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Abstract:

The interaction between soil and structure, which
merges geotechnical and structural engineering, plays a
crucial role in seismic regions. Traditional structural
design often assumes that buildings are fixed at their
foundations, neglecting the influence of local soil
conditions. However, accounting for soil-structure
interaction (SSI) indicates greater structural flexibility,
modified dynamic behaviour, and variations in the
intensity and distribution of earthquake forces. These
influences are especially notable in soft or moderately
stiff soils, where foundation flexibility may cause
increases or decreases in seismic demand. To account
for these influences, American pre-codes provide
detailed guidelines for incorporating SSI into structural
analyses. In this study, these guidelines were applied in
both nonlinear static (push-over) and nonlinear dynamic
(time-history) analyses of a six-storey reinforced
concrete frame structure. The analyses considered two
different soil types, B and C, which were classified
according to Eurocode 8, to evaluate the effect of
different soil rigidity on structural behaviour. The
findings, with a focus on kinematic interaction,
highlighted how foundation embedment influences
seismic behaviour. The results showed notable
deformations in storey displacements and inter-storey
drifts, as well as the formation of plastic hinges,
indicating nonlinear response mechanisms. Reduced
capacity curves under lower seismic forces confirmed
the influence of SSI. This study underscores the
necessity of incorporating SSI effects to improve seismic
design accuracy and enhance the prediction of
structural behaviour during earthquakes.
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1 Introduction

Soil-structure interaction (SSI) is a critical aspect of earthquake engineering that significantly
influences the seismic responses of structures. This interaction involves a complex interplay
between the structure, foundation, and surrounding soil, where these components affect the
behaviour of the others during seismic events. Traditional design methods often assume fixed-
base conditions and neglect the presence of soil. However, this simplification can lead to
inaccurate predictions of the structural performance, particularly for buildings founded on soft
soils or in regions with high seismic activity. This study explores the principles and implications
of SSI, highlighting its impact on the dynamic characteristics and seismic response of
structures.

SSI examines the total behaviour of the described coupled system when subjected to
earthquakes [1-6]. EC 8 — 5, in Chapter 6 and Appendix D [7], outlines the influence of SSI on
structural behaviour. It explains which categories of buildings and soil conditions are strongly
impacted by this interaction, and describes its effects on the dynamic properties of the system.
Nevertheless, it provides limited attention to how foundation configuration and the depth of
structural embedment modify the response. This gap appears in most design codes, as
highlighted by several studies in this area [8-11].

Unlike Eurocode 8, U.S. studies and pre-standard recommendations investigate this topic in
greater depth. The NIST publication Soil-Structure Interaction for Building Structures [12] and
FEMA P-2019 — Practical Guide for Soil-Structure Interaction [13] provide comprehensive
guidance for incorporating soil characteristics into analyses and evaluating their effects on
structural behaviour. Based on American studies and regulations, a preliminary criterion for
estimating the significance of SSl is formulated as:

hl
vg T

(1)

Where h’is the effective height of the structure; vs is the shear-wave velocity, and T is the
natural period of oscillation.

Values exceeding 0,1 [13] suggest a considerable potential for SSI to affect the structural
response.

Based on this, it can be concluded that SSI's effect on structural behaviour depends not only
on soil characteristics but also on the building height and its natural vibration period.
Considering the thorough investigation of this topic in U.S. pre-codes and guidelines, this study
applied quantitative recommendations to model and analyse a structural system founded on
soil types B and C as per EC8. This approach was undertaken to assess how soil conditions
affect structural behaviour and to emphasize the significance of including these factors in
design. The goal was to evaluate structural systems thoroughly and realistically, preventing
possible adverse outcomes if such effects are neglected. SSI alters the spectral acceleration
intensity through both kinematic and inertial effects. Kinematic SSI arises from the presence
of the structure as a geometric constraint within the soil, which modifies the transmitted
acceleration. On the other hand, inertial SSI considers the structure’s mass, which affects the
inertial forces generated in response to ground acceleration. Particular focus is placed on the
kinematic interaction between soil and structure, in order to examine how the foundation and
depth of embedment affect structural behaviour.

