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Ucinci kinematicke interakcije izmedu tla i konstrukcije na seizmicko ponasanje
armiranobetonskih konstrukcija

Assoc.Prof. Julijana Bojadjieva, PhD. CE Interakcija izmedu tla i konstrukcije moZze biti od osobite vaznosti u seizmicki aktivnim
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1. Introduction

With the development of earthquake engineering, the design
of structures that can safely withstand even the strongest
earthquakes with damage while avoiding complete collapse is
increasingly needed. Each building exposed to earthquake forces
responded appropriately based on its structural characteristics.
Recent research and experts in structural and geotechnical
engineering[1, 2]indicate that the response of structures during
seismic events depends not only on the structural system,
but also on the interaction among the three interconnected
systems: structure, foundation and surrounding soil.

In the literature, this relationship is known as 'soil-structure
interaction’ (SSI) and deals with the overall response of a
complex system during an earthquake [3-6]. In Eurocode 8 -
Part 5, in Chapter 6 and Appendix D [7], essential information
is provided regarding the role of the SSI phenomenon on
structures. It outlines the types of structures and soils that are
significantly influenced by this interaction as well as its impact
on the inherent periods and mode shapes of the structures.
However, particular attention has not been dedicated to the
influence of the foundation type and depth of the embedment
of the structure. The same applies to most codes, as stated by
many studies [8-11]in this field.

Unlike Eurocode 8, American research and pre-code guidelines
delve deeper into this issue. The NIST guidelines titled 'Soil—
Structure Interaction for Building Structures' [12], as well as
FEMA P-2019 - "Practical Guide for Soil-Structure Interaction’
[13], provide comprehensive guidelines for incorporating soil
conditions into analyses and understanding their impact on
the structural response. Among other things, Eurocode 8 - Part
5 emphasises that noticeable SSI occurs when structures are
founded on exceptionally poor soils with shear wave velocities
v, = 100 m/s. According to American research and regulations, a
fundamental preliminary condition for assessing the magnitude
of the SSl is expressed as

h'

S

where is:

h' - the effective height of the structure
v, - the shear-wave velocity

T - the natural period of oscillation.

Values greater than 0.1 [13]indicate the potential for significant
influences of SSIs on the response of the structure.

From this, it can be concluded that the contribution of the SSI
to the structural response depends not only on the soil type
but also on the height of the structure and its natural period of
vibration.

Given the in-depth exploration of this issue in American codes
and guidelines, quantitative recommendations were applied to
model and analyse a structural model placed on Type B and

Type C soils according to Eurocode 8 for the purposes of this
project. This was performed to understand the impact of soil
conditions on the structural response and to emphasise the
necessity of incorporating these considerations into design
practices. The goal is to comprehensively and realistically
analyse structural systems and avoid potential undesired
consequences if not considered. Special attention is given to
the effects of the kinematic interactions between the soil and
structure, aiming to understand the influence of the structure’s
embedment and foundation type on the structural response.
Although SSI can influence structures found on superior
load-bearing soils (Soil Type A), it falls outside the scope of
this research because Soil Type A anticipated to offer nearly
complete stiffness of the foundation. As a result, no release of
translation or rotation of the foundation is expected, leading to
minimal observable changes in the seismic force magnitudes
and bending moments caused by these forces compared with
a fixed-base model.

This paper presents a comprehensive analysis of the structural
response to seismic forces under different soil conditions and
embedding configurations while the structural system remains
constant. Linear analysis techniques were employed to assess
the behaviour of the structures. The seismic forces were
calculated using modal response spectrum analysis techniques
in accordance with Eurocode 8 standards. The structural
response was interpreted by examining storey displacements,
inter-storey drifts, storey moments, and storey shear forces
induced by seismic loading. The effects of varying soil conditions
and embedding configurations on the structural response are
thoroughly investigated and discussed.

2. Methods for modeling soil-structure
interaction

According to the literature [13, 14], when modelling the
interconnection of the structure, foundation, and soil, two
fundamental methods can be employed: the sub-structure and
direct approaches.

In the substructure method, the soil is represented using
springs [13, 15], and their stiffness characteristics are defined
through calculations to simulate the presence and behaviour of
the soil on (in) where the structure is founded. Depending on
the degree to which the soil conditions need to be incorporated,
these springs can only be placed at the base of the foundation
(oriented normally), preventing horizontal translation of the
foundation. In the case of embedded structures, horizontal
springs (oriented normally to the basement walls) were used
to illustrate the possibility of horizontal translation of the
foundation relative to the surrounding soil.

