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Abstract: Regarding the behavior of reinforced concrete structures under seismic loads, the interaction
between structure and soil is as important as the load-bearing system and foundation type. This
study was designed to assess the effect of structural types and soil–structure interactions (SSIs) on
the responses of reinforced concrete (RC) buildings to earthquakes. Therefore, nonlinear time history
analyses were performed on 20-storey RC buildings. In this analysis, three different structural system
types and three different foundation types were considered for the parametric study. The numerical
results obtained from the nonlinear dynamic analysis were criticized in terms of base shear force
and roof displacement. Based on the obtained numerical results, utilizing SSI in the nonlinear time
history analysis of the RC buildings improved the overall structural integrity by delaying plastic
hinge formation and preventing the total failure of structural elements. Base shear forces increased
up to 20% for the same structural system and different SSI situations, and up to 60% for different
structural systems and the same SSI situation. Roof displacements increased up to 17% for the same
structural system and different SSI situations, and up to 24% for different structural systems and the
same SSI situation. All of the behavioral differences showed the importance of considering the SSI in
the design stage of the buildings.

Keywords: soil–structure interaction; earthquake-resistant design; tall buildings; earthquake
behavior; soil springs

1. Introduction

In contemporary urban areas, the seismic performance of structures is directly linked
to their resilience against earthquake effects. The design and construction of buildings are
critically important for the safety of millions of people residing in earthquake-prone regions.
However, traditional approaches in structural engineering often utilize simplified models
when considering the interaction between buildings and soil. In reality, the interaction
between buildings and soil is highly complex, and the effects of this interaction significantly
determine seismic performance [1–3].

To comprehend and consider for this complexity, research focusing on the relationship
between buildings and soil–structure interactions (SSIs) has gained importance. The study
of SSI aims at investigating the interaction between buildings and the ground to more
accurately predict the seismic behavior of structures. In this context, a complex system
emerges where factors such as the fundamental properties of structures, soil characteristics,
and earthquake effects converge [4–7].

Particularly, devastating natural disasters like the 6th of February Kahramanmaraş
earthquake have further underscored the significance of soil–structure interactions. This
earthquake, which occurred in the city of Kahramanmaraş in southern Turkey, resulted in
severe damage [8,9]. The impact of the earthquake once again emphasized the importance
of SSI factors that need to be considered in the design and construction of buildings.
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This article aims to examine the soil–structure interaction of buildings and evaluate
the effects of this parameter on seismic performance. Recent developments in the relevant
literature highlight the importance of SSI in the structural design and earthquake engineer-
ing fields, and present significant findings that will shed light on future research. Analyses
of the February 6th Kahramanmaraş earthquakes have shown that one of the main causes
of the loss of life and destruction was the weak soil in the region. Especially in Hatay,
Kahramanmaraş, and Adıyaman, where weak soils (C and D, as given in Eurocode8 [10])
are commonly found, this resulted in significant losses [8]. In the referenced study, the
recorded earthquake accelerations in the Hatay region indicated that the high death toll
and destruction were due to the thick layers of loose alluvial soil and the proximity of
groundwater to the surface. Therefore, the results obtained from this study demonstrate
the necessity of making soil–structure interaction (SSI) a mandatory component when
simulating the actual behavior of structures built on loose alluvial soils in seismically active
regions. Since TBEC2018 does not mandate the application of SSI for buildings below
105 m, this study was conducted to emphasize the importance of this requirement.

Many studies have been performed and applications investigated to observe the
behavior of structures during earthquakes and to determine the seismic performance of
structures, but without considering soil effects [4,11–14]. This may lead to two different
situations in a building, especially during an earthquake. In the first of these situations,
deformations in the soil may cause the formation of different modal shapes in the building,
resulting in the structure exhibiting unexpected behaviour, which may even lead to the
building resonating. Inferences from recent seismic activities suggest that fixed-base
assumptions could be misleading, and neglecting the influence of soil effects could cause
unsafe design, particularly for structures founded on soft soils. Another consequence of
not considering soil effects is the emergence of overdesigned buildings with compromised
safety conditions [5,8,15–17].

