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Abstract: This paper presents new research in the field of nonlinear static seismic analysis and
the N2 method for soil-structure systems. The rationale for this study stems from the inclusion of
soil-structure systems in simplified displacement-based design methods. The conducted research
comprises three parts, including original experimental investigations, the development of numerical
models and the validation of results. A new methodology is presented that provides a step-by-step
procedure for the implementation of the N2 method on soil-structure systems. Results of a dynamic
shake-table test on a simplified scaled structural model founded on compacted dry sand are pre-
sented, and a numerical model of the experiment is developed and calibrated with the inclusion
of soil-structure interaction effects. This indicates one main significance of this paper, which is the
variation between the experimental and the analytical model and how they can be compared. Lastly,
a case study was conducted on a numerical model of a 3D steel building. The building was analysed
using pushover analysis for a fixed base-case and by considering soil-structure interaction effects.
The results of both observed cases were mutually compared and further examined by validating
them with nonlinear dynamic analyses. A comparison was conducted considering the inter-story
drifts, calculated according to the N2 method and time-history analyses. The results show good
agreement when the N2 method is used for buildings on compliant soils. Overall, it was observed
that a decrease in the inter-story drifts appears at ground level of the building. This research also
provides a framework for future research in the examined field, for instance, on different types of
buildings, building typologies and irregularities of the structural system.

Keywords: N2 method; SSI; performance based design; 3D steel frame; experiment

1. Introduction

In engineering practice, it is common to design buildings assuming that the structures
are fixed to a nondeformable base. Although this simplification speeds up the design
process, it is well known that the dynamic response of a structure supported on flexible soil
may differ significantly from the response of the same structure when supported on a rigid
base [1]. Buildings on flexible bases have longer periods of vibration [2] and changed damp-
ing, which all can lead to changes in the value of seismic forces and overall response [3].
Therefore, soil–structure interaction (SSI) defines the dynamic interaction problem among
the structural systems through the soil-ground. Theoretically, only a rock-founded structure,
i.e., one with foundation soil of category A according to Eurocode 8 [4], can be considered
as fixed base.

The structural design practice also leans towards the use of simplified methods for
the design of structures for earthquake resistance, since they are computationally less
demanding and require a smaller set of modelling parameters. Moreover, the development
of performance-based earthquake engineering (PBEE) procedures in recent decades has
led to the quantification of performance measures that are useful for decision-makers,
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which in turn prompted the development of displacement-based design (DBD) methods. In
Europe, the N2 method [5,6] is most used, since it is also included in Eurocode 8 and can be
employed on almost any type of building [5,7–10]. It was initially developed for uncoupled
systems, meaning that fixed-base conditions were assumed at the interface of the building
with the foundation soil. The method was later extended to also include buildings with
base-isolation [11–14], where the researchers concluded that the coupled system should be
modelled as an equivalent linear elastic structure with an effective period and equivalent
viscous damping. The damping in this case depends not only on the dissipation of energy
in the base-isolation layer but also on the damping of the building itself.

It should be pointed out that the N2 method determines the building’s performance
point based on its capacity curve, which is obtained by means of a nonlinear static analysis
(pushover analysis). This analysis is useful for assessing inelastic strength and deformation
demands in the structure, and for exposing design weaknesses. Furthermore, it facilitates
the design engineer’s ability to recognise important seismic response quantities and to use
engineering judgement to alter suitably the force and deformation demands and capacities
that control the seismic response close to failure [5,7]. Since the pushover analysis is
approximate, it does not directly account for the dynamic characteristics of the building.
For instance, hysteretic behaviour is not considered, and lumped plasticity models require
different sets of parameters that are not always easy to assess. Moreover, it was suggested
that the use of the pushover analysis should be limited solely to structures with short and
medium periods of vibration [5,15], paying special attention to the vertical distribution of
lateral forces [5,7,16–23].

In terms of SSI, the first theoretical concepts for modelling this behaviour date back
to the late 19th century, when the Winkler model was conceived [24], which can be easily
implemented in numerical models using specially designed springs. This model has
undergone various forms of idealization, yet it is still commonly used today [25–29]. After
the finite element method was introduced in the 1960s [30], the idea of soil modelling as
a continuum was developed, and various comprehensive soil models were then defined:
linear elastic model, Mohr’s elastic perfectly plastic model, nonlinear elastic model, i.e.,
(Duncan Chang model), etc. [31]. It should be pointed out that in many cases within SSI,
the soil nonlinearity is influenced by soil liquefaction [32]. In these cases, a probabilistic
approach based on fragility curves to consider the role of SSI in the assessment of structural
and infrastructural seismic behaviours should be adopted [33–35].

The aim of this research is to extend the applicability of the N2 method to also include
SSI, since buildings erected on the soil surface are also subjected to the phenomenon of
wave propagation in a coupled system. Due to the complexity of the topic at hand, the soil
liquefaction effects are not considered in this study.

Although the problem of SSI implementation in the N2 method has not been fully
investigated and defined, there are certain studies on this topic [36–39]. Researchers [36,38–40]
suggest improving the N2 method into the so-called N2-SSI method, which takes into
account the influence of the nonlinear response of the soil. Validation of this method
was proven by comparison with nonlinear dynamic time history analysis in time [37,40].
Similarly, for the standard N2 method, the following data is required: the seismic demand
on the structure, the capacity of the structure and the target displacement. Existing research
suggests taking into account the subsoil flexibility in the N2 method, but it is based on
numerical and analytical calculations and requires verification with experimental research.

The research presented in this paper introduces a new methodology for applying the
N2 method to soil-structure systems. In the first part, results of experimental research
consisting of dynamic shake-table tests on a simplified, scaled structural model founded
on compacted dry sand are presented. Based on these results, a numerical model for
soil behaviour from existing literature was selected and calibrated. In the second part
of the paper, a numerical case study on an inelastic 3D model of a steel building was
conducted. The examined building was analysed utilising a nonlinear static (pushover)
analysis for two distinct cases. In the first case, nondeformable soil conditions were consid-
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ered (fixed-base case). In the second case, the soil model from the first part of the research
was applied to the case-study building and analysed (SSI case). The results of both models
were compared in terms of inter-story drifts that were calculated by two methods. Firstly,
the N2 method was used and, secondly, a nonlinear time-history analysis was conducted
to critically assess the accuracy of the N2 method for the SSI case. In the final part of the
paper, a step-by-step procedure for the implementation of the N2 method on soil-structure
systems is presented.

