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ARTICLE INFO ABSTRACT
Keywords: Seismic vulnerability and loss analyses of buildings are usually estimated under the fixed-based condition,
Seismic performance omitting the soil-structure interaction (SSI) effects. However, according to the literature and the seismic damage

Loss assessment
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due to past events, mid-to high-rise buildings located on soft soils can present a worse seismic performance. This
manuscript aims to investigate whether the SSI effects affect the seismic performance and the losses of reinforced
concrete (RC) buildings. To do so, a real 5-storey RC building has been selected as the case study. It was built
prior to restrictive Spanish seismic codes. The building was constructed over soft alluvial strata and it has a
shallow foundation. The area is characterised by a moderate seismic hazard. Nonlinear static analysis (NLSA) and
incremental dynamic analysis (IDA) have been performed to assess the seismic behaviour and the losses expected
of the case study building. The calculations have been done in the OpenSees finite-element framework. The direct
method has been used to model the SSI. The results have been obtained for the fixed-base and for the SSI models.
The numerical outcomes have shown the remarkable effect of the SSI on the fragility and on the performance of
these structures. It has been observed that the severe damage expected can be worsened by up to 38% if SSI is
taken into account. Additionally, the soft-storey mechanism at the ground floor concentrates all the damage
expected, showing that this is the most seismic vulnerable part of the building (owing to higher interstorey-drift
ratios and peak floor acceleration values). The losses expected derived for structural and non-structural com-
ponents have been 140% higher if the SSI is considered.

modelling approaches, the most common are the Beam on Nonlinear
Winker method (BNWM) and the direct modelling of the soil. The
BNWM allows bearing in mind the SSI by means of nonlinear springs.
This method is usually implemented in seismic vulnerability analyses
(Asadi-Ghoozhdi et al., 2022; Rajeev and Tesfamariam, 2012; Kamal
et al., 2022). This is a simple procedure, which requires the greatest
effort on the calibration of the springs. In (Behnamfar and Banizadeh,
2016), dynamic analyses were performed by using 10 earthquake re-
cords for different reinforced concrete (RC) building and for different
soil types. The SSI was modelled following the BNWM method, obtain-
ing that the seismic vulnerability is increased on soft soils. In (Nguyen
and Shin, 2021), an idealised RC structure was subjected to 20 ground
motions, modelling the soil with springs and dashpots. The mass and the
moment of inertia of the footing were lumped at the bottom of the
columns. The results indicated that a higher shear wave velocity (V;) of
the soil leads to a higher ductility capacity. This means that the more
rigid the soil is, the more deformation capacity the building has. Despite
being widely used in seismic analyses, the BNWM method leads to

1. Introduction

The soil-structure interaction (SSI) effects have been traditionally
considered to be beneficial in the seismic response of buildings (Anand
and Satish Kumar, 2018). Hence, a major part of the seismic vulnera-
bility analyses of buildings is usually done under the fixed-based (FB)
condition, omitting the SSI. Nevertheless, according to the literature and
to the seismic damage due to past events, mid-to high-rise buildings
located on soft soils can present a worse seismic performance. This
points out the detrimental effects of the SSI. In fact, as shown in
(Requena-Garcia-Cruz et al., 2022a), in such cases, the maximum ca-
pacity of the models can be reduced by up to 15% if the SSI is considered.
In (Asadi-Ghoozhdi et al., 2022), lower values of the safety factor of
foundations lead to a considerable decrease in the structural behaviour,
meaning that a softer soil can produce a worse behaviour of the building.