During an earthquake, the lateral loads caused by the effect of inertia are transferred
to the soil underneath the building with the foundation elements and these elements are in
connection with other structural system elements. High-fidelity results have been proven
in recent studies examining structure–soil interactions with analytical and experimental
studies [5,7]. In studies examining the behavior of structures against seismic loads, the soil–
structure connection points are generally accepted as fully rigid (fixed base), and the effect
of the soil on the structure behavior is neglected. However, under the influence of both static
and dynamic loads, the structure moves with the ground and the foundation systems can be
located in different positions on the ground, especially during dynamic loading [4,6,18–20].
For this reason, analyses made by ignoring the SSI are open to discussion and may lead to
negative results.

The energy-consuming mechanisms in foundation–ground systems always reduce
the seismic demand of a structure compared to fixed-base designs. On the other hand,
an increase in the overall structural system deformation can reduce (damping) or in-
crease (resonance) the inertial forces on the structure depending on the frequency of the
earthquake record [18,21]. Considering the seismic behavior of high-rise buildings, ro-
tations in the foundations play an important role in the lengthening of the fundamental
period [22–24]. The formation of plastic mechanisms in the soil–foundation system can
lead to the partial isolation of the superstructure against seismic effects [25,26]. Research
has shown that seismic motion in foundations generally increases lateral displacement, not
including seismic isolation, which is of minor importance in the seismic performance of
slender structures [27–29]. However, a more general conclusion has been presented that
the effect of foundation rocking on structural deformation is mainly dependent on the
value of the fundamental period of the building in the elastic spectrum of the earthquake
record [14,29,30].

Contrary to the fixed-base assumption, which is based on the principle of limiting drifts
and rotations on the basis of the superstructure, the SSI is the consideration that foundation
elements can be deformed according to the mechanical properties of the soil. The differences
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in the behaviors of structures in line with the SSI and the fixed-base assumption are shown
in Figure 1 [5]. Here, while only displacements due to the lateral displacement capacity
of the structure can be mentioned for the fixed-base assumption, with the SSI, it is also
possible to discuss additional displacements resulting from movements such as rotation
and displacement at the foundation, in addition to structural lateral displacement rigidity.
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Figure 1. The difference in the behavior of structures considering SSI and fixed-base assumption.
(a) Piled raft-supported structure and foundation springs, (b) lateral deformation of the SSI structure
due to rocking motion, (c) lateral deformation of the fixed-base structure [5].

Compared to current studies in the literature, which mostly focus on the behavior of
low- and mid-rise buildings in relation to the SSI, this study aims to observe the responses of
high-rise buildings that are designed with different structural systems. As is known, high-
rise buildings have longer fundamental periods, which reduces base shear, but considering
the SSI, increases roof displacement. This study was prepared to observe the behavioral
differences between multi-storey residential buildings in relation to the SSI. RC building
models were examined by combining fixed support, raft foundations, and piled–raft
foundations separately for each structural system type. The aim here was to investigate the
behavioral differences between the three structural systems coupled with three different
SSI conditions under an input earthquake. Different soil types were not included in the
parametric study.

Instead of obtaining structure performance as a result of nonlinear time history anal-
yses, the main purpose of this study was to investigate the effects of soil–structure inter-
actions on structural behavior under seismic effects. Therefore, the analyses performed
were applied in only one direction to analysis models with symmetrically designed struc-
tural systems.