2. Development of Simplified SSI Numerical Models via Experimental Research
2.1. Existing Experimental Research in the Field of Soil Structure Interaction

Experimental research is commonly used in academia to validate and calibrate design
ideas. Table 1 shows examples of experiments conducted for the purpose of investigating
the effects of soil-structure interaction. It is possible to see how certain types of experiments
are used: (i) centrifuge tests, (ii) shaking table tests and (iii) in situ and laboratory pull/push
tests of the structure.

Table 1. An overview with a description of the experiments carried out with the aim of research in
the field of interaction between soil and structures.

Research Group. Experiment Examined Model Structure

Pender et al., 2013 [41] Leaning and rocking of
shallow foundations

Pulling of a steel structure
with a shallow foundation on

a cohesive compacted soil

Biondi et al., 2015 [42]

Influence of frequency and
amplitude of the input motion on

the coupled and/or uncoupled
response of the tested

soil-structure system and the
effect of soil nonlinear behaviour

One-story steel frame
characterised by a
longitudinal frame

Lim et al., 2017 [43]

Seismic behaviour of the structure
in both directions, including the
effect of interaction between the

soil and the structure

Frame spatial construction on
shallow foundations in a tank

with wet sand on a
shaking table

Panagiotis et al., 2017 [44] Verification of
soil-structure interaction

2D frame with foundations in
storage with dry sand in a

geotechnical centrifuge

Goktepe et al., 2019 [45]

Determining an appropriate
scaling factor for soil-structure

models on small
seismic platforms

3D structure model founded
on foundation plate

Kumar et al., 2019 [46]
The influence of structure

characteristics of the interaction
between the soil and the structure

3D structure models tested on
the foundation slab/single

foundations/foundation strips

Ahn et al., 2021 [47] Comparison of P-y curves of
SDOF and MDOF systems

MDOF and SDOF models of
the structure on piles in a

container with dry sand on a
shaking table

Using the information and suggestions from the research conducted previously by
other authors, experimental research was designed and conducted as described in the
following chapters.

2.2. Model Structure and Soil Deposition

The variations in mass, stiffness and strength, and the structural system used are
important parameters in seismic engineering. In the study at hand, a simplified structural
model was defined based on results from previous research by the authors that are given
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in [48] but also in the doctoral thesis of the first author [49]. In this study, the procedure
for including nonlinear behaviour in the foundation soil in the numerical model was
demonstrated. Further research is ongoing.

Dynamic tests were carried out on a reduced-scale model with different foundation
conditions (Figure 1). The model geometry was based on experimental research of a similar
character and scale [50–52], and it represents a scaled-down, simplified model of a frame
that can be found in a real-size building studied in [12]. A scale model of a one-story
steel frame consisting of two columns connected by a rigid foundation and a rigid beam
was used. The clear span of the frame bay was equal to 160 mm, while the total length
of the frame, including foundations, was 250 mm. The height of the frame, including its
foundations and the rigid beam, was 267.5 mm. Mild structural steel of grade S275JR
was used for all structural parts of the model. The columns were created with steel sheets
20 mm wide and 2 mm thick and were welded with full penetration welds at the foundation
base to a rectangular steel pipe with cross-sectional dimensions of 60/40/5 mm and at
the top to a rigid beam, which was created by joining 10 steel plates 65 mm wide and
6 mm thick. The scale model had a total mass of 8.68 kg, the majority of which was
concentrated in the rigid beam. The first period of vibration was equal to T1 = 0.48 s
(translation in the out-of-plane direction), and the second period of vibration was equal to
T2 = 0.19 s (torsional). The modal response was measured with accelerometers measuring
the free oscillations of the model after the model was manually induced with a hammer.
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Figure 1. (a) Physical experimental model, (b) sand container.

The model was excited by a time-varying sinusoidal waveform (sine sweep function),
which is presented in Figure 2c in the out-of-plane direction to determine its fundamental
frequency. The model structure was tested for two support cases. First, the tested model
was attached directly to the shaking table platform (Figure 2a). Second, the examined
model was placed on a layer of compacted sand (Figure 2b) embedded in sand container
(Figure 2d marked number 1) The measured experimental data were later used for the
calibration of the numerical models, specifically for the parameters regarding SSI.

The River Drava sand used in this experiment represents uniformly graded sand.
The mean grain size diameter (D50) is approximately 0.28 mm, and the effective grain
diameter (D10) is 0.18 mm. The coefficient of curvature, Cu, is approximately 1.67. The
minimum void ratio (emin) and maximum void ratio (emax) of the tested sand are 0.627 and
0.951, respectively. The friction angle was measured to be 33.75◦. Completely dry sand was
embedded in 5-cm-thick layers. After the installation of each layer, the seismic platform was
activated in order to compact the sand layers. The mass of sand for each placed layer was
determined by weighing before installation in the container, and the volume of installed
sand was determined after compacting. The mass and volume measured in this way were
used to determine the density of 1510 kg/m3.
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Figure 2. Physical model tested as fixed at the base (a), and founded on the sand bed (b), excitation
function (c) and testing setup (d).

2.3. Test Setup

A large number of measuring instruments were used for the purpose of testing. Ac-
celerometers were placed on top of the structure model, on the foundation and on the
shaking table. Accelerometers were used to obtain shear wave velocity in sand and to
determine the period of vibration of the model before the dynamic test was conducted. The
accelerometers had a sensitivity of 4.91 mV/g. Displacements were measured with two
optical measuring systems. The first system (marked with number 4 in Figure 2d) was used
to measure displacements of the structural model, and the other for measuring the displace-
ment of the soil model (marked with number 3 in Figure 2d). The dynamic response of the
structure model was recorded by an optical 3D displacement and deformation measurement
system GOM Aramis and Pontos with frequency recording up to 160 fps in full resolution.
The measuring volume covered by the system is 2000 mm × 1000 mm × 500 mm. Soil dis-
placement was measured using a GOM Aramis 12 M noncontact optical 3D displacement
and deformation measurement system with 12 mm focal length lenses and a speed of
3 images per second.

Dynamic tests were carried out by applying dynamic ground excitation via the
Quanser ST-III earthquake platform (marked with number 2 in Figure 2d), which has
dimensions of 70 cm × 70 cm and the possibility of a maximum acceleration of 1 g in both
directions with a maximum load of 120 kg.
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2.4. Numerical Models

Experimental results from the experiment presented in the previous chapter were used
to develop, calibrate and validate numerical models used for realistic shallow foundation
structures founded on compliant soils. This research is a continuation of the research [48]
that the authors conducted earlier using data from TRISEE experimental research [53,54]
conducted in Italy.