The SSI effects can be taken into account by modifying the stiffness
and the behaviour of the system at its base. Among all the possible
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List of abbreviations

Parameters

Vs Shear wave velocity

Oum Ultimate chord rotation

Oy Yielding chord rotation

Ngpe Number of standard penetration tests
| Basal shear

Wiot Total weight of the building

diop Rooftop displacement

Hiot Total height of the building

Sa Spectral acceleration

Miscellaneous

SSI Soil-structure interaction

FB Fixed-based

CS Considering the SSI

BNWM Beam on Nonlinear Winker method
RC Reinforced concrete

Type of analyses

NLSA Nonlinear static analysis

IDA Incremental dynamic analysis

PBEE Performance-based earthquake engineering
PEER Pacific Earthquake Engineering Research Centre
NRHA  Nonlinear time storey analysis

EDP Engineering demand parameter

IM Intensity measure

IDR Interstorey drift ratio

PFA Peak floor acceleration

PSHA Probabilistic seismic hazard analysis

PGA Peak ground acceleration

GM Ground motion

CDR Capacity/demand ratio

LS Limit state

DL Damage limitation

SD Severe damage

NC Near collapse

certain assumptions. Such is the case of the impossibility of considering
deeper layers of soils rather than the superficial ones or the specific
modelling of the foundation and its stiffness (modelled as concentrated
at the base of RC frames).

Contrariwise, the direct method enables obtaining more realistic
results since the complete SSI system (foundation and soil) is modelled
as solid elements instead of springs. Furthermore, it is possible to model
the complete geotechnical profile. However, the direct method is not
usually followed in seismic vulnerability analyses due to its high
computational cost and to the large number of input data required
(Requena-Garcia-Cruz et al.,, 2022b). Nevertheless, in (Requena--
Garcia-Cruz et al., 2022a), both modelling methods were numerically
compared, concluding that the results obtained from nonlinear static
analyses (NLSA) (peak strength and deformation) could vary by up to
15%. In this work, more conservative results were obtained for the
models considering the direct method for different types of soil. In
(Tomeo et al., 2017), both modelling approaches were compared for a
two-dimensional RC frame designed according to the regulations. The
soil classes suggested by the Eurocode-8 (EC8) were considered to define
the mechanical properties of the soil beneath the building. The study
showed that the SSI affects the seismic demand in terms of maximum
base shear and maximum interstorey drift ratio with a significant dif-
ference depending on the modelling approach.

There is a lack of works considering the SSI and performing nonlinear
dynamic analyses, such as incremental dynamic analyses (IDA). This is
even greater if the SSI is modelled following the direct method. This is
due to the higher computational cost that is required, despite allowing
more exhaustive analyses. Furthermore, it is even more problematic to
find studies on the loss assessment of RC buildings considering the SSI.

It is commonly known that minimising the consequences of eventual
seismic events is the main goal of seismic risk analyses (Pinto and
Franchin, 2014). Apart from seismic safety and vulnerability, additional
indicators, such as social and economic, should also be borne in mind
(Bommer et al., 2002). Indeed, aspects like the economic losses associ-
ated with repair/replacement actions, the disruption of the use of the
buildings or the relocation of occupants can be useful to quantify the
consequences of an earthquake (Cardone and Perrone, 2017). In this
context, the so-called Performance-Based Earthquake Engineering
(PBEE) approach, proposed by the Pacific Earthquake Engineering
Research Centre (PEER), is the most common one implemented (Caruso
et al., 2019). This approach quantifies the seismic performance and the
losses following a probabilistic approach and considering different
sources of uncertainty (Aslani and Miranda, 2005): the seismic hazard,

the structural performance and the seismic damage. In (Khosravikia
et al., 2018), this procedure was followed to assess the losses stemming
from the consideration of the SSI. This was modelled with the BNWM,
for idealised RC structures. It was concluded that there is a 40% prob-
ability of increasing the losses of up to 10% compared to the fixed
models if the structures are on moderately soft soils. In (Mitropoulou
et al., 2016), a similar modelling procedure was used, concluding that
the foundation system contributes considerably to the overall fragility
performance of the buildings. Similar results were obtained in (Arbo-
leda-Monsalve et al., 2020), which analysed high buildings. In this case,
by considering SSI effects in the numerical analyses, the losses expected
can be increased by up to 33%.