2. Modelling of RC Buildings and SSI
2.1. Structural Systems Designed for Analysis Models

Three 20-storey building models, designed following the regulations given in
TBEC2018 [31], were coupled with three different SSI conditions. The models had a
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32 × 32 m2 plan area and a total height of 60 m above ground. As presented in Figure 2,
the floor plans were symmetrical in both the X and Y directions for each structural system.
The main differences that distinguished the structural systems from each other were the
response modification factors given in TBEC2018, which depend on the shear wall ratio.
The RC shear wall ratio specified in TBEC 2018 is defined as follows: the ratio of the total
cross-sectional areas belonging to the RC shear walls in any selected direction on the storey that
will be affected by the largest amount of seismic load, to the total of all the plan areas of the building.
Structural systems of buildings are accepted as SWs when this ratio meets the following conditions
(Equations (1) and (2)). For buildings with SWs, the response modification factor is specified
as R = 6 in TBEC 2018 [31].

∑Ag/∑Ap ≥ 0.002 (1)

Vt/∑Ag ≤ 0.5 f ctd (2)
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In these inequalities, Ag represents the total RC shear wall cross-sectional area, Ap
represents the plan area of one floor, and Vt represents the base shear force affecting the
building. As can be understood from the given conditions, if the RC shear wall ratio
value is less than 0.002, the structural system of the building consists of moment frames
with RC shear walls (MF-SWs). For buildings like this, the response modification factor is
R = 7. If the building does not have an RC shear wall, the structural system of the building
consists of moment frames (MFs). For buildings like this, the response modification factor is
R = 8. These R factors given in TBEC 2018 are for the structures that are designed following
the principle of high ductility [31]. Considering the RC shear wall ratio, the first model
(shear wall ratio: 0‰) consists of MFs, the second model (shear wall ratio: 1‰) consists of
MF-SWs, and the third model (shear wall ratio: 2‰) consists of SWs, as given in Table 1.

Table 1. The nomenclature of analysis models according to structural systems.

Structural System Type Model Name

Moment Frames (MFs)/Fixed Base Model 1.A
Moment Frames (MFs)/Raft Model 1.B

Moment Frames (MFs)/Piled Raft Model 1.C
Moment Frames with Shear Walls (MF − SW)/Fixed Base Model 2.A

Moment Frames with Shear Walls (MF − SW)/Raft Model 2.B
Moment Frames with Shear Walls (MF − SW)/Piled Raft Model 2.C

Shear Walls (SW)/Fixed Base Model 3.A
Shear Walls (SW)/Raft Model 3.B

Shear Walls (SW)/Piled Raft Model 3.C



Buildings 2024, 14, 1686 5 of 21

Here, it is seen that the floor plans of Model 2 and Model 3 are similar and the locations
of the elements in these plans are kept constant. This was intentional during the design of
the structural systems because differences in the distribution of RC walls in the floor plans
would prevent a fair comparison of the analysis results at the end of the study. However,
the RC shear wall thickness used in Model 2 was doubled in Model 3 to provide RC shear
wall ratio values that could determine structural system differences.

Sap2000 was used in the conducted analyses as it allows for the detailed design of
structural elements and has frequently been preferred in recent studies in the literature [32].
The structural system elements were designed under Mander’s Confined Concrete Theory,
which is a built-in option in Sap2000 [33]. This option allows the user to obtain moment–
rotation and P-M-M diagrams to determine the plastic hinge properties of the structural
elements. The section properties given in Table 2 were determined under the design
loads given in ASCE7-10 and TS498 [34,35], and lateral design loads were obtained using
response spectrum analysis [36]. All structural elements were designed according to the
Load and Resistance Factor (LRFD) design method. In Figure 3, coupled analysis models and
foundation types are given to represent one of each structural system and foundation type.
Plastic hinges, one of the requirements for nonlinear analyses, were defined in accordance
with the provisions in TBEC2018 and ASCE41-13. The plastic rotation limits for the plastic
hinges are presented in Table 3 [31,37].

Table 2. Cross-sectional properties of structural system elements.