This study examines the structural behaviour under seismic loading across various soil types
and foundation embedment scenarios, while keeping the structural system unchanged.
Nonlinear analysis techniques were employed to assess the behaviour of the structure.
Specifically, nonlinear static (push-over) and dynamic (time-history) analyses were conducted.
The nonlinear static analysis aimed to determine the failure mechanism of the structural system
under different embedding and soil conditions as well as its capacity curves. The aim of the
nonlinear dynamic analysis was to obtain the maximum displacement at the top of the
structure. This analysis highlighted how different embedding and soil conditions modify seismic
excitation and cause greater deformation when soil with lower stiffness is used. The structural
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behaviour was assessed by analysing the storey displacements, inter-storey drifts, intensity of
seismic force and its distribution, distribution of nonlinear deformations, and capacity curves.
The influence of different soil types and foundation embedment scenarios on the structural
response was carefully examined and is presented in this paper.

2 Analyses and effects of SSI

According to the literature [13; 14], two primary methods exist for representing the interaction
between the structure, foundation, and soil: the substructure method and the direct method. In
the first method, the soil is modelled using spring elements [13-15], and their stiffness
characteristics are defined to simulate the behaviour of the soil. The springs can be assigned
at the base of the foundation or along the walls of embedded structures to represent the soil’s
impact on the structure. To account for kinematic SSI effects within this approach, amplification
factors are derived for every degree of freedom according to the soil characteristics. These
factors are then used to modify the initial spring stiffness, resulting in an enhanced stiffness
that captures the influence of kinematic SSI.

Conversely, the direct approach uses FE method [16; 17] to model the entire coupled system,
providing a more precise simulation by extending the soil model adequately. Seismic forces
are applied through these models to study the behaviour of a structure under seismic
excitation. Whereas the first approach is commonly applied in design practice, the second one
is used mostly for crucial buildings including nuclear facilities and large-scale infrastructure
[18-20] (Figure 1).

Structure Transmitng
boundery -
Foundation ”w T
clements ] vt v
: : :
o 5 ¢
o ) e
%o i —— :
-r N 5 O . N :
e % \.}1 Y
2 | fa ,I ‘x \, Tiwe
RIS T A i | g
AR o b
g <LTT=_ f ‘ ‘\ \ A\
a) Actual system Bedrock b) Directapprosch '

Figure 1. Methods for SSI modelling [12-13]

For this study, the substructure approach was incorporated into the analysis because it is more
convenient and provides data with sufficient accuracy.

In this study, two analyses were conducted: a nonlinear static analysis to obtain the capacity
curves and failure mechanism of the structure, and a nonlinear dynamic analysis using the
acceleration time history (max ag = 0,32 g) from El Centro earthquake data to determine the
maximum displacements at the top of the structure under varying conditions, and the
propagation of nonlinearities. The substructure method was employed to assess the effects of
soil-structure interaction.

SSI effects cause the effective ground displacement at the spring ends to differ from the actual
displacement near the foundation owing to the influence of the structure and soil deformation
[21]. Energy dissipation through soil deformation manifests as kinematic and inertial interaction
effects [22-24].

Kinematic interactions include base-slab averaging and embedment effects. Base-slab
averaging refers to the spatial averaging of seismic motions across the foundation footprint, in
which incoherent seismic wave propagation causes variations in motion across different parts
of the foundation. This averaging effect typically reduces the effective input motion
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experienced by the structure. In addition, deeper embedment tends to reduce the ground
motion intensity because of the filtering and damping effects of the surrounding soil [12; 13;
25]. Inertial interactions include period lengthening, foundation damping, radial damping, and
soil damping. Period elongation (Figure 2) happens as foundation flexibility rises, altering the
structure’s natural period and influencing the spectral acceleration values [12; 13; 26; 27].

In this context, the effect of period lengthening owing to SSI depends on where the fixed-base
period falls on the response spectrum. Depending on this location, period lengthening may
lead to an increase or reduction in spectral acceleration, and thus, influence the base shear
intensity accordingly.

