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Effect of soil types on nonlinear earthquake behavior of buildings
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ABSTRACT

ARTICLE INFO

The Winkler method, which is widely used today, assumes that the soil behaves elas-
tically and does not take into account the soil shear stress values, it is insufficient to
reflect the actual soil behavior. Especially in the earthquake calculations of rigid and
massive structures such as high-rise buildings, dams, suspension bridges, viaducts, it
is necessary to consider soil as a dynamic system that changes shape and affects the
behavior of the structure in terms of inertia. In response to the effect of soil on the
structure, the structure also affects soil both kinematically and dynamically. Thus, in
the absence of the structure, the earthquake data, which is only a result of the dy-
namic behavior of the soil in its internal structure, now acquires a more complex soil
motion characteristic that is also affected by the presence of the structure. The ob-
servations made in some earthquakes show that the changes between the records
taken simultaneously on the building foundation and at soil surface not a point far
from foundation, show that the structure also affects soil therefore soil motion in re-
sponse to the effect of the earthquake on the structure. In this study, the effect of soil
types on the nonlinear seismic behavior of reinforced concrete structures was inves-
tigated. For this purpose, 7-storey building models with different plans and rigidities
were created. The behavior of these models under 11 different earthquake loads for
the ZA, ZB, ZC, ZD, ZE soil types specified in the Turkish Building Earthquake Code
has been investigated. Analyzes were made using the time history method with the
help of the SAP2000 program. As a result of the analysis, the displacements, plastic
hinge formation, Effective inter-storey drift and period values obtained for different
models were compared.
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1. Introduction

Since the earthquake effect is a vibrational movement
in the earth's crust, it creates a dynamic influence by cre-
ating a time-dependent displacement movement on the
supports of the buildings. In most of the structural anal-
ysis, the foundations are considered as built-in and it is
assumed that there is no displacement or rotation in the
foundations. However, in reality, collapses and rotations
occur in the foundations. In the case of a dynamic loading
such as an earthquake acting on the structures, the struc-
ture and soil move together and affect each other's be-
havior (Aydinoglu 1977; Aydinoglu 1981). According to
the stiffness of soil, the behavior of the structures on dif-

ferent soil layers under the influence of earthquakes con-
stitutes a large part of the structure-soil interaction
problem. In this case, the structure-soil interaction must
be taken into account. In earthquake calculations of such
structures, soil environment should be considered as a
dynamic system that changes shape and affects the be-
havior of the structure in terms of inertia (Aydinoglu
1994; Lysmer et al. 1969). In response to the influence of
soil on the structure, the structure also affects soil both
kinematically and dynamically. In cases where the struc-
ture does not exist, the earthquake data, which is only a
result of the dynamic behavior of the soil itself, turns into
a more complex ground motion as a result of the pres-
ence of the structure. Records taken during earthquakes
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have shown that the results obtained from soil with a
structure and the soil without any structure in the same
region is different (Bettes and Zienkiewicz 1969; Par-
melee 1967). These differences prove that in response to
the influence of soil on the structure, the structure also
affects soil and therefore the earthquake record. Lysmer
and Kuhmeyer (1969) developed an artificial boundary
model, which it was called viscous boundary conditions,
and in the dynamic analysis of the structure-soil system,
they prevented the reflection of some of the waves scat-
tered from the source by hitting the artificial boundaries.
In another study, Bettess and Zienkiewicz (1969) estab-
lished the Infinite Element Model for static and harmonic
loads. This method was used by Medina (1980) for mod-
eling the soil structure dynamic interaction. In later
studies, lida (1998) conducted a 3-D non-linear, struc-
ture-ground dynamic interaction analysis using the fi-
nite element technique, by considering the buildings of
different storey heights, to investigate the cause of heavy
damage especially to medium-height buildings in the
Lakebed region with the 1985 Mexico City earthquake.
In these analyzes, structures were examined in different
categories for linear and non-linear situations, taking
into account both fixed-support and structure-soil inter-
action. As a result, it was observed that the situations
where the interaction was not taken into account were
insufficient to explain the causes of damage in the build-
ings. Another investigation was performed by Avilés and
Pérez-Rocha (1998). In this investigation, Avilés and Pé-
rez-Rocha (1998) examined the influences of foundation
embedment depth on the behavior of the building soil
system, the dominant period and damping of the build-
ing under dynamic loads. At the end of this investigation,
the numerical solution was evaluated on a system con-
sisting of a single-storey structure embedded in a homo-
geneous, elastic semi-infinite ground. Gouasmia and
Djeghaba (2007) also investigated the influences of a
multi-storey building on the earthquake influence due to
different soil properties and local soil thicknesses, taking
into account the structure-soil dynamic interaction. As a
result of this study, analyzes were made using soil prop-
erties and local soil thickness as variables, and from the
findings, it was noted that in case of loose soil with low
shear wave velocity and with the increase in soil layer
depth, the response of the structure increased and the
natural periods were prolonged. The other investigation
was performed by Ichihara et al. (2021). In this study,
Ichihara etal. (2021) estimated correctly the influence of
the nonlinear behavior of the soil-structure interface on
the response of the reactor structure with a 3-D finite el-
ement model. At the end of this investigation, it was
measured that soil separation and sliding have an exces-
sive influence on the spreading features of the soil pres-
sure along sidewalls and max. acceleration response.
Bolisetti et al. (2018) offered a valuation of the industry-
standard soil-structure interaction analysis codes, SASSI
and LS-DYNA for linear and nonlinear SSI analyses of
safety-related nuclear constructions and commercial
constructions. At the end of this investigation, it was ob-
served that nonlinear soil-structure interaction calcula-
tions might be considerably different from those made
using linear frequency-domain codes. The other study