Element Type Rebar Type Rebar Magnitude Confinement Rebar

Column 65 × 65 cm (H < 30 m) Longitudinal 8 ϕ 16 ϕ 8/10

Column 55 × 55 cm (H > 30 m) Longitudinal 8 ϕ 16 ϕ 8/10

Beam 30 × 60 cm
Bottom 4 ϕ 12

ϕ 8/10Top 5 ϕ 12

Shear Wall 400 × 50 cm
(Model 3)

F: 100 cm
W: 200 cm HCR 2 × 26 ϕ 16 + 18 ϕ 16

ϕ 8/10
F: 50 cm

W: 300 cm H > HCR 2 × 16 ϕ 16 + 28 ϕ 16

Shear Wall 400 × 25 cm
(Model2)

F: 100 cm
W: 200 cm HCR 2 × 22 ϕ 16 + 18 ϕ 16

ϕ 8/10
F: 50 cm

W: 300 cm H > HCR 2 × 16 ϕ 16 + 28 ϕ 16

Piles D100 cm Longitudinal 40 ϕ 16 ϕ 8/15

F: flange of RC shear walls; W: web of RC shear walls; HCR: critical height of shear walls.
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Table 3. Plastic rotation limits given in TBEC2018.

Damage Level Plastic Rotation Limit (θp)

Collapse Prevention (CP) θ
(CP)
p = 2

3

((
Φu − Φy

)
Lp

(
1 − 0.5 Lp

Ls

)
+ 4.5 Φu db

)
Life Safety (LS) θ

(LS)
p = 0.75 θ

(CP)
p

Immediate Occupancy (IO) θ
(SH)
p = 0

θp: plastic rotation; Φu: ultimate curvature; Φy: yielding curvature; Lp: plastic hinge length; Ls: shear bay width;
db: longitudinal rebar diameter.

2.2. Design of Foundations Determined for Analysis Models

To observe the effect of the SSI, we aimed to determine the soil properties of the
modelled buildings and to design different foundations on this soil. In the literature,
researchers have determined some parameters to model soil in nonlinear analysis with SSI,
such as soil density, shear wave velocity, and Poisson’s ratio. Other strength and stiffness
parameters (cohesion, bulk modulus, internal friction angle) related to soil that should
be used in the analysis are determined via calculations from these values with various
correlations and relations [38–40]. With these data, analyses can be performed by defining
the ground as a spring element in programs that perform finite element analysis [41,42].

In the regions affected by the Kahramanmaraş earthquake, areas where destruction
was observed typically had weak soil conditions. Therefore, in this study, a weak soil type
was chosen. Additionally, since considering the soil–structure interaction is not mandatory
in TBEC2018 except for in the study of special structures, weak soil with low bearing
capacity was used to observe the structural behavior of the buildings and emphasize the
importance of considering soil–structure interactions. Consequently, different types of soils
were not included in the parametric studies.

The soil used in the analyses was modelled using the Mohr–Coulomb model, which is
also known as the elastic–perfectly plastic model. The type of soil addressed in this study,
which has a relatively low bearing capacity, was adopted as a single layer with an average
standard penetration value of N60 = 5–7, average shear wave velocity of Vs = 150 m/s,
friction angle of ϕ = 20, and average undrained shear strength (cu) of 70 KPa. This soil,
taking into consideration the soil–structure interaction (SSI), has been determined as ZE
(class D for Eurocode8 [10]) according to the soil classification specified in TBEC 2018 [31].
These soils are defined as follows: deposits of loose-to-medium cohesionless soils (with or
without some soft cohesive layers) or predominantly soft-to-firm cohesive soils.

The models that were analyzed without consideration of the soil–structure interaction
were fixed to the ground with fixed supports at 0 elevation. However, building models
designed with the soil–structure interaction in mind were combined with two different
foundation types. The first one was the raft foundation with a thickness of 1.5 m. The
second foundation type was a 1.5 m thick raft foundation sitting on 81 piles with a depth of
20 m and a diameter of 1 m.

The subgrade module value (k0) of the clay soil, determined according to the soil class,
was accepted as 20,000 kN/m2/m as a result of calculations and consultations [16,41,43].
The lateral subgrade module value of the soil was calculated as well to prevent lateral
displacement. The same subgrade module value was used when defining the area spring
on the raft foundation designed with the shell finite element model.