By contrast, the direct analysis method is based on modelling
using finite elements [16, 17] for both the structure and half-
space. The soil modelling was extended sufficiently under and
around the structure to simulate real conditions with greater
precision. The dimensions of the soil medium to be modelled
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were chosen based on the size of the structure, ensuring that
the negative effects of the boundary conditions [20] on the
analysis were avoided. In both methods, a seismic force is
applied at the end of the soil medium (springs) through which
seismic waves travel and excite the structure. During this
process, the structure, along with its weight and characteristics,
influences the behaviour of the soil.

In practice, the substructure method is more commonly applied,
whereas the direct analysis method is reserved for larger
structures of vital importance [18, 15], such as nuclear power
plants and major infrastructure projects (bridges, tunnels).

In this study, two analyses were performed. Modal analysis with
12 mode shapes was performed to obtain the natural periods
and mode shapes of the structure. Subsequently, a linear-elastic
analysis was conducted to determine the seismic forces acting
on the structure. This analysis provides the forces, moments,
and deformations experienced by structural elements because
of calculated seismic forces. The substructure approach was
employed to capture SSI effects.

3. Soil-structure interaction effects

The effective ground displacement applied at the ends of the
springs, which simulated the soil conditions, differed from the
actual displacement immediately next to the foundation. This is
because of the influence of the structure and the deformations
that occur in the springs (soil medium) [21]. A portion of the
energy dissipated as the deformation in the soil increased.
This is a consequence of the effects of SSI, namely, the effects
of kinematic and inertial interactions. The primary effects of
the kinematic interactions consist of base slab averaging and
embedment effects.

Base-slab averaging effects occur because of the incoherent
propagation of seismic waves across the foundation surface.
Embedment effects reduce excitation at the foundation level
because of decreased ground motion with an increase in depth
below the ground surface for embedded structures.

In addition to kinematic interactions, which represent the link
between the excitation and structure, inertial interactions also
exist. The inertial interaction is a dynamic interaction between
the structure, foundations, and soil medium. The effects of
inertial interaction include period lengthening and foundation
damping. Foundation damping encompasses radial damping
and soil damping.

The period lengthening occurs due to the increased flexibility
of the foundation and the 'release’ of the structure from the
fixed base condition. Radial damping is the damping in a
soil-structure system created by the propagation of seismic
waves outside the foundations, which occurs because of the

make a substantial difference in the behaviour of structures
during an earthquake, as well as in the design magnitudes of
seismic forces. These effects [22] are of significant importance
in structures with foundation systems covering large areas,
embedded structures, and structures with a high ratio of their
own stiffness to the soil stiffness on which they are founded.
The first two cases are the effects of the kinematic interaction,
whereas the latter is the effect of the inertial interaction
between the soil and structure.

3.1. Kinematic soil-structure interaction effects
3.1.1. Base slab averaging

Base slabaveraging is the first effect of the kinematic interaction
between the soil and the structure. This effect depends solely
on the structure and geometry of the foundation. A reduction
in the spectral acceleration occurs because of incoherence in
the ground motions beneath the foundation. This can be caused
by differences in the time intervals at which waves reach
different points on the foundation structure, as well as their
characteristics, owing to possible variations in soil conditions
beneath various parts of the structure. Consequently, one side
of the structure may move in one direction, whereas the other
side may move in the opposite direction, resulting in resistance
to deformations and smaller overall deformations.

According to American guidelines and recommendations,
equations have been adopted to calculate the reduction
coefficient of the spectrum under the influence of this
phenomenon. For the calculation, only the surface area of
the foundation structure A, and the average propagation
velocity of the seismic waves in the effective soil profile v, were
considered.

The starting point for calculating this coefficient was to
determine the effective size of the foundation side [23], given by
b, = JA... The maximum value was limited to 80 m [13, 24]
because the research conducted to derive these values was
based on real structures, with the maximum effective
dimensions of the foundation being 80 m. Next step is to
calculate the coefficient b, according to Eq. (2):

be
b,=0.0023 (?J ()

The minimum value of T (the natural period of oscillation) was
prescribed to not be less than 0.2 [13]. After determining b, the
coefficient B, _ was calculated as follows.