The SAP2000 [55] software was used to create numerical models. This software was
chosen because it enables effective numerical modelling of the nonlinear behaviour of the
structure and is also effective in modelling the effects of soil-structure interaction under
seismic loading [43,56–58].

Soil modelling is a very complex task since the soil is not an engineered material, and
a quantitative description of its mechanical and chemical interactions requires a large set
of stochastic parameters. Numerous geotechnical computer programmes and modelling
approaches provide very realistic assessments of soil behaviour [45,59,60], but they require
relatively large sets of input data and often complex and time-consuming numerical cal-
culations. Taking this into account and aiming to keep soil models as simple as possible,
the Winkler soil model [61] was chosen, which simulates soil behaviour using springs. The
authors used nonlinear springs following the principles described in the following chapter.

To create a Winkler soil model, it is initially necessary to define the stiffness of the
soil. A study [62] was conducted to decide on the selection of a model to be used in
further research. Based on the aforementioned study, the soil model proposed in [63] was
selected, where expressions for the calculation of the stiffness of translational and rotational
springs were given. These expressions were also studied by Brandis et al. [48], where
good agreement between the numerical calculation results and the experimentally obtained
results was observed. Further research on the models tested with dynamic loads replaced
the springs’ stiffness calculation according to Pais and Kauesl [64], which is very similar
to the expressions used earlier [63] but also provides expressions for adjusting stiffness
for dynamic loads and buried foundations. Expression (1)–(3) describe the stiffness of the
underlying soil under the foundation, while Expression (4)–(6) refer to the adjustment of
stiffness in the case of an embedded foundation [63]:

kz,sur =
GB

1 − ν

[
3.1
(

L
B

)0.75
+ 1.6

]
(1)

ky,sur =
GB

2 − ν

[
6.8
(

L
B

)0.65
+ 0.8

(
L
B

)
+ 1.6

]
(2)

kx,sur =
GB

2 − ν

[
6.8
(

L
B

)0.65
+ 2.4

]
(3)

ηz =

[
1.0 +

(
0.25 +

0.25
L/B

)(
D
B

)0.8
]

(4)

ηy =

[
1.0 +

(
0.33 +

1.34
1 + L/B

)(
D
B

)0.8
]

(5)

ηx ≈ ηy (6)

The symbols in Equations (1)–(6) indicate: kz,sur is the soil stiffness in the vertical
z direction, ky,sur is the soil stiffness in the horizontal y direction, kx,sur is the soil stiffness
in the horizontal x direction, G is the shear modulus, B represents half the width of the
foundation, L represents half the length of the foundation, D is the depth of the lower
surface of the foundation, ν is the Poisson’s ratio. The positions of the foundation coordinate
system and the geometric characteristics of the foundation are shown in Figure 3.
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Nonlinear link elements in the computer programme SAP2000 [55] were used to model
soil behaviour in the vertical direction. These elements require information regarding the
stiffness, force-displacement relationship and type of hysteretic behaviour of the soil.
The force-displacement curve was adopted according to the recommendation given by
Rees and Van Imp [65], which is primarily defined for modelling the soil around the piles.
The curve describing the behaviour of the soil is shown in Figure 4a, and the following
expressions were used to calculate the points at which a change in stiffness occurs [65,66]:

pult = As·ps (7)

pm = Bs·ps (8)

p = kpy·z·yk (9)

pst = γ·z·
[

k0·z tanϕ sinβ

tan(β − ϕ)·cosα
+

tanβ

tan(β − ϕ)
·(b + z·tanβ·tanα) + k0·z·tanβ·(tanϕ·sinβ − tanα)− kα·b

]
(10)
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The symbols in Equations (7)–(10) indicate: b is the foundation width, z is the foun-
dation depth, γ is the specific weight of the soil and ϕ is the internal friction angle of
the soil.

All other parameters, such as α, β, k0, ka, are determined using existing soil information [66],
while the quantities (As), (Bs) are read from the diagram given in [66] as well as k_py which
is read depending on the type and compaction of the soil [65].
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To describe the hysteretic behaviour of the soil, Takeda’s model [67] was chosen.
Takeda’s model was primarily developed for modelling the response of reinforced concrete
structures, but it can also be used for nonlinear soil modelling [68].

To model the behaviour of the soil in the horizontal direction, the bilinear elastic link
elements were used, where the friction force Ffr on the contact surface between the foun-
dation and the soil was used as the limit value of proportionality (Figure 4b). The friction
force was calculated as the product of the total weight of the model and the coefficient of
friction. The value of the coefficient of friction was determined by calculation from the
experimentally obtained angle of internal friction of sand and it was equal to µ = 0.50.

Given that the physical model was relatively small, its numerical model needed to
be created on an enlarged scale (10:1). As all the soil models were developed for real-size
structures, it is not possible to implement them directly in the case of the scale model.
Therefore, for the purpose of numerical modelling, a scaled version of the experimental
model was considered by applying scaling coefficients as suggested in [45,59,69]. Table 2
gives the expressions and scaling coefficients. A scaling factor of λ = 10 was chosen, so that
the final dimensions of the enlarged model would more realistically reflect the dimensions
of the real buildings.

Table 2. Considered scaling coefficients.

Properties Scaling Coefficient
(Experiment/Numerical Model)

Scaled Value
(Experiment/Numerical Model)

Acceleration (a) 1 1

Density (ρ) 1 1

Dimensions and displacement (L) λ 10

Time (t) λ1/2 3.162

Frequency (f) λ−1/2 0.316

Shear wave velocity (vs) λ1/2 3.162

Elasticity modulus (E) λ 10

Structural members were modelled with 3D finite beam elements, considering their
cross-sectional (Table 3) and material properties. For the rigid beam, a rectangular solid
steel element was used. To realistically describe the behaviour of the columns that were
fixed to the beam elements at their ends, the “offset end” function was used.

Table 3. Numerical model dimensions.