Most soil models that represent soil behavior have a nonlinear, hyperbolic stress–
strain relationship. Using nonlinear stress–strain relations that can adequately represent
the behavior of both soil and building foundation systems, the main objective of SSI
analysis is to accurately determine the soil effects that will occur on the bearing systems
of structures [5]. In addition, while 2D models are frequently encountered in the analyses
carried out in the literature on this subject [44–46], it has been noted that the results
obtained from studies in which 3D models were used in the analyses gave more realistic
results [5,47–50]. The calculations of the spring coefficients of the soil springs are modelled
as the determinants of displacements that may occur laterally in the pile group. The soil
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model, which was adapted to pile groups by Terzaghi and proposed by Winkler in 1867,
represents the modelling of soil with spring elements [42,51]. There are two important
points to be considered in defining the properties of these springs: first is that the value of
spring stiffness varies depending on the depth in the soil, and second is that the stiffness
of a spring, which changes with depth, can also change with the displacement of a pile.
Considering this situation, the lateral spring coefficients that vary depending on the depth
calculated using the subgrade module value are given in Figure 4. In this approach, soil
behavior is simulated using a series of vertical nonlinear springs that respond to settlement
and rocking movements. The stiffness values are calculated using equations provided by
Gazetas [52]. The values of lateral spring coefficients can be found using Equation (3) [19].

ky = k0 z1/2 (3)
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Regarding the symbols specified in this formula, ky is the lateral subgrade module
that changes in relation to the depth of the soil, k0 is the subgrade module of the soil, and z
is the ratio of the distance to the top of the pile and the length of the pile (L′/L). Since the
ky values given in Figure 4 show a parabolic increase, these values are linearly interpolated
and a simplified distribution of the values in the kh column is obtained. Finally, using
the area value determined for each spring element, the k’ values, which are the spring
coefficient values, can be calculated.

Here, the horizontal spring stiffness values obtained were assigned to the pile elements
as nonlinear springs. The vertical springs, representing the pile’s lateral friction and tip
effects, were also defined as nonlinear springs for the spring node and raft shell elements.
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3. Nonlinear Time History Analysis

TBEC2018 divides the spectral definitions to be used in the design of buildings into
four different levels. These are defined as “Seismic Levels” (DD#) in Table 4. Unless classified
as high-rise buildings, residential-type structures are required to be designed according to
DD2 in TBEC2018 [53].

Table 4. Seismic levels defined in TBEC2018.

Seismic Levels (DD#) The Probability of Exceedance in 50 Years Return Period (Years)

DD1 2% 2475
DD2 10% 475
DD3 50% 72
DD4 68% 43

The Pazarcık earthquake that occurred in Turkey on 6 February 2023 was a seismic
event with a magnitude of MW7.7, covering an affected area of 10 provinces. The accel-
eration spectrum and input record obtained from station DEMP-3126 for this earthquake
are shown in Figure 5 [53,54]. In Figure 5a, the design spectra corresponding to the seis-
mic levels in TBEC2018 are compared with the spectrum of the Pazarcık earthquake, and
the periods of the building models included in this study are marked on the earthquake
spectrum. As seen, the accelerations in the spectral range corresponding to the building
periods not only exceed the design spectrum of DD2, but also exceed the values of the
DD1 spectrum. The acceleration record corresponding to the earthquake is compared with
the scaled DD2 spectrum in Figure 5b. It was evident that such a strong ground motion
would serve as a good test for the building models designed within the scope of the study.
Therefore, the existing models were subjected to time history analyses without scaling the
acceleration records, assuming that they were at the location of station 3126, which had
similar soil properties to the selected site class in the study where the acceleration records
were obtained [3,30,31,55]. Although the floor plans of the building models are symmetric
in both directions, the vectorial seismic components of the earthquake in the N-S and E-W
directions were applied simultaneously to the building models. In the results section, the
results from the N-S direction, which are larger and more critical, are analyzed.
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4. Analysis Results
4.1. Results of Nonlinear Time History Analysis