6 8 10
dynamic movement of the foundation structure relative tothe B, , =1+b +b; +b—°+b—°+bL zab =1 (3.1)
soil. Soil damping is material damping and is similar to viscous 2 4 12
damping in structures that arises from linear and nonlinear 1 1
deformations in the soil [12]. As previously mentioned, in B, =exp(2-b§){—[1——2ﬂ zab,>1 (3.2)
certain situations, SSIs can have a significant impact and 7 - by 165,
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The values of the reduction coefficient for this kinematic effect
of the SSI were then calculated for each period of the spectrum
according to the following expression.

RRS,_ =0,25+0,75 {%[1 —(exp(—Z-bj))-Bbsa}} (&)
0

The value of this coefficient was limited to 0.7 to ensure safety
[131

3.1.2. Embedment effects

Similar to the base slab averaging effects, the embedment
effects also influence the reduction in the spectral acceleration.
In principle, the deeper the embedding, the greater the reduction
in spectral acceleration [25]. This is also a result of the effect of
the kinematic interaction between the soil and structure, and
stems from the fact that seismic wave amplitudes decrease
with an increase in foundation depth. This effect diminishes the
intensity of the ground motion at the foundation level, resulting
in a reduction in the seismic force that excites the structure. To
calculate the spectrum reduction coefficient, the foundation
depth "e”and the average shear wave velocity in the effective
soil profile v, were required.

RRS, = 0,25 + 0,75 -cos[z”ej (5)
Tv,
where is:

e - the foundation depth, which is limited to 6 m. A condition is
set thata minimum of 75 % of the foundation structure should
be at the level considered for embedding. For structures on
sloping terrain, a shallower foundation depth was considered.

v_ - the average effective shear wave velocity in a given soil
mediumin the layers where the embedding was performed,
and its value should not be less than 200 m/s.

T - the period of the natural vibration of the spectrum being
analysed, and its minimum value is constrained to 0.2 s.

As it was for the first kinematic effect of soil-structure
interaction, the value of this coefficient is also limited to 0.7 to
ensure safety [13].

3.2. Inertial soil-structure interaction effects
3.2.1. Period lengthening

In cases where the structure has significantly greater stiffness
compared to the soil, rotations and translations of the foundation
structure are released, leading to additional displacements of the
structure, simultaneously increasing the system'’s natural period
[26, 27]. This increase in the natural period directly affects the
value of the spectral acceleration used to calculate the design
seismic force. Depending on the part of the spectrum, the period
of the mathematical model analysed on a fixed base is located,

and increasing the period of natural vibrations of the model by
incorporating the soil conditions can either increase or decrease
the value of the spectral acceleration [12], as shown in Figure 1.
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Figure 1. Example acceleration and displacement spectra

For rigid structures with low natural period values, incorporating
local soil conditions usually increases the value of the spectral
acceleration. In contrast, structures whose period is after the
maximum values for spectral acceleration, including local soil
conditions and increasing the natural period of vibrations, contribute
to a reduction in acceleration values. Regardless of whether the
spectral acceleration increases or decreases, the lengthening of the
natural period owing to the implementation of local soil conditions
always results in an increase in spectral displacements.

4, Calculation of springs stiffness

The vertical spring elements contribute to the vertical stiffness
of the foundation and affect the rotation of the system around
its base. The rotation of the system around its base causes
greater deformation when the system is subjected to horizontal
(seismic) loads. There are three methods for calculating the
stiffness characteristics of spring elements [12], depending on
the purpose and type of analysis to be performed.
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Figure 2. Three methods for foundation modelling approaches with vertical and rotational springs presented in ASCE/SEI 41 from FEMA (2018)

- Method 1: Rigid foundation and flexible soil.
- Method 2: Flexible foundation and nonlinear flexible soil.
- Method 3: Flexible foundation and linear flexible soil.

For the purposes of this project, the stiffness characteristics of the
spring elements were calculated using Method 1, and their values
were then modified because, in the mathematical model, they were
introduced as uniformly distributed spring elements under the entire
foundation slab. Figure 2 illustrates the various methods used to
calculate the stiffness characteristics of vertical spring elements.