Element Cross-Section Dimensions (mm)

Foundation strip 400/600/50

Columns 200/17.2

Beam 650/600

2.5. Comparison of Experimental and Numerical Results

Firstly, the results of the modal analysis were compared. For the fixed-based numerical
model, two predominant vibration modes were observed: the first was in the direction per-
pendicular to the plane of the model (T1 = 1.51 s), and the second was torsional (T2 = 0.61 s).
The measured values of the periods of vibration of the experimental fixed-base model that
were scaled considering the scaling coefficient were T1 = 1.52 s and T2 = 0.60 s. Moreover,
by observing the free vibrations of the model after the dynamic load test, the damping of
the fixed-base physical model was measured and calculated at 0.66%, which was also used
in the numerical model.
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Damping was determined from the free oscillations measured after the sine sweep
excitation had stopped. The record is first smoothed, and then Expression 11 [70] is used.

ξ =
1

2π j
ln

ui
ui+j

(11)

If Expression (11) is observed, j is the number of waves between the observed chosen
points of free oscillations, ui is the displacement at the beginning of the observation and
ui+j is the displacement at the end.

Secondly, a time-history analysis was conducted on the fixed-base numerical model
with the sine sweep function as the input. Figure 5a shows the lateral displacements of the
top beam. For comparison, the lateral displacements from the shake table test of the scaled
model subjected to the same time-history input are also presented. Additionally, the floor
response spectra are shown and compared in Figure 5b. In both comparisons shown in
Figure 5, good agreement between the experimental and numerical results is observed.
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Figure 5. Fixed-base results for sine sweep excitation: (a) displacement of the top beam and (b) floor spectra.

In the next phase, the numerical model of the structure was upgraded to include the
foundation and the soil model, by adding vertical links that were distributed along the
foundation at equal intervals, as shown in Figure 6a. The links were connected to the
foundation model via massless rigid cantilever finite elements (Figure 6a). The length
of rigid finite elements corresponded to half of the width of the foundation. To connect
the columns with the foundation beam and keep the realistic geometry of the model, an
additional massless rigid element was added at the bottom of the column.

The model amounted to a total of 21 vertical and 7 horizontal link elements calculated
using soil properties given in Table 4. The inelastic properties of the vertical links were
assigned in terms of the P-y curve (Figure 6b), and the vertical stiffness was equal to
kz = 82,288.7 kN/m.

To the horizontal links, a stiffness of ky = 277,745.6 kN/m was assigned, and the
limiting value of the friction force FTR, at which a change in stiffness occurs, was equal
to 7.58 kN. A kinematic hysteresis loop was considered for the energy dissipation of
horizontal links.

Two predominant periods of vibration of the model, equal to T1 = 1.51 s and T2 = 0.61 s
were observed. The measured values of the periods of vibration of the experimental SSI
model that were scaled considering the scaling coefficient were T1 = 1.54 s and T2 = 0.38 s.

Certain differences in the vibration period of the numerical and enlarged physical
models were evident, and the beam displacement results showed a satisfactory match. In
the case of the physical model SSI, a large change in the vibration period of the system was
observed during the test due to the changes created in the sand by compaction, which is
not possible to model and describe with a numerical model of this kind.

The numerical model of the soil-foundation-structure system was later excited by the
same time records as the fixed base model. The response of the experimentally tested and
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numerical model was compared by comparing the horizontal displacements of the top of
the beam (Figure 7a) and the floor spectra (Figure 7b).
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Figure 6. Numerical model of the SSI case (a) and force-displacement curve for the soil links (b).

Table 4. Soil properties for definition of P-y curve.

Properties Units Value

ϕ ◦ 33.75

g kN/m3 14.813

b m 0.40

z m 2.50

As - 1.00

Bs - 0.55

kpy MPa 16.30
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Figure 7. SSI model results for sine sweep excitation: (a) displacement of the top beam and (b) floor spectra.

A comparison of the displacements at the top of the beam during loading with the
time-history loading gives a satisfactory match, which is shown in Figure 7a. For the
numerical models, damping in the amount of 4.66% was used. The increase in damping
compared to the fixed-base physical model occurs due to the influence of dry sand under
the structure. The increase in damping was also observed by other researchers [39,71–73].
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The comparison between the numerical and scaled results of the experimental model
is shown in Table 5. In terms of the floor spectrum, they were compared for the first 11.3 s of
excitation. Up to this point in the dynamic loading, there has been no pronounced change in
the properties of the foundation soil, and it is possible to compare the floor spectra. For this
range, the numerical model shows good agreement with the physical model. Changes in
the underlying soil occur due to the displacements of the scaled model and vibrations from
the seismic platform, which cause additional soil compaction and consequently changes in
the soil’s dynamic properties over time. These changes cannot be properly accounted for
by the considered numerical model.

Table 5. Comparison between the scaled experimental results and numerical results.

Experiment Numerical Model Experiment/Num. Model [%]

Properties FB SSI FB SSI FB SSI

Max displacement (mm) 287 80 303 78 0.94 1.02

1st period of
vibration (s) 1.52 1.54 1.51 1.51 0.67 1.99

2nd period of
vibration (s) 0.60 0.38 0.61 0.61 0.98 0.62

3. Proposed Step by Step Procedure for Conducting the N2 Method with SSI

This chapter provides a proposal for the implementation of soil-structure interaction
effects into the N2 method. An algorithm shows the necessary steps to include SSI effects
in the N2 method.

The advantage of the new application of the N2 method, compared to the conventional
N2 method, can be seen in the fact that the proposed extension allows insight not only
into the inelastic behaviour of the load-bearing elements of the structure, but also provides
insight into the behaviour of the foundation soil. It is also possible to obtain information on
the rotation of the foundation and the structure at different acceleration levels. The biggest
difference between the proposed new extension of the N2 method and its classical form
manifests in the numerical modelling of the structural system and its supporting system.
Initially, the N2 method was developed without consideration of the compliance of the soil
under the building’s foundations. For the purpose of implementing the new application of
the N2 method, it is necessary to design the foundations following the procedures from
Eurocode 7—Part 1 [74].

With all previous information considered, the following steps, also presented in
Figure 8, should be followed to implement the N2 method for soil-structure systems:

1. Calculation and design of the structure and its foundation. Calculation of soil stiffness,
force-deformation relationship and definition of the hysteresis model so that the
soil and foundation can be included in the numerical analysis. The stiffness can be
determined according to NIST [63], the force-deformation relationship as it is used
for the design of piles [65], and the hysteresis should be chosen to match the soil
hysteresis loop as closely as possible.

2. Creation of an inelastic numerical model with the addition of foundations.
3. Definition of the vertical distribution of the lateral loads based on the mode of vibra-

tion corresponding to the observed direction of the pushover analysis. The mass of
the foundation level should be included as an additional floor of the structure.