was performed by Chian et al. (2019). In this study, the
performance of structures and geotechnical construc-
tions within the affected areas were examined to im-
provement visions on their design and construction de-
ficiencies. Chian et al. (2019) contained building dam-
ages recognized to a combination of structural reso-
nance, deficiencies in reinforcement detailing, vulnera-
bility to soft story failure, ground settlement, soil lique-
faction, and landslides. It was established that construc-
tions which were strictly damaged had natural construc-
tion frequencies corresponding with the dominant fre-
quencies of the ground shaking. In another investigation,
Vicencio and Alexander (2018) estimated the influence
of Soil-Structure Interaction among two structures as-
sumed altered constraints of the structures, inter-build-
ing spacing, and soil type. At the end of this investigation,
the consequences presented that there were both unfa-
vorable and useful arrangements of the two structures
that create significant changes among nonlinear struc-
ture-soil-structure interaction and non-linear soil-struc-
ture interaction. Essentially it was proved that the op-
posing influences of structure-soil-structure interaction
might be more marked while the nonlinear soil behav-
iour was supposed. Oz et al. (2020) examined and com-
pared the influence of soil-structure interaction on the
seismic ability and response calculations of existing
structures built on the several soil conditions altering
from stiff to soft. Furthermore, nonlinear static pushover
analyses were performed to detect the influence of soil-
structure interaction on the capability curvatures of des-
ignated structures and the consequences were com-
pared. Other investigations were also performed in the
literature (Castelli et al. 2021). At the end of this study;
it was detected that the interaction among soil and the
construction changes the total displacement ability of
constructions in preference to increasing it. As detected
from these studies in the literature; there are few inves-
tigations about the nonlinear seismic behavior of build-
ings. Moreover, according to seismic design codes, the ef-
fect of soil properties on the nonlinear seismic behavior
of buildings has not been observed in the past in detail.
For that reason, one of the most significant aims of this
study is to determine the influence of soil properties on
the nonlinear seismic behavior of buildings. For this pur-
pose, 7-storey building models with different plans and
rigidities were created. Then, the behavior of these mod-
els under 11 earthquake loads for the different soil types
specified in the Turkish Building Earthquake Code 2018
was examined. Analyzes were made using the Non-Lin-
ear Analysis Method in the Time History with the help of
the SAP2000 program. As a result of the analysis, dis-
placements, plastic hinge formation, max. inter story
drift ratio and period values obtained for different mod-
els were compared. As a result, this research study is
very important to fill these absences in the literature.