In ASCE/SEI 41-17 [15], equations are provided to calculate
the stiffness characteristics of the vertical spring elements
for six degrees of freedom. The stiffness characteristics of the
spring elements applied in the model studied in this paper were
calculated according to the following expressions [12, 28]:

0.75
K, o :—16'5 {3.1(%} +1 .6} (6.1)
0.65
K, = S_"i {6.8(%] " o.s(%j 1 .6} (62)
0.65
Kx,sur = Si |:68[%] +24:| (63)
L 245
K, =GB {4.25(3] + 4.06} (6.4)
. 3
Kosur = %{32(%}0.8} (6.5)
G. B3 L 2.4
Kyy,sur =ﬁ[373(EJ +027 (66)

Where K. K, and K, represent the translational stiffness

of the spring elements, and K, K, and K _ represent the
rotational stiffness about the respective axes. B and L refer to
half width and length of the foundation, respectively. The same
authors (Pais and Kussel, 1998)[12, 27, 28 provided expressions
for calculating correction coefficients that served to increase
the stiffness of the spring elements owing to the embedding of
the structures[29, 30]. These values were calculated using the

following expressions [12, 28]:

0.8
A, =1.0+ 0.25+% (%] (7.1)
B
. 1.34 |(DY
i, <, =[1.0+| 033+ 1% [E] (72)
1+—
B
1.32 |(DY"”
n, =10+ 1.3+T3 (Ej (7.3)
L B
2
A, = 10+%+ 1'6L4 [%) (7.4)
0.35+—
L B
2
N, = 1.0+%+ LL [%) (7.5)
0.35+E

Where 1, 1}, and 1, are correction coefficients for translational
stiffness calculated according to the aforementioned
expressions, while 17, 1], and rj,, are correction coefficients for
rotational stiffness.

5. Case study

The structure analysed in this project, as shown in Figure 3, is
a reinforced concrete frame structure [31] with a basement,
ground floor, and four upper floors (B+GF+4). This structural
system was chosen because it is representative and the most
commonly used in the area of interest. The dimensions at the
basement and ground floor levels are 27.00 x 26.00 m, while at
the upper floors, these are 17.00 x 16.00 m. The floor height at
all the levels was 3 m. The structure in the plan is symmetrical
with respect to the X- and Y-axes. The spans were 5-6-5-6-5
min the X direction and 5-6-4-6-5 min the Y direction. All the
columns had dimensions of 50/50 cm, except for the columns
in the central part of the structure, which had dimensions of

GRADEVINAR 76 (2024) 7, 647-658
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60/60 cm. All beams had dimensions of 35/50 cm. The slabs
had a thickness of 16 cm.

The basement of the structure was entirely embedded in
the ground, and around its perimeter, basement-reinforced
concrete walls with a thickness of 20 cm were installed along
the full height. The foundation was an reinforced concrete
foundation slab with a thickness of 80 cm. The dimensions of
the structural elements were calculated based on PBAB ‘87
[32]and PIOVS ‘81 [33]. These norms were employed to define
the cross-sections of the structural elements, as all buildings
designed in the past decades in our country adhere to these
regulations. In recent years, there has been a transition towards
the use of Eurocodes. This transition is progressing slowly, and
the parallel use of PBAB ‘87 and PIOVS '81 and Eurocodes is
currently permitted.

Linear analysis of the model was performed using CSI ETABS
20 [34]. The calculation of the seismic force was conducted
through spectral analysis according to Eurocode 8 [32],
employing Spectrum Type 1 for soil types B and C, with A, =
0.24g, and a behaviour factor g = 3.9, calculated based on the
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structural characteristics of the building. Spectrum type 1 was
employed with respect to Section 3.2.2.2 (2)P from Eurocode
8. Accordingly, if the earthquakes that contribute most to the
seismic hazard defined for the site for the purpose of probabilistic
hazard assessment have a surface-wave magnitude Ms greater
than 5.5, spectrum type 1 should be adopted. The value of Ag =
0.24g, was chosen as the value which was most abundantin the
area of interest. In this study, various variants (Figure 4) of the
described model were considered.
- Model 1: Fixed base model.
- Model 2: Foundation supported on vertical spring elements.
- Model 3: Foundation with both vertical and horizontal spring
elements on the basement walls.
- Model 4: Similar to Model 3, but with the seismic forces
calculated using the design spectrum adjusted for kinematic
interaction effects.

Furthermore, for each model, the/B or /C label was added,
which refers to the soil type for which the model was analysed.
Thus, the following models were generated:
- Models 1/B, 2/B, 3/B, and 4/B
e analysed for soil type B
- Model 1/C Model 2/C, Model 3/C and
Model 4/C analysed for Soil type C.