4. Pushover analysis to obtain the capacity curve in the force-displacement form for the
MDOF system.

5. Idealization of the capacity curve and transformation of the idealised capacity curve
into the acceleration-displacement form.

6. Definition of the required response spectrum using data from the foundation soil and
PGA with the appropriate return period. The spectrum defined in this way is given in
an acceleration-period format.

7. Transformation of the response spectrum into acceleration-displacement form.
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8. Definition of the inelastic response spectrum.
9. Determining the intersection point of the curves from steps 5 and 8, which indicates the

target displacement. If the intersection is located on the elastic branch of the capacity
curve, the elastic response spectrum can be used, while otherwise it is necessary to
use the inelastic response spectrum.

10. Transformation of the target displacement for the corresponding MDOF system.
11. Conducting the pushover analysis of the numerical model up to the value of the target

displacement for the purposes of designing or assessing structural damage.
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4. Nonlinear Static Analysis—Case Study with Soil-Structure Interaction
4.1. Examined Case Study Building

In the second part of the study, the seismic response of a 5-story steel building was in-
vestigated using 3D finite element numerical simulation. A fixed-base (FB) analysis as well
as soil–structural interaction (SSI) were considered in this research. The selected case study
building was designed in accordance with Eurocode 8—Part 1 for the FB case [75,76]. The
building consists of three moment-resisting frames with 9-m bay spans in the longitudinal
direction (X-direction) and braced frames with 9-m bay spans in the transverse direction
(Y-direction), where diagonal bracing was installed on the outermost frames (Figure 9). All
elements were composed of steel-grade S275JR. The structure was rock-founded, which
corresponds to soil category A according to Eurocode 8—Part 1 [4]. Peak ground accelera-
tion (PGA) used for building design was equal to 0.30 g. The design of the building was
created following EN Eurocodes.
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Figure 9. Analysed steel frame building.

The structure was initially designed for the gravity and wind loading scenarios. The
structure’s self-weight and the weight of the floor finishing, both equal to 2.00 kN/m2, were
considered in addition to an imposed load of 3.00 kN/m2. Discrete loads were assigned to
the joints in the form of concentrated forces. A seismic design was considered by using the
equivalent forces method. Furthermore, the adopted behaviour factor was 6.5 and refers to
multi-story moment frames for which high ductility is proposed. The participating seismic
mass of the building consisted of 100% permanent and 30% variable load. Numerical
models were created using the software SAP2000 v21.0.2 [55].

Material nonlinearity in accordance with Eurocode 8—Part 3 [77] was considered in
the form of lumped plasticity by employing plastic hinges at the endpoints of the columns
and beams. Plastic hinges were modelled with a trilinear moment-rotation relationship,
while the yield moment (My) and plastic moment (Mp) were determined for each section
separately and were manually assigned to the elements of the numerical model.

Table 6 shows the values of My and Mp, together with the corresponding yield rotation
θy and rotation at full plastification θp. It was determined that the axial force in the
columns does not affect the load capacity (N_Ed/N_cr < 4%), therefore, pure biaxial
bending was considered. The building was designed according to the principles of capacity
design. Therefore, the plastic hinges first appear in the beams, followed by plastic hinges
in the columns.

In diagonal bracing elements, the plastic hinges followed compressive and tensile
limits for axial tensile displacements ∆t and axial compressive displacements ∆c.

Rigid diaphragms were assigned to each floor of the structure, and in the centre of
gravity of each floor, additional nodes were added to which lateral forces for pushover
analysis were applied.

To study the effects of SSI on the numerical model of the building, RC foundation
strips were designed and added to the model. It was assumed that the building founda-
tion soil corresponded to the soil considered in the experimental campaign presented in
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Section 2. Therefore, the soil layer under the foundations was modelled using data from
Table 4. The foundations were designed following guidelines from Eurocode 7 [74] and
the Croatian National Annex [78], which imply the use of design approach number 3 from
Eurocode 7 [74]. The mass of each floor was 290 t, while the mass of the strip foundations
was 976 t.

Table 6. Plastic hinges properties.

Frames

Cross Section Floor My (kNm)/Mp (kNm) θy/θp

HEB 340 1, 2, 3, 4, and 5 593/662 0.004/0.026

HEB 450 1, 2, 3, 4, and 5 976/1095 0.003/0.019

IPE 500 1, 2, 3, 4, and 5 530/603 0.009/0.05

HEB 340 1, 2, 3, 4 and 5 178/271 0.007/0.039

HEB 450 1, 2, 3, 4 and 5 215/329 0.007/0.04

IPE 330 1, 2, 3, 4 and 5 196/221 0.013/0.08

Bracings

Cross section Floor +N(kN)/−N(kN) ∆t(mm)/∆c(mm)

80 × 80 × 5 mm 5 412.5/113.58 6.21/1.71

80 × 80 × 10 mm 3 and 4 770/189.74 6.21/1.53

80 × 80 × 14.2 mm 2 1027.68/231.38 6.21/1.39

95 × 95 × 14.2 mm 1 1262.1/406.12 6.21/1.99

The designed foundation strips were 1.50 m wide and 1.00 m deep. The strips formed
a foundation grid, connecting all columns in both the X and Y directions, respectively. The
soil was modelled using three link elements under each column. The properties of every
link are given separately in Tables 7 and 8 and Figure 10.

Table 7. Link elements—stiffness.

Link Location Stiffness (kN/m)

Vertical below the corner in the corner 432,494.9

Vertical below the column on the edge 648,742.3

Vertical below the column in the middle 864,989.7

Horizontal X direction 325,552.2

Horizontal Y direction 416,373.8

Table 8. Properties of horizontal link element.

Location Friction Force FTR (kN) Deformation ∆ (mm)

Horizontal X-direction 1404.2 3.37

Horizontal Y-direction 1404.2 4.31

The governing modes of vibration of the fixed-base model are T1 = 1.11 s (X-direction),
T2 = 0.53 s (Y-direction) and T3 = 0.41 s (torsional), while for the SSI numerical model the
governing modes of vibration are T1 = 1.13 s (X-direction), T2 = 0.57 s (Y-direction) and
T3 = 0.44 s (torsional).
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4.2. Pushover Analysis and Target Displacement Based on the N2 Method

The pushover analysis was conducted for both directions of the building, by consider-
ing the normalised horizontal displacements corresponding to the first mode of vibration
and the modal masses of each floor (Figure 11 and Table 9). The capacity curve for both
governing directions is presented in Figure 11.
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Table 9. Normalized values of lateral pushover forces.