2. Scope of the Study
The aim of this study is to examine the building-soil

interaction from different perspectives by giving infor-
mation about the previous literature studies on building-
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ground interaction. Furthermore, to investigate the in-
fluence of non-linear seismic behavior of buildings on
soil types in the context of structure-soil interaction.
Since the Winkler method, which is widely used today,
accepts the soil as elastic and does not take into account
the shear stress values for the real soil, it is insufficient
to reflect the actual soil behavior. Therefore, to model
the ground more realistically, the ground was first di-
vided into small pieces using the finite element method,
which was modeled as solid in the SAP2000 package pro-
gram. Each part has 8 corners and 6 types of springs
were assigned to this corner as horizontal translation
and angular rotation in the x, y, z direction, and the nu-
merical values of these springs were found with the for-
mulas developed by Gazetas (1991). Viscous boundaries
are defined on the edges of the modeled soils. For this,
frame system 7-storey building is defined in SAP2000.
Details are given in the following subsections.

2.1. Features of structure soil model

The Direct Method was used to examine the influence
of soil types on the non-linear seismic behavior of build-
ings. In the direct analysis method, the cutting surfaces
must be chosen at a very far distance from the structure
in order to obtain realistic results. However, the finite el-
ement region does not need to be very large for the
model to be solvable. When the ground region bounded
by the cut-off boundaries is modeled with SEM, the
waves propagating in the closed environment collide
with the boundaries and return to the analysis environ-
ment and adversely affect the solution.

In order to prevent this situation, the cut-off bounda-
ries should be arranged in such a way as to provide wave
permeability with special boundary conditions as shown
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in Fig. 1 (Guiterrez and Chopra 1978). Viscous bounda-
ries are defined for the cutting surfaces depending on the
effective damping and stiffness of soil.
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Fig. 1. Cutting soil surfaces (Guiterrez and Chopra 1978).

2.1.1. Features of the building models

As a numerical application, the influence of soil types
on the nonlinear seismic behavior of a 7-storey frame
system was investigated as shown in Figs. 2-3 and Table
1. The soil safety stress related to the material classes
and behavior in the models used in the numerical appli-
cation, for each of soil groups ZA, ZB, ZC, ZD and ZE spec-
ified in TBDY-2018 (2018), soil for each layer is divided
into 30 layers depending on soil Vs velocity, soil group
obtained with using the average of the mechanical prop-
erties calculated separately for each layer was used in
modelling. In this section, the assumptions made about
the building models and the features considered in the
calculation of the models are as follows.

Fig. 2. (a) 3-D plan (b) of the 7-storey frame model.
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the springs assigned to
nodes are respectively

ki ky.k;: translation and ks,
" kyy, kz: rotation in x,

y.z directions (kN/m/m)

Fig. 3. 2D and 3D views of the 7-storey building.

Table 1. General characteristics of the building.

Number of floors

Purpose of usage

Carrier system behavior coefficient

Building importance coefficient

Soil class

Base area

Floor height

Total building height
Concrete class

Steel class

Live load factor (n)

Slab live load (t/m?)

Slab fixed load (t/m?)
External beam load (t/m?)
Internal beam load (t/m?2)
Column dimensions

Slab thickness

Foundation thickness

7
housing
7
1
ZA,7B,ZC,ZD, ZE
16.60-15.30=253.98 m?
3
45
C35
S420
0.3
0.2
0.3
1.2
0.8
30x60, 3080, 50x30, 7030
15 cm
60 cm