'F, [}, = Flexcble-base period, damping ratio
T. % = Fixed-base period, damping ratio

y Increased <

base shear

S, (g) » Base shear

T (linear scale)

Figure 2. Period lengthening owing to SSI [13]

Vertical spring elements influence the foundation stiffness and rotation under seismic loads.
Their stiffness is calculated using methods based on foundation and soil flexibility [12], as
follows:

o Method 1 - rigid foundation and flexible soil;
o Method 2 — flexible foundation and nonlinear flexible soil; and
o Method 3 — flexible foundation and linear flexible soil.

In this study, Method 1 was used to modify the stiffness values of uniformly distributed springs
under the foundation slab. ASCE/SEI 41-17 [15] provides the equations for calculating these
characteristics for every degree of freedom. The rigidity of the spring components and
correction coefficients for embedding were calculated according to Pais and Kausel (1988)
[28].

3 Case study

The building examined in the study (Figure 3) was a RC frame structure [29; 30] featuring a
basement, ground floor, and four additional floors (B+GF+4). This structural system was
selected because it is representative and the most prevalent in the region of interest. The
dimensions at the basement and ground floor levels were 27,00 x 26,00 m, whereas the upper
floors measured 17,00 x 16,00 m. Each floor had a height of 3 m. The building was symmetrical
along the X- and Y-axes. The spans in the X-direction were 5-6-5-6-5 m, and those in the Y-
direction were 5-6-4-6-5 m. All columns were 50 x 50 cm, except for those in the central part
of the building, which were 60 x 60 cm. The beams’ cross-sections are 35 x 50 cm and the
slabs have thickness of 16 cm.
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The basement is completely embedded in the soil, featuring 20cm thick reinforced concrete
walls along its perimeter, reaching the full height of the floor. The foundation consisted of an
80-cm-thick reinforced concrete slab. The sizes of the structural elements were determined
following PBAB '87 [31] and PIOVS '81 [32], which have been the standard design norms for
buildings in the country over the past decades. While the adoption of Eurocodes has been
gradually increasing in recent years, the transition remains slow, and the simultaneous use of
PBAB '87, PIOVS '81, and Eurocodes is still permitted.

Nonlinear analyses were conducted by use of the computer software CSI ETABS 20 [33]. The
nonlinear static analysis was performed until a structural element failed, yielding the capacity
curves and failure mechanism of the structure. A nonlinear dynamic analysis was also
conducted using the acceleration time history from the El Centro earthquake, with a maximum
ag = 0,32 g, representing the maximum expected earthquake at a hypothetical location. This
analysis provided displacement—time histories for the top of the structure, highlighting the
impact of various embedding and soil conditions on the excitation and structural response.
For the purposes of this paper, few versions (Figure 4) of the described model were examined:

o Model 1 - fixed-base model; and
o Model 2 — model with foundation, vertical spring elements (V) below the foundation
slab, and horizontal spring elements (H) on the basement walls.

Additionally, for Model 2, the /B or /C designation was included to indicate the soil type
considered in the analysis. Thus, the following models were generated:

o Model 2/B, analysed for soil type B, characterised by medium-dense to dense soll
conditions with moderate shear wave velocities; and

o Model 2/C, analysed for soil type C, which typically consists of soft soil with lower shear
wave velocities and higher deformability.

As indicated previously, a variant of a rigid foundation structure in flexible soil was considered
[12; 15; 28].
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Figure 3. Elevation view of the case study structure
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Figure 4. Model variants: a) Model 1, and b) Model 2 [12]