Level
Fixed Base Case Soil Structure Interaction Case

X Direction Y Direction X Direction Y Direction

foundation - - 0.026 0.045

1st 0.18 0.19 0.19 0.19

2nd 0.45 0.41 0.46 0.41

3rd 0.70 0.65 0.70 0.64

4th 0.89 0.83 0.89 0.83

5th 1.00 1.00 1.00 1.00

In the same manner, the lateral forces for the SSI model were calculated and are shown
in Figure 11 and Table 9. For the SSI case, the capacity curves (Figure 12b) exhibit slightly
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lower stiffness, when compared to the fixed base case (Figure 12a). Moreover, a slightly
higher bearing capacity is also achieved due to the inclusion of the foundation and soil in
the calculation.
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The target displacement, also called the seismic demand displacement (dD), which
represents the displacement of the top floor in a seismic event, was determined by using
the N2 method. Two levels of the peak ground acceleration (PGA) were considered, namely
PGA = 0.215 g, for a return period of 475 years and PGA = 0.10 g, for a return period of
95 years.

The considered foundation soil is classified as category E in Eurocode 8—Part 1 [4].
Soils in this category are characterised by a pronounced change in stiffness with depth,
which can be classified into almost all soil models used in experimental research on the ef-
fects of soil-structure interaction [47,79–81]. Generally, experimental research on the effects
of soil-structure interaction carried out on seismic platforms consists of a soil container and
a soil model, in which case the soil model has significantly lower stiffness than the stiffness
of the suspended container [46,47].

The capacity curves obtained within the pushover analysis were originally given as
force-displacement ratios. Since the N2 method considers the inelastic spectrum in the
acceleration–displacement format, the ordinate of the capacity curve (the base-shear force)
needs to be divided by the value of the participating seismic mass of the structure. After the
capacity curve in the said format is defined, it is also necessary to define the corresponding
inelastic response spectrum based on Eurocode 8—Part 1 [4] in this format. From the
intersection of the capacity curve and the inelastic response spectrum, the dD can be
obtained, which is the result of the N2 method.

4.3. Comparison between the FB and SSI Models

By comparing the periods of vibration of the FB model and the SSI model, an increase
in the period of vibration of roughly 3% was observed for the models based on a flexible
support. The comparison of target displacements is shown in Table 10. An increase in the
target displacement of approximately 7% for the SSI model was observed.

Table 10. Target displacements at a PGA level of 0.10 g and 0.215 g.

Case Target Displacement at PGA = 0.10 g (cm) Target Displacement at PGA = 0.215 g (cm)

X-FB 6.50 14.00

Y-FB 4.50 9.60

X-SSI 6.70 15.00

Y-SSI 4.60 9.80
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The capacity curves are shown in Figure 13. It is possible to observe a slight difference
between the stiffness and the bearing capacity for both observed cases of supports. Fixed
base models have higher stiffness than models on the soil due to deformability of the soil
itself when subjecting the soil-structure system to lateral loading. It should be pointed out
that the apparent higher loadbearing capacity of the SSI model, stems from the coupled
system comprising of the superstructure and the foundation layer and not from the in-
crease in the capacity of the structure itself, since an additional lateral force is included at
foundation level.
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To further analyse the effects of SSI, a comparison of inter-story drifts was also con-
ducted. Although it can be concluded that the target displacement of the SSI model is larger,
this does not necessarily mean an increase in inter-story drifts, as the soil is also deformable
and contributes to the overall response of the structure. The values of the limit inter-story
drifts for the direction of the moment frame (X-direction) and the braced frame (Y-direction)
are shown in Table 11. The limit values of the story-drifts in the moment-resisting frames
were defined through the chord rotations of the columns, while in the braced frame the limit
elongation of the brace in tension was used to determine the limit value of the story drift. A
more detailed procedure and selection of threshold values are given in the literature [77,82].
According to the adopted Eurocode norm [77], limit inter-story drifts should be checked
for: (i) a seismic return period of 475 years, i.e., the limit state of significant damage (SD),
and (ii) the limit state of damage limitation (DL), which corresponds to a return period of
95 years.

Table 11. Limit values of inter-story drifts.

Limit State
Structure Type

Moment Resisting Frame Braced Frame

Significant damage (SD) 2.50% 1.50%

Damage limitation (DL) 0.70% 0.50%

Figure 14a,b show the inter-story drifts for the target displacement cases shown in
Table 10. More specifically, the inter-story drifts for the corresponding one of the two
considered PGA values are shown. It can be concluded that generally, the inter-story
drifts for the SSI models are larger than those of the FB models in the first story. Thus, for
SSI models, a reduction in the inter-story drifts was observed at the ground floor level,
while the middle floors mostly had either the same or greater inter-story drifts when
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compared to the FB model. It is important to note that none of the models resulted in
inter-story drifts greater than the limit values, but displacement changes should be taken
into account because it is not possible to conclude unambiguously whether including soil
in the calculation results in a reduction or increase in inter-story drifts.
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Figure 14. Inter-story drifts: (a) X-direction, (b) Y-direction.

In the observed case, the level of inter-story drift is lower on the ground floor for the
model if the flexibility of the foundation soil is considered, but the inter-story displacements
are greater by 10% for higher floors (Table 12). This is important to keep in mind when
designing buildings, especially when considering the impact on partition (masonry) walls
and installations.

Table 12. Comparison of inter-story drifts.

SSI/FB [%]

Direction X Y

Story PGA = 0.215 g PGA = 0.10 g PGA = 0.215 g PGA = 0.10 g

Foundation - - - -

1st 91 97 74 81

2nd 109 100 99 94

3rd 111 100 99 93

4th 106 99 106 92

5th 102 96 102 91

Moreover, a comparison based on the seismic return periods shown in Figure 15 was
also carried out for each calculated target displacement. By comparing the corresponding
pairs of data for the SSI and FB models for the same PGA, a trend in the increase in the
return period was observed for SSI models for the structure to reach a certain damage
grade. For some cases, this increase is less pronounced. Thus, in the case of the Y-direction
and the PGA = 0.215 g, the increase was approximately 1.5%, while in the X-direction and
the PGA = 0.215 g, the increase in the return period was approximately 30%.
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5. Nonlinear Time-History Analysis
5.1. Input Data and Selection of Ground-Motion Records

The validation of the results obtained by the pushover analysis was conducted by
means of nonlinear time-history analysis since it is well known that this type of analysis
gives the most accurate response estimation of a structure under seismic excitations [83].
This method can reproduce the inelastic dynamic behaviour of structures with a high
degree of accuracy and is, therefore, often implemented for validation purposes [84].