The depth of each soil is taken as 30 meters according
to the TBDY-2018 (2018) Earthquake Code, and are di-
vided into 30 layers, and the mechanical properties of
the soil belonging to each layer are calculated with em-
pirical formulas, assuming that Vs and V), increase ap-
proximately linearly and equally in each interval.Vy, y, E,
G, parameters and g» parameter showing the mechanical
properties of the soils were calculated (Tezcan et al.
2006). Here, Vy and Vs are defined as longitudinal and
transverse wave velocities (m/s), y is defined as unit
weight (kN/m3), E is defined as modulus of elasticity
(kN/m?) and G is defined as slip modulus (kN/m?2). u is
defined as Poisson’s ratio and gn is defined as soil safety
stress (kg/cm?). The g parameter is taken as 30 meters
for the depth of each soil according to the 2018 Earth-
quake Code, and the Vs and V), wave velocities ranges are
divided into 30 layers, and it is assumed that Vs and V,
increase linearly and equally in each interval, and the soil
properties of each layer are calculated with empirical
formulas calculated.

For calculations, the 7-floor lodging building,
135x135 dimensions and 30 meters deep, soil mass is
taken into account, the lower part of soil is used as bed-
rock. Viscous boundaries (depending on effective stift-
ness and damping) are placed on the defined sides. Then,
each soil group modeling was performed to represent
the ZA, ZB, ZC, ZD and ZE soil groups specified in the
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2018 Earthquake Code. Transverse wave velocity (V)
ranges are specified in the ZA, ZB, ZC, ZD and ZE soil
groups specified in the 2018 Earthquake regulations. In
order to take into account the structure-soil interaction,
the base dimensions of the 7-storey frame system build-
ing in the x, y, and z directions of the soil mass of
135x135x%30 m, respectively, and the structure on this
soil mass should be analyzed. According to the TBDY-2018
(2018) regulation, the earthquake was applied to the
building in horizontal and vertical directions. After mod-
eling both the building and soil, soil is divided into finite
elements for ground interaction. Each finite element has
8 nodes and each node has 6 degrees of freedom in the x,
y, z directions as translation and rotation (Gazetas
1991). Furthermore, In the Plastic Hinge Hypothesis, it is
thought that the plastic deformations that are continu-
ously spread in a region of length I, on the rod element
are collected at a point defined as the plastic hinge.

The spring constants were calculated for the 6 de-
grees of freedom to be assigned to the nodal points of the

finite element belonging to the soil groups (Gazetas
1991).The spring constants are respectively kx, ky, k=
translation in x, y, z directions (kKN/m), kx, kyy, kzz: rota-
tioninx, y, z directions (kN/m/m).In the definition of the
dampers, the values obtained by using the equations de-
fined in the literature for the horizontal and vertical
components of the stiffness of the soil and the horizontal
and vertical components of the damping ratio were used
(Ala 2007). In the evaluation, it was assumed that the
building model was on ZA, ZB, ZC, ZD and ZE class soils.

2.1.2. Earthquake acceleration recording features

Real earthquake records compatible with TBDY-2018
(2018) were selected to be used in dynamic analysis. The
acceleration records required for nonlinear inelastic dy-
namic analyzes in the time history were selected using the
PEER database (PEER, 2011). The station information,
shear wave velocity (Vs30) and scale coefficients of the
selected acceleration record sets are given in Table 2.

Table 2. Selected earthquake records and their characteristics.

PEER no. Earthquake Year Station E;i;tg};?;llf;: (Silils(i;tnecsg (f/:;i[l))
838 Landers 1992 Barstow 7.28 34.86 370
1101 Kobe Japan 1995 Amagazaki 6.90 11.34 256
1614 Diizce 1999 Lamont (1061) 7.10 11.46 481
1616 Diizce 1999 Lamont (362) 7.10 2341 517
1619 Diizce 1999 Mudurnu 7.10 34.30 535
1636 Manyjil 1999 Qazvin 7.37 49.97 303
1762 Hector Mine 1999 Amboy 7.13 41.81 383
3753 Landers 1992 Fun Valley 7.28 25.02 388
3757 Landers 1992 North P. Springs 7.28 26.95 367
5836 El Mayor 2010 Meloland G. Array 7.20 29.00 265
6969 Darfield 2010 Styx Mill Trans. St. 7.00 20.86 247