4  Calculation of stiffness characteristics of springs

Based on the equations for evaluating the rigidity of the springs [28] for all three translational
and rotational directions, together with the formulas for calculating coefficients related to
embedding effects, computations were carried out for soil types B and C [29; 30; 34] in
accordance with Eurocode 8. Although SSI effects may be notable for soil type D, this type
was excluded from the study as it does not occur in the area of interest and is therefore outside
the scope of the analysis. Similarly, SSI can affect structures founded on highly competent
soils (soil type A). However, this type was not considered in the study because it is expected
to provide nearly full foundation stiffness. Consequently, no significant translation or rotation
of the foundation is anticipated, resulting in minimal changes in seismic force magnitudes and
bending moments compared with a fixed-base model. The values for the shear wave velocity
(Vs) and effective shear modulus (G), which were the primary parameters in the calculations,
were hypothetically selected to demonstrate how varying soil parameters affect SSI. A 3,0 m
embedment depth was chosen, as it reflects the typical depth at which buildings are commonly
founded in the study area.

4.1 Soiltype B

For soil type B, the soil was theoretically assumed to have the following properties:

s =400 m/s and G = 70000 kN/m?. The embedding depth was e = 3,00 m.
Using these input parameters, the spring properties and the correction factor accounting for
embedment effects were computed. The resulting values are presented in Table 1. The Z-axis
was perpendicular to the plane of the foundation/basement wall.

Table 1. Stiffness and correction coefficients of springs — soil type B [28]

Spring stiffness

Correction coefficient owing

Degree of freedom (k_N / kN_/;n) to embedding
m ra
translation in Z-direction 6.225.700,00 1,32
translation in Y-direction 5.031.574,00 1,53
translation in X-direction 5.015.104,00 1,53
rotation around Z-axis 1.341.312.106,00 2,64
rotation around Y-axis 956.491.364,00 1,29
rotation around X-axis 905.840.000,00 1,29

4.2 Soil type C

The same calculations were carried out for soil type C, with the following characteristics
considered, i.e., Vs =250 m/s and G =14000 kN/m?. The embedding depth was e = 3,00 m.
Using these input parameters, the spring properties and the correction factor accounting for
embedment effects were computed. The resulting values are presented in Table 2. The Z-axis
was perpendicular to the plane of the foundation/basement wall.
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Table 2. Stiffness and correction coefficients of springs — soil type C [28]

Spring stiffness . o .
Degree of freedom N Correction coefflc!ent owing
(I / W) to embedding
translation in Z-direction 1.245.140,00 1,32
translation in Y-direction 1.006.315,00 1,53
translation in X-direction 1.003.021,00 1,53
rotation around Z-axis 268.262.421,00 2,64
rotation around Y-axis 191.298.273,00 1,29
rotation around X-axis 181.168.000,00 1,29

5 Nonlinear analysis
5.1 Basic concept

Nonlinear analyses were first used for research purposes in the 1970s. Their accuracy stems
from the fact that the stiffness of the system changes under the action of an applied force,
resulting in a nonlinear relationship between the applied stress on the system and its strains
(Figure 5) caused by geometric, material, or joint nonlinearities.

Nonlinear analyses have found widespread application in earthquake engineering and the
seismic design of ductile structural systems capable of withstanding extreme earthquakes.
Numerous computer programs have been developed for the nonlinear analysis of structures,
enabling faster and easier implementation.

There are two main types of nonlinear analysis:

o nonlinear static analysis, known as push-over analysis;
o nonlinear dynamic analysis, known as time-history analysis.

These methods are central to performance-based design (PBD), which shifts the focus from
prescriptive code compliance to evaluating the performance of a structure under various levels
of seismic demand. The essence of PBD is to ensure that a structure meets predefined
performance objectives, —such as immediate occupancy, life safety, and collapse prevention,
under different earthquake intensities [35-42].