+12.00
N

6. Calculation of the springs’
1000 stiffness characteristics

According to the equations provided for

+6.00 calculating the stiffness characteristics of
spring elements for all three translations

and rotations, as well as the equations

300 for calculating the coefficients due to the
embedding of objects, calculations were
performed for soil types B and C [35, 36]

<0 as per Eurocode 8. Although significant
SS| effects can occur with soil type D, this

. soil type was not analysed in this study
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Figure 3. Elevation view of the case study structure
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Figure 4. Model variants: a) Model 1; b) Model 2; c) Model 3 and Model 4

Yam because it is not present in the area of
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and G, as the main parameters in the
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calculations for both soil types B and C, were hypothetically
chosen to represent how different soil parameters influence the
SSI. An embedding depth of 3 m was chosen because it aligns
with the typical depth at which buildings are mostly embedded
in the area of interest.

6.1. Soil type B

For soil type B, theoretically, soil with the following
characteristics is considered: v, = 400 m/s and G = 70000 kN/
mZ. The embedding depth is e = 3.00 m.

Based on the specified input parameters, the calculation of the
spring characteristics was performed, as well as the correction factor
for the effects of embedment. These values are listed in Table 1.

6.2. Soil type C

Same calculations were conducted for soil type C with the
following characteristics considered: v, = 250 m/s and G =
14000 kN/m?. The embedding depth is e = 3.00 m.

Based on the specified input parameters, the calculation of the
spring characteristics was performed, as well as the correction factor
for the effects of embedment. These values are listed in Table 2.

Table 1. Spring's stiffness and correction coefficients—Soil type B

\\\\Pais & Kussel (1988)

[28] | Spring stiffness Correction
[kN/m] / coefficient due to
[(kN/m)/rad] embedding
Degree of freedom

Translation in z direction 6225700 1.32
Translation iny direction 5031574 1.53
Translation in x direction 5015104 1.53
Rotation around z axis 1341312106 2.64
Rotation around y axis 956491364 1.29
Rotation around x axis 905840000 1.29

Table 2. Spring's stiffness and correction coefficients—Soil type C

\\\\f'ais & Kussel (1988)

7. Coefficients for spectral reduction
7.1. Base slab averaging
7.1.1. Soil type B

Using the expressions provided in Section 3.1.1, all the parameters
necessary to determine the values of the spectrum reduction
coefficient due to the first kinematic effect, base slab averaging,
were calculated. The values were computed for each period (T)of the
spectrum, adhering to the condition that the minimum value of the
period was taken to be 0.20s. The calculated values are graphically
represented in Figure 5, which shows that the contribution to the
spectrum reduction by the base-slab averaging effect is slight
for structures with low periods of natural vibrations. However,
these coefficient values relate to the foundation structure with
dimensions and geometry according to the analysed case study.
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Figure 5. Spectrum reduction coefficient—Base slab averaging-Soil
typeB

7.1.2. Soil type C

The same calculations were performed for foundations with
identical dimensions but based on soil type C. This implies that
the reduction coefficients were applied to Spectrum Type 1 for
soil type C according to Eurocode 8. Consequently, different
values for the period T of the spectrum emerge from this
analysis. The values obtained are presented graphically in Fig. 6.

\\\ [28] | Spring stiffness Correction 1020 e 2 8 2 2 2
[kN/m] / coefficient due to g a & 3 & 3 3
[(kN/m)/rad] embedding 1,000 S
Degree of freedom
. 0980
Translation in z direction 1245140 1.32 &
£ 0960
Translation iny direction 1006315 1.53 §
0940
Translation in x direction 1003021 1.53
0920
Rotation around z axis 268262421 2.64 0500
) ) 000 007 013 020 060 083 100 130 153 177 200
Rotation around y axis 191298273 1.29
Period [s]
Rotation around x axis 181168000 1.29 Figure 6. Spectrum reduction coefficient—Base slab averaging-Soil
type C
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7.2. Embedment effect
7.2.1.Soil type B

Similarly, based on the expressions provided in Section 3.1.2,
calculations were performed, and the values of the coefficients for
the reduction of spectral acceleration under the influence of the
second kinematic effect, the embedment effect, were determined.
According to the conditions of the analysed structure, the
foundation depth has been established to be 3m. Accordingly,
the values of the reduction coefficient for the spectral
acceleration were computed, and the results for soil type B are
graphically presented in Figure 7.
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Figure 7. Spectrum reduction coefficient-Embedment effects—Soil
type B