3. Analysis Results

In this study, the influences of soil types on non-linear
seismic performance of reinforced concrete structures
were investigated. In this context, the 7-storey frame
system was modeled together according to ZA, ZB, ZC, ZD
and ZE soil types according to TBDY-2018 (2018) and
scaled with the SeismoSelect package program accord-
ing to the simple scaling rule with real earthquake rec-
ords. Analyzes were made. In the analyzes made, the
building and soil were modeled together, and change of
building base shear forces (tons), the number of struc-
tural elements with plastic hinge formed in the buildings,
the max roof displacement (cm), the max inter-story
drift ratio and the building soil periods (sec) and soil
dominant periods were determined according to soil
types has been investigated. Results are given in Tables
3-6.

4., Conclusions

In this study, it is investigated the influence of soil
types on the nonlinear seismic behavior of reinforced
concrete structures. For this purpose, 7-storey building
models with different plans and rigidities were created.
The behavior of these models under 11 different earth-
quake loads for the ZA, ZB, ZC, ZD, ZE soil types specified
in the Turkish Building Earthquake Code has been exam-
ined. Analyzes were made using the time history method
with the help of the SAP2000 program. According to
analysis consequences, influence of soil types on the
nonlinear seismic behavior of reinforced concrete struc-
tures is evaluated as below.

e The properties of the soil on which the building will
sit are very important in terms of the non-linear
earthquake behavior of the buildings. Because these
properties of the soil are transmitted to the structures
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by changing the magnitude of the earthquake acceler-
ation and they are generally transmitted to the struc-
tures by increasing the magnitude of the earthquake
acceleration from the ZA group soil to the ZE group
soil. This situation is very important in terms of the
magnitude of non-linear earthquake behavior in
buildings.

¢ In the analyses, it is observed that the max peak dis-
placement of building increases as elastic modulus of
soil that is, stiffness of soil, decreases from ZA to ZE
soil group. These values in the x and y directions 4.41-
4.80 cm, 4.91-5.40 cm, 6.38-7.02 cm, 8.91-10.47 cm,
and 12.6-13.81 cm, respectively.

o In the analyses, made with the 7-storey buildings, it
was observed that the number of structural elements
with plastic hinge increase as the elasticity modulus
of the soils decrease from ZA to ZE soil group. While
these values in a 7-storey building are from ZA soil
group to ZE soil group, 74, 82, 117, 135, and 163 re-
spectively.

¢ Inthe analyses, it is seen that the motion of soil and the
amplitude of the earthquake vary depending on the
soil properties, especially from ZA soil group to ZE soil
group, due to the structure-soil interaction. This situa-
tion increases the cross-section influences that will oc-
cur in building, and accordingly, it has been observed
that the level of non-linear behavior has increased.

e The variation of the effects of structural irregularities
on the nonlinear seismic behavior of buildings ac-
cording to soil types can be examined with different
building models. In addition, the effect of concrete
quality on the nonlinear seismic behavior of buildings
according to soil types can be examined with different
building models.

Table 3. 7-storey building base shear forces (tons).

Table 5. Building periods (sec).

2018 TBDY

Direction
Soil
type X y
ZA 0.73 0.68
ZB 0.83 0.77
ZC 1.11 1.04
ZD 1.57 1.47
ZE 2.28 2.12

Table 6. Soil dominant periods (sec).

Soil dominant periods Building dominant periods

2018 TBDY
Direction

Soil
type x y
ZA 121.10 135.17
ZB 107.77 121.10
ZC 148.55 163.25
ZD 157.37 174.86
ZE 162.31 180.35

Table 4. Maximum peak displacement (cm).

tSol(le to=4H/Vs (s) T=C+HNo7s, C=0.1
P (Keceli 1990) (TBDY-2018 4.7.3.4(a) Eq. 4.27)
ZA 0.077
ZB 0.107
ZC 0.211 11
ZD 0.447
ZE 0.720
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