An important step in any time-history analysis is always the selection of input ground-
motion records. In general, time-history records of ground acceleration can be recorded dur-
ing real earthquake events or are artificially generated. Building codes impose the minimum
number of records that must be used during the calculation and provide criteria for compli-
ance of the records with the required seismic spectra. For example, Eurocode 8—Part 1 [4]
requires at least three records to assess the seismic response of the structure by means of
a time-history analysis. However, it is often the case in studies [85,86], that at least seven
records are considered necessary to minimise the dispersion of results. By using a larger
number of records, it is possible to interpret the average values of results, and not only
their maximum values.

The computer software REXEL [87] was used to select appropriate ground-motion
records. This software is publicly available and enables the selection of seismic records from
the European Strong Motion Database [88] that correspond to the defined elastic spectrum
in European building codes. Seven earthquake records were selected by considering the
site class and properties of the response spectra used for the N2 method. Each record was
later modified by using the computer software SYNTH [89], to match the characteristics
of the required response spectrum even more closely (Figure 16). In this way, a total of
14 ground-motion records were obtained, which were used during the nonlinear time-
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history calculation. All records were initially scaled to PGA = 0.215 g, which corresponds
to a seismic return period of 475 years. Additionally, the records were also scaled to
PGA = 0.10 g to correspond to a seismic return period of 95 years.
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Figure 16. Elastic demand spectrum and average spectrum according to REXEL and SYNTH
(TR = 475 yrs).

It can be seen from Figure 16 that the overlap of the average response spectra of
the REXEL and SYNTH records is in good agreement with the code-based elastic spec-
trum, especially in the areas of the periods of vibration related to the observed structure.
This is important because it significantly affects the response of the structure during the
numerical calculation.

Rayleigh type damping was assumed by considering the recommendations for steel
structures given by Satake and co-authors [90]. The considered damping values are pre-
sented in Table 13. Additionally, hysteretic damping was included in the inelastic response
of the plastic hinges, where the kinematic hysteresis loop was considered.

Table 13. Considered viscous Rayleigh damping values.

Mode
Period of Vibration (s)

Direction
Damping (%)

FB Model SSI Model FB Model SSI Model

1 1.114 1.126 X 1.40 1.44

2 0.526 0.567 Y 1.75 1.90

3 0.408 0.439 Torsion 2.31 2.51

4 0.347 0.351 X 3.05 3.30

5 0.198 0.200 Y 4.03 4.37

5.2. Analysis Results and Comparison with N2 Results

The validity of the applicability of the N2 method on the SSI model was checked by
comparing the results with the results of the nonlinear time-history analyses. Target dis-
placement was determined graphically, as it is shown for certain cases in Figure 17a for FB
and Figure 17b for SSI for a PGA value of 0.215 g. The graphical representation shows values
of target displacement for an equivalent single degree of freedom system (marked with *),
which need to be transformed to values for building using the transformation factor Γ.
Transformation factors are given in Table 14. The target displacement that was calculated
by the means of the N2 method in Section 4 is compared in Table 15 with the average value
of the largest peak displacement obtained by nonlinear dynamic analysis. Comparisons
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were made for both observed PGA values, which are shown in Table 15. By comparing
these values, it is possible to observe that the target displacement mostly exceeded the
lower PGA, while the displacements for the dynamic and N2 method analyses are very
similar for the higher PGA.
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Table 14. Values of transformation factors.

Case Γ

X FB 1.28

Y FB 1.33

X SSI 1.29

Y SSI 1.35

Table 15. Comparison of target displacements and average maximal displacements.

Direction Model PGA (g) Target Displacement, N2 Method (cm)
Average Value of Maximum Displacement (cm)

REXEL SYNTH

X
FB

0.215 14 13.67 15.23

0.10 6.5 7.68 8.57

SSI
0.215 15 14.04 15.77

0.10 6.7 7.42 8.04

Y
FB

0.215 9.6 10.00 9.26

0.10 4.5 5.31 4.83

SSI
0.215 9.8 9.16 8.31

0.10 4.6 4.40 4.02

Furthermore, inter-story drifts were also observed, which were compared with the
limit values defined by the Eurocode 8—Part 3 [77].

For PGA = 0.215 g, it is possible to observe a decrease in inter-story drifts for the SSI
model on the ground floor (Figure 18a), while in the case of higher floors, an increase in
inter-story drifts was observed. This trend is repeated for the results obtained by the N2
method and both dynamic analyses, but with slightly different values.
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Figure 18. Comparison of inter-story drifts for: (a) X-direction, PGA = 0.215 g and (b) X-direction,
PGA = 0.10 g.

For PGA = 0.10 g, a similar shape of inter-story drifts was obtained (Figure 18b),
implying more pronounced displacements of the second and third storeys and very small
drift values on the ground floor. In this case, it is not possible to discern the results of all
performed analyses in the same way because, for example, a slight decrease in the story
drift was observed for both dynamic analyses, while the results of the N2 method showed
an increase in the inter-story drift for the SSI model. Observing only these results, it is not
possible to conclude whether the inclusion of SSI diminishes or amplifies the seismic load.

For the braced frame (Figure 19), shear behaviour is expected in the case of lateral
loading. Therefore, a reduction in inter-story drifts at the ground floor level was observed
for SSI models at both PGA levels. Generally, the N2 method gives larger inter-story drifts,
when compared to time-history analyses of the FB model. For all storeys above the ground
floor, the dynamic analysis of the soil-structure system forecast a decrease in inter-story
drifts, while the results of the N2 method showed an increase in the drifts. The shape of the
story-drifts with respect to the height of the building is similar in all analysed models, with
more pronounced values of drifts in the higher storeys.
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Figure 19. Comparison of inter-story drifts for: (a) Y-direction, PGA = 0.215 g and (b) Y-direction,
PGA = 0.10 g.

6. Conclusions

The main goal of this research is to extend the applicability of the N2 method to
soil-structure systems. One of the advantages of the N2 method is that it can be used
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as a graphical method to obtain the target displacement for a selected PGA. The method
can be used when designing new buildings or for assessing the seismic performance of
existing buildings.