A C Point A : Unloaded condition
B ; A Point B : Yield
10 Ls CP Point C: Nominal strength

10 Immediate occupancy
LS: Life safety
CP: Collapse prevention

FForce
C
m

N
A s ”~
Deformation

Figure 5. Force—deformation relationship for PBD
5.2 Models for nonlinear analysis

Models for nonlinear analysis were employed based on the design of the structural members
with dimensions and reinforcement details [29]. This entailed defining the nonlinear
characteristics of the materials used in the model (concrete MB30 and reinforcement RA
400/500-2), as shown in Figure 6, and the geometric nonlinearity of the structural elements
expressed through the moment—curvature and moment—rotation relationships at the beam
sections (Figure 7). In addition, the moment—curvature, moment—rotation, and moment—axial
force relationships of the columns were considered (Figure 8). Given that the behaviour of the
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columns largely depends on the magnitude of the axial force acting on them, the moment—
curvature/moment—rotation diagrams for the columns were analysed for three different levels
of axial force. Nonlinear static and dynamic analyses were conducted on Models 1, 2/B, and
2/C using the computer program ETABS [33]. The spring elements were assigned stiffness
values that were adjusted using correction factors, as defined in Tables 1 and 2, to account for
kinematic SSI effects. These corrected stiffnesses were uniformly distributed across the
foundation area and basement walls through the spring elements implemented in the analysis
software [12]. The plastic hinges of the structural elements were automatically defined using
the computer program, with M3 plastic hinges specified at each end of the beams, as well as
P-M2-M3 plastic hinges at the base and top of each column, as shown in Figure 9 [11; 37]. In
this context, P refers to the axial force, M2 denotes the bending moment about the local 2-axis
(typically the minor axis), and M3 represents the bending moment about the local 3-axis
(usually the major axis). Thus, the P-M2-M3 hinges captured the combined axial and biaxial
bending behaviour of the columns, while the M3 hinges represented the flexural behaviour at
the ends of the beams. Analyses of the obtained results were performed to evaluate the
structural response to horizontal forces from the maximum expected earthquake (dynamic
time-history analysis) and up to the ultimate limit state of a structural member (static push-over
analysis).

O s s twe s | s Somsaiases

Mt P 4t Ve S b ol Ve
e e -r Mows - S
Ce— r—— i - .

L
o

e
e | - 3 >—bo
=" -

=
i |
@ - 'y
" \/
e
", | ‘ . ) . .- | '
B T L T R T P M oW M O m 3 4§ 3 m W oW mes
Strain Strain

M SO0 BN e Sn S LS N e e (TR M O8N M Pt B A B0 e P e 1a g

.

Stress (MPa)

\

,—&

el L

(a) (b)

Figure 6. Stress—strain relationship: a) concrete MB30, and b) rebar RA400/500-2 [33]
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Figure 7. Definition of plastic hinges in beam on first storey: moment-rotation diagram
[33]
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Figure 8. Definition of plastic hinges in column on first storey: a) moment-rotation
diagram, and b) moment-axial force diagram [33]
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Figure 9. Plastic hinge disposition (frame Rx2) [33]
5.3 Nonlinear static (push-over) analysis

A nonlinear static analysis was conducted on the proposed models to obtain the structural
capacity under different soil and embedding conditions. From the executed nonlinear static
analysis, it can be observed that the behaviours of Models 1 and 2/B were similar in terms of
the distribution of deformations, as well as the overall displacement at the top and inter-storey
displacements (Figure 10). This is primarily a result of the favourable characteristics of soll
type B. The difference is noticeable in the magnitude of the horizontal force under which the
specified deformations occurred in Model 2/B compared with Model 1. It had a lower intensity,
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indicating that the capacity of the structure with the included soil conditions for soil type B was
lower than that of the model with a fixed base. The maximum displacement at the top of the
structure in Model 2/B was 3,70 % greater than that in Model 1.
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Figure 10. Final step of push-over analysis: a) Model 1 and b) Model 2/B [33]

In contrast to Model 2/B, Model 2/C, located on soil type C, exhibited significantly larger
displacements at the top of the structure, as well as inter-storey displacements of greater
magnitude. The maximum displacement at the top in Model 2/C was 20,58 % greater than that
in Model 1 (Figure 11). There was also noticeable displacement at the foundation, indicating
that unfavourable soil conditions not only reduce the capacity of the structure but also
significantly influence its behaviour in the case of an earthquake, which, without control, can
often exceed the prescribed limits.

