground. The results of the
analyses illustrating the variation of settlements and lateral
displacements beneath the foundation centers of buildings with
different foundation systems during liquefaction are presented
in Figure 5.

Figure 4. Distribution of settlements obtained from the analysis
conducted for the structure with unreinforced piles and two-storey
basement floors

When evaluating the variation in settlements with depth
beneath the foundation centers of the structures, the largest
settlements were observed under the soil beneath the building
with an unreinforced pile foundation system without a
basement floor. In contrast, the smallest settlements occurred
under the soil beneath the building with an unreinforced pile
foundation system featuring two basements. For both
foundation systems, it was observed that settlements beneath
the foundation decreased with increasing foundation depth.
When evaluating lateral displacements with depth beneath the
foundation centers of the structures, the largest lateral
displacements were observed under the soil beneath the
building with a shallow raft foundation and one basement floor.
The smallest lateral displacements occurred under the soil
beneath the building with a two-basement shallow foundation
system.

The distribution of excess pore water pressure ratio for the
analysis carried out with unreinforced piles and two-storey
basement floors is presented in Figure 6. The variations in
excess pore water pressure ratios and shear strains with depth
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occurring in the soil beneath the foundation centers of buildings
with different foundations during liquefaction are presented in
Figure 7.
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Figure 5. (a) Comparison of settlement variations with depth beneath
the foundation centers of structures (b) Comparison of lateral
displacement variations with depth beneath the foundation centers of
structures
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Figure 6. (a) Distribution of excess pore water pressure ratio in the
Pm4Sand layer as a result of the analysis carried out with the structure
with unreinforced piles and a two-storey basement floor (b)
Distribution of excess pore water pressure ratio in the Pm4Silt layer as
a result of the analysis carried out with the structure with unreinforced
piles and a two-storey basement floor.

When examining the variation of excess pore water pressure
ratio beneath the centers of the structures, it was observed that
the excess pore water pressure ratio developed at different
magnitudes at different soil depths beneath the buildings,
making performance comparisons challenging. According to
analyses using the PM4Sand model, liquefaction of the soil
beneath almost all buildings was predicted.
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Figure 7. (a) Comparison of excess pore water pressure ratio
variations with depth beneath the foundation centers of structures (b)
Comparison of shear strain variations with depth beneath the
foundation centers of structures

When evaluating the variation of shear strains with depth
beneath the foundation centers of the buildings, the largest
shear strains were observed in the soil beneath structures with
unreinforced pile foundations without a basement and with one
basement floor. The smallest shear strains were observed
beneath the building with a two-storey basement floor and a
shallow raft foundation system, and the building with a two-
storey basement floor and an unreinforced pile foundation
system. Furthermore, for both foundation systems, shear strains
in the soil beneath the foundation decreased with increasing
foundation depth.

The results of the numerical analyses of the maximum
settlements, differential settlements, and angular rotation
behavior of buildings with different foundation systems are
presented in Table 5.

Table 5. Calculated total settlement, differential settlement, and
angular distortion values at the foundations of the structures

Building Properties Total Differential ~ Angular
Settlement Settlement Rotation
53.8cm 34.51cm 0.748%

Structure  with one
basement floor and
shallow raft foundation
system.

Structure  with  two
basement floors and
shallow raft foundation
system.

Structure  without a
basement floor and an
unreinforced pile
foundation system.
Structure  with one
basement floor and an
unreinforced pile
foundation system.
Structure  with  two
basement floors and an
unreinforced pile
foundation

11.41cm 7.09cm 0.036%

26.98cm 1.56cm 0.0228%

17.76cm 3.95cm 0.0356%

9.17cm 6.4cm 0.1148%

The evaluations showed that total settlement, differential
settlement, and angular rotation behaviors of the buildings
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exhibited significant variations depending on the foundation
system and the number of basement floors. For buildings with
shallow raft foundations, the total settlement reached 53.8cm
with one basement floor, whereas it decreased to 11.41cm with
two basement floors. A similar trend was observed for
differential settlement and angular rotation: the building with
one basement exhibited a differential settlement of 34.51cm and
an angular rotation of 0.748%, while these values were reduced
to 7.09cm and 0.036%, respectively, for the building with two
basement floors. For structures supported by unreinforced pile
foundation systems, the building without a basement
experienced the highest total settlement, reaching 26.98cm.
Introducing basement levels significantly reduced settlements:
the one-basement configuration resulted in 17.76cm, and the
two-basement configuration further decreased total settlement
to 9.17cm, with corresponding improvements in differential
settlement and angular rotation values. Overall, these findings
indicate that increasing the number of basement floors and
employing unreinforced pile foundations both contribute
positively to reducing settlement and rotational demands on the
structures, enhancing their performance under seismic loading.

The total settlement values and angular rotation behaviors
of buildings with different foundation systems during seismic
soil liquefaction were evaluated according to the criteria
established by the Canadian Foundation Engineering Manual
(2006), as shown in Figure 8 (Canadian Geotechnical Society,
2006). When evaluating the total settlement values of the
buildings according to the Canadian Foundation Engineering
Manual (2006), it was observed that all buildings exceeded the
allowable limits. Regarding angular rotation behavior, only the
shallow foundation building with one basement floor exceeded
the limit prescribed by the standard, while all other buildings
remained within the permissible limits.

Comparison of Damage Types According to the Canadian
Foundation Engineering Manual
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Figure 8. Comparison of Damage Types According to the Canadian
Foundation Engineering Manual (2006)

4 CONCLUSIONS

Seismic waves generated by fractures in the earth’s crust cause
significant engineering problems in soils susceptible to
liquefaction, where reductions in stiffness and shear strength
may lead to structural damage or even collapse. Accordingly,
the performance of structures designed with different
foundation systems during liquefaction varies significantly. In
this study, a layered soil profile inspired by the Iskenderun
district was used to evaluate the performance of structures with
different foundation systems and foundation depths, using the



PM4Sand and PMA4Silt constitutive models in Plaxis 2D.
Structures with shallow raft foundation systems were modeled
both without basements and with one basement; and structures
on unreinforced pile foundations were modeled without
basements, with one basement, and with two basements. As a
result of the analyses, excess pore water pressure, shear strain,
horizontal and vertical displacements with depth, total and
differential settlements at the foundation floor, and angular
rotation values of the buildings were calculated. These
computed values were evaluated against international standards
and regulations, and the performance of the structures was
compared.

The findings indicate that increasing foundation depth
improves structural performance by reducing settlements and
deformations regardless of the foundation system. The best
performance was observed in the structure with two basement
floors and an unreinforced pile foundation. In contrast, the
weakest performance was observed in the structure with a
shallow raft foundation and a single basement.

Detailed numerical analyses of liquefaction-induced soil
behavior and their effects on structural performance are crucial
for selecting foundation type and depth.
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