7.2.2. Soil type C

The calculations for the reduction coefficient of the spectral
acceleration values were conducted in the same manner for soil
types C and B. The obtained values are presented in Figure 8.
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Figure 8. Spectrum reduction coefficient-Embedment effects—Soil
type C

7.3 Reduced spectra

The product of the calculated values of the reduction coefficients
for Spectrum Type 1 for Soil Type B from both the kinematic
interaction effects ( and ) and the value of acceleration for the

corresponding period from the design spectrum represents the
reduced value of the design spectral acceleration (Ag_,ed):
A

RRS,_.-RRS_- A (8)

gred = b: g.ori

The values of the spectral acceleration for Spectrum Type 1 and
soil type B, as well as their reduced values, are shown in the
comparative graph in Figure 9.

From the comparative display of the spectral values shown in
Figure 10, the differences in the spectral acceleration values
for Spectrum Type 1 for soil type B can be observed. The
reduced spectral values, resulting from the effects of kinematic
interaction between soil and structure, have an impact on
objects whose fundamental periods of natural vibrations
range from 0.20s to 0.50s. For objects with larger fundamental
periods of natural vibrations, the effects of kinematic interaction
would not contribute significantly to the additional reduction of
seismic force.
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Figure 9. Original and reduced spectra-Soil type B

Similarly, by multiplying the respective reduction coefficients
from the kinematic effects for soil type C with the spectral
acceleration from Spectrum Type 1 for soil type C, the reduced
values for the spectral acceleration were obtained.

From this, it can be concluded that a greater reduction in spectral
acceleration is achieved for unfavourable soil conditions, as in
the case of soil type C. Therefore, in the seismic analysis of the
models, smaller values for seismic force will be obtained for
the model analysed with springs calculated for soil type C. This
is because the seismic force is calculated by applying spectral
analysis, where the seismic weight of the object is multiplied by
the spectral acceleration for each of the calculated periods of
natural vibrations.

0,20

c 015 ﬁ
2
E=]
[
a 0,10 N\
]
S
< 005 s Reduced

Original

0,00
000 007 013 020 060 083 100 130 153 177 200

Period [s]

Figure 10. Original and reduced spectra-Soil type C
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8. Linear analyses with SSI

On the defined structural model [36], a linear analysis was
conducted to obtain basic static quantities (moments and forces),
dynamic characteristics, horizontal seismic force (obtained
through spectral analysis), as well as moments, minimum and
maximum storey displacements and inter-storey drifts under the
influence of the calculated seismic force [37-39].

Linear analysis was performed using ETABS software for four
separate models with soil types B and C.

Modal analysis was conducted for each model to obtain 12
natural periods of vibration and mode shapes. Twelve natural
periods were chosen for the analysis to satisfy the requirements
stated in 4.3.3.3.1 (2)P and 4.3.3.3.1 (3) in Eurocode 8 [35].
Thus, the responses of all modes of vibration that contribute
significantly to the global response should be considered. This
requirement can be satisfied if either the sum of the effective
modal masses for the modes considered amounts to at least 90
% of the total mass of the structure, or all modes with effective
modal masses greater than 5 % of the total mass are considered.
By incorporating 12 mode shapes into the analysis, effective
modal masses of 93.56 % in the X direction and 95.67 % in the Y
direction of the total mass of the structure were achieved.
Using the calculated natural periods, seismic analysis of the
mathematical models was performed according to Eurocode 8
[35], with the seismic force obtained for each model separately.
The displacements at the base and top of the structures and the
moments at the base were then calculated.

Figure 11 illustrates the type 1 elastic response spectra for the
response of the structures according to Eurocode 8, depending
on the type of soil in which they are situated.

The models analysed with a fixed base, without considering
the SSI, exhibited identical dynamic characteristics. The only
anticipated difference in these models is expected to be
observed in the seismic response because spectral analysis was
conducted with Spectrum Type 1 for soil type B for Model 1/B
and Spectrum Type 1 for soil type C for Model 1/C. Differences
in the natural vibration periods in models with incorporated
soil conditions result from the effects of inertial interactions
between the soil and structure [40]. Because of the release of
translations and rotations, structures become more flexible, and
their natural vibration periods become
longer [26, 27].

greater flexibility, and the tendency for deformations to increase
proportionally with the increase of the period.