After the nonlinear time history analyses were performed, the numerical data obtained
from Sap2000 [32] were gathered and presented as charts to compare different building



Buildings 2024, 14, 1686 9 of 21

models in terms of earthquake behavior. Figures 6 and 7 show the base shear forces
obtained from the nonlinear analysis. Figures 8 and 9 show the ratio of roof displacement
to total building height. The investigations into base shear and roof displacement were
interpreted by comparing the absolute maximum values.
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When the different SSI conditions were compared for buildings with the same struc-
tural system, the fixed-base models experienced the lowest base shear forces, while the
piled raft models encountered the highest base shear forces. This circumstance can be eluci-
dated by the allowance of the SSI condition for models to experience greater displacement,
hence leading to plastic hinge formation occurring at later and lower magnitudes. The
differences between the absolute maximum values of base shear forces are illustrated in
Figure 8.

As can be seen in Figure 7, where the base shear forces of buildings with different
structural systems with the same SSI conditions are given, the base shears acting on the
buildings increased in proportion to the increase in the lateral translational stiffness of the
structural system. Roof displacements resulting from these base shear forces were also
compared, similar to the comparison of base shear forces. Figure 9 compares the different
SSI conditions for models with the same structural system, while Figure 10 compares the
roof displacement of models with different structural systems but the same SSI conditions.
The differences between the absolute maximum values of roof displacement ratios are
illustrated in Figure 11.

As can be seen in Figure 9, where the ratios of the roof displacements of the models
with the same structural system and different SSI conditions are compared to building
height, the SSI effect increases with the increase in the lateral stiffness of the structural
system. This situation can be explained as follows: with the stiffening of the structural
system, the rotations in the foundation increase, so the values of the additional drifts
given in Figure 1 also increase. For Model 1 and Model 2, these values increased by
approximately 5% from the fixed-base models to the raft foundations, and by approximately
15% from the raft foundations to the piled rafts. However, for Model 3, there was a 26%
difference between the fixed-base and raft foundation and a 52% difference between the raft
foundation and the piled raft. This can be explained by the fact that the structural system of
Model 3 is much more rigid thanks to the 2‰ shear wall ratio. Since the lateral stiffness of
the building model is very high, the high base shear already acting on the structure caused
high roof displacement due to the rotations in the foundations.

The variation between the roof displacements of different structural systems under
the same SSI conditions was mostly governed by the lateral stiffness of the building
models. Since the foundations of rigid structural systems are more prone to rotation, the
roof displacements of the analysis models other than the fixed-base model had higher
values. This shows that the lateral displacement of the structures cannot be limited only by
increasing the lateral stiffness of the structure and that soil effects play an important role in
this regard. In fixed-base models, roof displacements increased by 17% from Model 1 to 2,
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and by 10% from Model 2 to 3. Roof displacements increased by 24% from Model 1 to 2 and
by 5.8% from Model 2 to 3 in the raft foundation models. Finally, in piled raft models, roof
displacements increased by 23% from Model 1 to Model 2, and by 12% from Model 2 to 3.
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Considering a single-degree-of-freedom (SDOF) structure with a certain mass and
lateral rigidity, if the stiffness of the structure increases, it is a predictable situation that the
soil response will increase under lateral loads [56,57]. Similarly, although the structures
examined in this study cannot be considered as a single-degree-of-freedom structures,
they are structures with a certain lateral rigidity and mass. Therefore, stresses that vary
according to this mass and rigidity occur on the soils of these structures under lateral loads.

The moment frame buildings, which had a relatively low mass, exhibited a very ductile
behavior towards the moment frame buildings with RC shear walls. Rigid structures such
as moment frames with RC shear walls are exposed to more lateral loads under seismic
effects than moment frame buildings. In this case, the stresses and the deformations that
will occur under these stresses in the soil will increase significantly as the stiffness increases.