The main hypothesis of this research states that the application of N2 methods is
possible for soil-structure systems. It is built on the assumption that the soil can be seen as
a damper under the structure, which indicates a coupled system. It is assumed that the
coupled system oscillates predominantly in the first eigenmode, which is also the main
assumption of the N2 method. This assumption already made it possible to extend the
N2 method for the purposes of assessing the behaviour of buildings with base-isolation.
These assumptions led to the idea of using the N2 method for evaluating the behaviour of
soil-structure systems, which behave in a similar manner. The hypothesis was verified and
tested with the support of the results of experimental research conducted on scaled models
that were fixed into the ground or founded on compliant soil. Additionally, the experiments
have been supported by a numerical study on a 3D spatial model of a steel-framed building.

The new application of the N2 method requires the design and modelling of the
foundation as well as the modelling of the soil. For the numerical modelling of the soil, it is
necessary to use nonlinear springs, the definition of the force-displacement relationship
for the observed foundation, and the hysteric behaviour that includes the dissipation of
seismic energy in the soil.

The results obtained by this new application of the N2 method, validated by nonlinear
dynamic time-history analysis, show good agreement and prognosis when this method
is used for buildings on compliant soils. Overall, it was observed that a decrease in the
inter-story drifts appears at ground level of the building while the value of the inter-story
drift is kept the same or is larger at higher storeys of the building.

The new application of the method has two additional steps compared to classic N2
method: (i) design of foundations and (ii) definition of the soil numerical model. In order
to define the soil numerical model, it is necessary to know the geometry of the foundation,
density of the soil, shear modulus, hysteresis shape and poisons ratio.

Future work on this topic should focus on how different types of buildings and
building typologies, as well as irregularities in the structural systems, are affected by this
approach. The approach can be further developed to also include liquefaction effects and
the effects of SSI on the building collapse, as well as innovative approaches that, for instance,
consider structure–soil–structure dynamic interaction with multiple adjacent buildings in
dense urban areas.
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49. Brandis, A. Doprinos Nelinearnom Statičkom Potresnom Proračunu Plitko Temeljenih Zgrada Uzimanjem u Obzir Med̄udjelovanja tla i
Konstrukcije; Faculty of Civil Engineering, Josip Juraj Strossmayer University of Osijek: Osijek, Croatia, 2022.

50. Knappett, J.; Haigh, S.K.; Madabhushi, S.G. Mechanisms of failure for shallow foundations under earthquake loading. Soil Dyn.
Earthq. Eng. 2006, 26, 91–102. [CrossRef]

51. Anastasopoulos, I.; Kourkoulis, R.; Gelagoti, F.; Papadopoulos, E. Rocking response of SDOF systems on shallow improved sand:
An experimental study. Soil Dyn. Earthq. Eng. 2012, 40, 15–33. [CrossRef]

52. Lee, M.; Bae, K.-T.; Lee, I.-W.; Yoo, M. Cyclic py curves of monopiles in dense dry sand using centrifuge model tests. Appl. Sci.
2019, 9, 1641. [CrossRef]

53. Negro, P.; Paolucci, R.; Pedretti, S.; Faccioli, E. Large-scale soil-structure interaction experiments on sand under cyclic loading. In
Proceedings of the 12th World Conference on Earthquake Engineering, Auckland, New Zealand, 30 January 2000.

54. Paolucci, R.; Shirato, M.; Yilmaz, M. Seismic behaviour of shallow foundations: Shaking table experiments vs. numerical
modelling. Earthq. Eng. Struct. Dyn. 2008, 37, 577–595. [CrossRef]

55. CSI. SAP2000 Integrated Software for Structural Analysis and Design; Computers and Structures Inc.: Berkeley, CA, USA, 2013.
56. Nitish Kumar, S.; Praveen, J.V.; Raveesh, R.M. Study of Soil Structure Interaction Effect on Multi-Story RC Frame Structures

Resting Over Raft Foundation under Earthquake Caused Agitation. Int. J. Eng. Res. Technol. 2016, 5.
57. Petrovčič, S.; Kilar, V. Seismic retrofitting of historic masonry structures with the use of base isolation—Modeling and analysis

aspects. Int. J. Archit. Herit. 2017, 11, 229–246. [CrossRef]
58. Pitilakis, D.; Rovithis, E.; Anastasiadis, A.; Vratsikidis, A.; Manakou, M. Field evidence of SSI from full-scale structure testing. Soil

Dyn. Earthq. Eng. 2018, 112, 89–106. [CrossRef]
59. Pitilakis, D.; Dietz, M.; Wood, D.M.; Clouteau, D.; Modaressi, A. Numerical simulation of dynamic soil-structure interaction in

shaking table testing. Soil Dyn. Earthq. Eng. 2008, 28, 453–467. [CrossRef]
60. Al Heib, M.; Emeriault, F.; Nghiem, H.-L. On the use of 1g physical models for ground movements and soil-structure interaction

problems. J. Rock Mech. Geotech. Eng. 2020, 12, 197–211. [CrossRef]
61. FrÝBa, L. History of Winkler Foundation. Veh. Syst. Dyn. 1995, 24, 7–12. [CrossRef]

http://doi.org/10.1016/j.soildyn.2020.106108
http://doi.org/10.1016/j.soildyn.2020.106487
http://doi.org/10.3390/app11136117
http://doi.org/10.1080/19648189.2014.917056
http://doi.org/10.1002/eqe.300
http://doi.org/10.1080/19648189.2016.1185970
http://doi.org/10.1007/s10518-014-9696-8
http://doi.org/10.1016/j.soildyn.2017.09.005
http://doi.org/10.1016/j.soildyn.2019.01.016
http://doi.org/10.1007/s42107-018-00114-w
http://doi.org/10.3390/su13094995
http://doi.org/10.3390/app11094219
http://doi.org/10.1016/j.soildyn.2004.11.021
http://doi.org/10.1016/j.soildyn.2012.04.006
http://doi.org/10.3390/app9081641
http://doi.org/10.1002/eqe.773
http://doi.org/10.1080/15583058.2016.1190881
http://doi.org/10.1016/j.soildyn.2018.04.024
http://doi.org/10.1016/j.soildyn.2007.07.011
http://doi.org/10.1016/j.jrmge.2019.07.006
http://doi.org/10.1080/00423119508969611


Buildings 2022, 12, 2014 26 of 26
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