For a better visual representation, the results of this effect for
the period of the first mode for each of the analysed models are
graphically displayed in Figure 12.
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Figure 11. Elastic spectra—Eurocode 8

The differences in the lengthening of the period were significant
for the structural system located on soil type C, amounting to 14 %,
owing to the greater release of translations and rotations. For the
structural model situated on soil type B, owing to its characteristics
resembling a stiffer foundation, the increase in the period was 4
%. Consequently, the differences in seismic force values, moments,
storey drifts, and inter-storey drifts are expected to be greater for
the models analysed for soil type C. Below are the results obtained
through the linear analysis of the structural models, focusing on
the values of the horizontal force, moments, storey displacements,
and inter-storey drifts (Figure 13-16). The values are represented
using different colours for better visualisation.

Because of the symmetry of the structural system, the results
are presented only in the X-direction. From these results,
one can observe the degree of difference in the response of
individual structural models, the result of incorporating local soil
conditions, and the effects of kinematic interactions between
the soil and structure [36].
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Gradevinar 7/2024

According to the positions of the
fundamental periods in the presented
spectra, for all models, an increase in the
natural vibration period was expected to
lead to a reduction in the seismic force
(Figure 11). The green line in Figure 11
corresponds to the spectral acceleration
at period of 0.7s, for soil type B, while the
red line is associated with the spectral
acceleration at period of 0.7s, for soil
type C. However, this is accompanied
by an increase in deformations due to
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Figure 12. Natural periods of the first mode shapes
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9. Conclusion

To determine the influence of SSI, as well
as the effects of kinematic interaction
between the soil and structures,
mathematical models of a reinforced-
concrete frame structure were created in
accordance with American regulations and
guidelines for modelling soil conditions.
The reinforced-concrete frame structure
studied in this project consists of six
stories and is regular in terms of plan and
elevation. Modal and linear elastic analyses
were conducted on the mathematical
model using ETABS computer software.
First, in accordance with the American
guidelines, the stiffness characteristics of
springs simulating the soil conditions of
soil types B and C, as per Eurocode 8, were
calculated. From the linear analysis of the
models, for which a spectral analysis was
performed to calculate the seismic forces,
the following conclusions were drawn:

- The inclusion of the soil conditions
affected the length of the natural
vibration period for all models. In the
case of embedding, the springs along
the surface of the basement walls
slightly decreased the period compared
to the models analysed with only vertical
springs.

- The inclusion of local soil conditions for
soil type Bintroduces additional restraint
to the structure at the embedded floor
height because of the more favourable
soil characteristics, resulting in a drastic
reduction in the seismic force. The more
favourable soil conditions in soil type
B are reflected by the higher value of
G taken in the calculations, which is a
critical parameter for calculating spring
stiffness. Specifically, G was assigned a
value of 70000 kN/m? for soil type B and
14000 kN/m? for soil type C.

- The inclusion of soil conditions for soil
type C on the basement walls did not
significantly reduce the seismic force, as
was the case when only vertical springs
were applied to the foundation slab.
This is because soil type C has greater
flexibility and deformability regarding
the value of the shear modulus G,
compared to soil type B, meaning that
it cannot effectively prevent translation
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From the overall research and analyses
conducted for the purposes of this work,
it can be concluded that a more serious
and comprehensive approach to SSI
is necessary, along with the effects of

_ \ _ kinematic interactions between the soil
%- . ! -E- . and structures. This conclusion is based
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Figure 16. Inter-storey drifts

and rotation at the embedded floor and simultaneously amplify
seismic waves, which slightly increases the seismic force.

- The higher flexibility and deformability of Soil Type C primarily
facilitated the rotational release at the foundation level, resulting
in notably reduced moment values. However, the moments on
the upper stories remained relatively unchanged, as modifications
were confined to the foundation level through the incorporation
of local soil conditions and the embedding configuration.

- The inclusion of soil conditions affected the values of storey
displacements and inter-storey drifts of the structures
compared to the same structures analysed on a fixed base,
especially for soil type C. The maximum displacement for the
model analysed for soil type B was 3.27 % greater than that
for a fixed base model; for the model analysed for soil type C,
the same value was greater by 21.46 %, even though a lower
value for the seismic force was considered.

- Although the spectral acceleration values differ for soil types
B and C and are considered in seismic calculations and the
calculation of displacements, simulating local soil conditions
reveals higher actual displacement values relative to the
structure analysed on a fixed base.
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