4.2. Results for Foundations

The analyzed buildings were designed to be on soft soils, and raft foundations tend to
rotate under moments caused by earthquakes. The obtained rotation values as a result of
these behavioral differences are shown in Figure 12. Due to these rotations, different stress
concentrations may be seen across the raft foundations. The rigidity of the superstructure
plays a big role in the values and distribution of the mentioned stresses, as do the mechanical
characteristics of the soil. Raft foundations are exposed to different stress distributions
during an earthquake due to their rocking motions. The comparison of soil stress values for
the three moments when the building models were exposed to accelerations that created
critical stresses on their foundations is presented in the Appendix A. It can easily be seen
in the tables given in Appendix A that the stiffness and SSI type govern the soil pressure
distribution. These mentioned soil pressure values were obtained under combinations of
dead, live, and time history base shear loads. It can easily be seen that the models with
the piled raft foundation showed less soil pressure values than the ones with only raft
foundations, thanks to the contribution of the piles. The results of the models simulated
considering the SSI, as presented in Appendix A, indicate that no positive stresses occurred
at any point, and hence no soil–foundation detachment was observed.

As the lateral stiffness of a building increases, the horizontal load acting on a pile
element in the soil and the deformation in the direction of this load are expected to increase.
The lateral force distributions and lateral displacements along the middle pile given in
Figure 13 are examples of this behavior in our study.

The ability of the structures to exhibit ductile behavior allows earthquake energy
to be consumed by the structural elements. But if the contribution of the soil in terms
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of earthquake energy consumption is considered, the amount of energy that needs to be
consumed by the building is reduced.
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5. Conclusions

The results of the linear and nonlinear analyses performed on nine building models
designed to investigate the effect of soil–structure interactions on the seismic behavior of 20-
storey residential buildings were examined. The selection of soft soil in the SSI analysis led
to high seismic demand in terms of the dynamic behavior of the soil–foundation structure
system. As a result of this, the building models and soil type highlighted the inertial
interaction effects. Here, compared to fixed-base models, the deformability of the SSI
models created a greater amount of inter-storey and roof displacement, while at the same
time highlighting the role of seismic isolation. Of course, as shown in Figure 5, the fact that
the fundamental periods of the designed models were in the constant velocity region in the
response spectrum was effective in reducing the base shear and inter-storey drift demands
of the analysis models. The increase in the lateral stiffness of the structural systems resulted
in more rigid rotations in the raft foundations. At this point, the fact that the condition
defined as RC shear wall ratio in TBEC2018 [31] is the most important determinant of the
response modification factors (R) used in the design phase of structural systems has become
more clearly explained by the SSI analysis. This situation can of course be explained by
the linear analysis results of the buildings. However, as expected, the seismic demands
of the buildings decreased as the structural elements exceeded their plastic limits in the
nonlinear analyses.
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Due to their long fundamental periods, high-rise buildings must be capable of signifi-
cant displacement. Therefore, the consideration of SSI (soil–structure interaction) should
be mandatory in regulations for high-rise buildings. As the lateral stiffness of the building
increases, structural displacements will decrease, but the demand for seismic force will
increase, leading to greater deformations in the foundation and soil. Consequently, to pre-
vent local and sudden soil failures during large earthquakes, buildings should be designed
with deep foundations and SSI considerations.

In buildings modelled under the assumption of fixed-base conditions, a more ad-
vanced and earlier onset of plastic hinge formation was observed compared to buildings
modelled with SSI in mind. The consideration of SSI relatively dampened the impact of
moments on the structural system elements near the foundation, thanks to rotations in the
foundation. Consequently, the levels of plastic hinge formation in the building remained
at lower magnitudes, or were observed at later stages. This situation has highlighted
two crucial points for consideration during the design phase. Firstly, lateral displacement
values increase with the consideration of SSI. Additional checks will be required for P-Delta
effects. Secondly, although buildings’ lateral displacement capacities increase with the con-
sideration of SSI, the delayed plastic hinge formation prevents structural system elements
from experiencing stiffness loss, leading to an increase in the building’s base shear demand
(Figure 8). Thus, during SSI-informed design, both base shear and additional effects arising
from P-Delta effects must be taken into account in the design of structural system elements.