The first failure in the fixed-base model occurred at a total horizontal force at the base of
29.270,20 kN, which corresponded to 94,86 % of the seismic weight of the structure. In
contrast, the models founded on soil types B and C experienced their first failure at significantly
lower horizontal forces of 19.422,13 kN (62,94 % of the seismic weight) and 19.979,86 kN
(60,55 % of the seismic weight), respectively. This demonstrates that SSI has a pronounced
effect on the lateral capacity of the structure, with the impact being more significant for softer
soils (type C), where the interaction reduces the resistance of the structure to seismic forces.
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Figure 11. Final step of push-over analysis: a) Model 1, and b) Model 2/C [33]
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In all cases, the collapse in the final step of the analysis occurred in a beam on the first storey
(level +3,00 m). This demonstrates that the weak beam—strong column rule for capacity design
is respected. By ensuring that the beams vyield before the columns, the structure can better
dissipate energy and maintain its stability during seismic events. This design principle helps to
prevent catastrophic failures by localising the damage to the beams, thereby allowing the
columns to continue supporting the structure. Consequently, the overall safety and resilience
of the building are significantly enhanced. The obtained results are graphically shown in
Figures 12, 13 and 14. The nonlinear static analysis results clearly indicated the influence of
SSI on the seismic response of the models. Structures under softer soil conditions (soil type
C) exhibited a significantly lower base shear capacity and larger top displacements than those
under stiffer soil (soil type B) and fixed-base conditions (Model 1), as shown in the capacity
curves and displacement diagrams. The increased flexibility introduced by soil compliance led
to amplified inter-storey drifts and displacements, highlighting the detrimental effect of SSI on
structural performance. These results point to the critical importance of accounting for soil
conditions in seismic design, as neglecting SSI may lead to an underestimation of structural
demands, particularly for softer soil conditions.
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Figure 13. Storey displacements
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5.4 Nonlinear dynamic (time-history) analysis

Nonlinear dynamic analysis is performed using records of actual earthquake events (time
histories) or, in specific cases, artificially generated events where the intensity of the ground
motion is applied to a structural model. The purpose is to calculate the deformations of each
element of the structural system for every degree of freedom [42-46].

A nonlinear dynamic analysis of an earthquake record from El Centro was conducted using
Models 1, 2/B, and 2/C. According to the hypothetical location of the structure, for the maximum
expected earthquake, the maximum acceleration was 0,32 g (Figure 15). The ground motion
was scaled to obtain the maximum acceleration of 0,32 g. No additional modifications were
made to the ground motion record, because the kinematic SSI effects were incorporated
through the inclusion of spring elements in the models. The stiffness of these springs was
adjusted using correction factors to account for kinematic SSI effects.
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Figure 15. El Centro acceleration time-history data [33]
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Following the analysis, the focus of the result processing was on the deformations, specifically
the displacements of the top of the structure. In general, from the time histories of the
displacements, nonlinear behaviour was evident in the models, along with differences in the
maximum values at different time intervals. This variation arose from the dynamic
characteristics of the structural models, which depended on the type of soil medium.

The analysis of the deformations indicated that the maximum displacements during the
maximum earthquake exceeded the criterion of H/600 (where H represents the total height of
the structure) according to linear analysis as per the national code [33]; however, there was
no failure in the structural members.

From the results of the distribution of the plastic hinges at the end of the analysis, it could be
observed that the yield limit was exceeded in almost all structural elements; however, all
remained in the zone of initial nonlinearity (Figure 16).

The displacements at the top of the structure were the smallest for the model with a fixed base,
amounting to 9,72 cm. In this case, it should be noted that at the end of the analysis, a large
number of elements remained in the elastic zone, that is, the yield limit was not exceeded.