The absolute maximum stresses obtained in the raft foundations reached values very
close to the bearing strength of the soil at the beginning of the input record, but later on,
thanks to the structural rigidity that decreased with the damage to the structural elements,
they took lower values. The increase in the lateral stiffness of the structural systems resulted
in higher raft-rotating demands.

Regarding the piles, increased axial forces as a result of the rocking motion did not
cause plastic deformation in these elements. At the same time, looking at the analysis
results, it was seen that the dynamic responses (maximum bending moments, horizontal
translations) of the piles depended on the kinematic interaction.

Based on the obtained numerical results, considering the SSI in the nonlinear time
history analysis of the RC building enhanced the overall structural integrity by delaying
plastic hinge formation and preventing the total failure of the structural elements. Base
shear forces increased by up to 20% for the same structural system under different SSI
conditions, and by up to 60% for different structural systems under the same SSI conditions.
Roof displacements increased by up to 17% for the same structural system under different
SSI conditions, and by up to 24% for different structural systems under the same SSI
conditions.

Finally, the behavioral differences required for the SSI condition, which is required only
for buildings with a height of 105 m and above in TBEC2018, were also revealed for buildings
with a low building importance coefficient below 105 m, which can be considered slender.
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Appendix A

Table A1. Soil pressures of MRF buildings (kPa).

Time (s)
Structural System with MRFs

Raft Piled Raft

7.86
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Elbistan Mw=7.6, Kahramanmaraş-Türkiye Earthquakes; METU-Earthquake Engineering Research Center: Ankara, Türkiye, 2023.
9. The Presidency of Strategy and Budget. Türkiye Earthquakes Recovery and Reconstruction Assessment; The Presidency of Strategy

and Budget: Ankara, Türkiye, 2023.
10. BS EN 1998-1:2004; Eurocode 8: Design of Structures for Earthquake Resistance. Part 1 General Rules, Seismic Actions and Rules

for Buildings. British Standards Institution: London, UK, 2005.
11. Arboleda-Monsalve, L.G.; Mercado, J.A.; Terzic, V.; Mackie, K.R. Soil–structure interaction effects on seismic performance and

earthquake-induced losses in tall buildings. J. Geotech. Geoenviron. Eng. 2020, 146, 04020028. [CrossRef]
12. Qaftan, O.S.; Toma-Sabbagh, T.; Weekes, L.; Augusthus-Nelson, L. Validation of a finite element modelling approach on soil-

foundation-structure interaction of a multi-storey wall-frame structure under dynamic loadings. Soil Dyn. Earthq. Eng. 2020, 131,
106041. [CrossRef]

13. Qiu, Z.; Lu, J.; Elgamal, A.; Su, L.; Wang, N.; Almutairi, A. OpenSees three-dimensional computational modeling of ground-
structure systems and liquefaction scenarios. Comput. Model. Eng. Sci. 2019, 120, 629–656. [CrossRef]

14. Zhang, X.; Far, H. Effects of dynamic soil-structure interaction on seismic behaviour of high-rise buildings. Bull. Earthq. Eng. 2022,
20, 3443–3467. [CrossRef]

15. Wolf, J. Dynamic Soil-Structure Interaction; Prentice-Hall: Hoboken, NJ, USA, 1985.
16. Kramer, S.L. Geotechnical Earthquake Engineering; Pearson Education India: Chennai, India, 1996.
17. Demir, A.; Celebi, E.; Ozturk, H.; Ozcan, Z.; Ozocak, A.; Bol, E.; Sert, S.; Sahin, F.Z.; Arslan, E.; Dere Yaman, Z. Destructive impact

of successive high magnitude earthquakes occurred in Türkiye’s Kahramanmaraş on February 6, 2023. Bull. Earthq. Eng. 2024,
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