(a) (b) (c)
Figure 16. Plastic hinge distribution at the end of the analysis — El Centro 0,32 g:
a) Model 1, b) Model 2/B, and c) Model 2/C

For Models 2/B and 2/C, the maximum displacements at the top were 10,84 and 12,69 cm,
respectively (Figure 17).
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Figure 17. Time histories of top displacements
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6 Conclusions

To assess the impact of SSI, including kinematic effects, mathematical models of an RC frame
were developed following American standards and guidelines for representing soil conditions.
The RC frame structure investigated in this study consisted of 6 storeys within plan and
elevation regularity. Nonlinear static and dynamic analyses were performed on Model 1, Model
2/B, and Model 2/C by use of CSI ETABS computer software. Initially, following American
guidelines, the stiffness properties of springs representing Eurocode 8 soil types B and C were
determined. Subsequently, nonlinearities were applied to Models 1, 2/B, and 2/C. Material
nonlinearity was expressed through the nonlinear behaviour of the steel and concrete, whereas
geometrical nonlinearity was incorporated by defining and applying plastic hinges at each end
of the beams and at the base and top of each column. The following conclusions were drawn
from the nonlinear static push-over analysis:

o When the structure was founded on stiffer soil, almost identical distributions and levels
of deformation for the plastic hinges occurred in the model that accounted for SSI
effects, as in the fixed-base model. The difference lay in the intensity of the force at
each subsequent level of deformation, which was lower when the local soil conditions
were incorporated.

o In the case of softer soil, a uniform distribution of deformations in the structural
elements occurred, which was most evident at the base of the ground-floor columns in
the final phases of the analysis.

o The inclusion of local soil conditions significantly reduced the capacity of the structures.

o Translational displacements at the foundation level were observed by simulating the
local soil conditions, proving that the soil serves as a form of base isolation that
dissipates a portion of the seismic force.

o The maximum displacement at the top under an almost identical maximum horizontal
force was 3,70% greater in the model founded on soil type B than in the fixed-base
model, and 20,58% greater in the model based on soil type C than in the fixed-base
model.

o Noticeable inter-storey drifts were observed for the model founded on soil type C.

o The results indicate that the first failure occurred at significantly lower base shear
values for models in which local soil conditions were included in the analysis compared
with the fixed-base model.

o The interaction was more pronounced in the case of softer soils (type C), where it
notably reduced the ability of the structure to withstand lateral forces, making the
structure more vulnerable to seismic events.

o The influence of SSI was less significant in stiffer soils (type B), where the structure
retained a higher lateral capacity.

The nonlinear dynamic analysis led to the following conclusions:

o Including the local soil conditions altered the dynamic characteristics of the structures
and influenced their behaviour during earthquakes.

o Unfavourable soil conditions led to the amplification of seismic forces, resulting in larger
deformations.

o For the maximum expected earthquake, the yield limit was exceeded in almost all
structural elements when the local soil conditions were incorporated, placing them in
the zone of initial nonlinearity.

o The maximum displacements at the top of the structure exceed the prescribed value
according to national regulations (H/600). However, deep nonlinearity or failure did not
occur in any of the structural elements.

o Under the action of an earthquake of the same intensity, the maximum displacement
at the top of the model founded on soil type B was 11,52 % greater than that in the
fixed-base model, and for the model founded on soil type C, it was 30,55 % greater
than the top displacement in the fixed-base model.
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Based on the research and analyses conducted in this study, it is clear that a more detailed
and comprehensive approach to SSl is necessary. In addition, the kinematic effects between
soil and structures must be considered. Observations show that structures undergo different
behaviours during earthquakes, even on favourable soils, compared with their responses when
modelled with a fixed base. Hence, including local soil conditions in structural analysis is
crucial, even for favourable soils, primarily because of kinematic interaction effects. This
requirement differs from most standards, which usually require modelling local soil conditions
only when weak-bearing soils are present.

Accounting for local soil conditions is crucial not only to capture variations in seismic force
intensity but also, more importantly, to reflect the overall deformations the structure undergoes
under these altered forces. Such deformations would not be properly represented if the
structure was analysed with a fixed base.

This study, however, was limited to a specific structural type, seismic hazard, and soil
properties, characterized by the shear modulus (G) and shear wave velocity (Vs). Therefore, it
does not offer a comprehensive assessment of soil types B and C. Future research should
examine different structural systems, including those with irregularities in plan and elevation.
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