This manuscript aims to investigate if the SSI effects influence the
seismic performance and the expected losses of RC buildings. To do so, a
real 5-storey RC building, built prior to restrictive Spanish seismic codes,
has been selected as the case study. The structure presents irregularities
in the infills distributions, it is located over soft alluvial strata and it has
a shallow foundation. The area is characterised by a moderate seismic
hazard. The main contributions of this work are: i) the assessment of the
seismic behaviour, the fragility and the expected losses (considering
both structural and non-structural components) of the case study
building; ii) these types of analyses have not been yet done for the area
and the type of building; iii) both NLSA and IDA have been performed on
3D finite element models developed in OpenSees to realistically repro-
duce the entire system’s behaviour (soil + foundation + structure),
instead of the simple BNWM; and, iv) a method to assess and to compute
the local damage, the fragility curves and the losses considering the SSI
to fill in the gap identified in the analysis of the state of the art.

2. Method

This work is based on the PEER-PBEE approach to compute the
fragility and the losses expected in RC buildings (Fig. 1). It is based on
four main steps considering different levels of uncertainty that are later
described: the seismic hazard, the structural performance, the seismic
damage and the loss analysis. The models and the structural analyses
have been performed in OpenSees (McKenna et al., 2000). This is a finite
element software package specific for the structural and the seismic
assessment of structures, being the one most implemented for this type
of analyses (Requena-Garcia-Cruz et al., 2022a; Asadi-Ghoozhdi et al.,
2022; Rajeev and Tesfamariam, 2012; Kamal et al., 2022; Behnamfar
and Banizadeh, 2016; Tomeo et al., 2017; Arboleda-Monsalve et al.,
2020). The results have been pre- and post-processed in STKO (Petracca
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(non-structural)
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Fig. 1. Flowchart of this work based on the PEER-PBEE approach.

et al., 2017) and Matlab (The MathWorks Inc, 2018). The models ana-
lysed have been the fixed-base (FB) and the direct method for consid-
ering the soil (CS).

2.1. Structural and seismic hazard analyses

NLSA have been carried out to obtain the capacity of the models. To
do so, a load- and a displacement-control integrator have been used to
perform the gravitational and the NLSA steps, respectively. Previously, a
modal analysis has been carried out to define the horizontal load
pattern. All types of analyses have been performed in parallel in Open-
Sees given the size of the models.

The engineering demand parameters (EDPs) have been defined
through nonlinear response-history analyses (NRHA) at different in-
tensity measure (IM) levels. This type of analysis is commonly known as
IDA. In this case, three EDPs have been computed for all models from the
IDA: the interstorey drift ratio (IDR), the peak floor acceleration (PFA)
and the residual interstorey drift ratio (RIDR).

The case study selected is located in Seville (Spain), for which the
reference peak ground acceleration (PGA) is 0.09 g. This value is pro-
vided by the update of the probabilistic seismic hazard analysis (PSHA),
recently carried out (Spanish Ministry of Public Works [Ministerio de
Fomento de Espa n a], 2012). The PGA is expressed for a soil type A,
rock. A set of real GMs (ground motion) records has been selected and
they have been increased by means of a multiple stripe analysis (MSA),
considering eight levels of IM, ranging from 0.0225 g to 0.54 g. The GMs
have been selected to match Seville’s target spectrum based on the
spectral acceleration (S,) (Fig. 2), which is the seismic parameter most
related to the seismic response of the structures, and according to the
probabilistic method presented in (Morales-Esteban et al., 2012). The
target spectrum has been defined in line with the Spanish seismic code
NCSE02 (Spanish Ministry of Public Works [Ministerio de Fomento de
Espa n a], 2002). Ten GMs have been found that match the response
spectrum ranging from 0.85 to 1.15. Five GMs have been finally selected
for the analyses as suggested in other similar works (Behnamfar and
Banizadeh, 2016). They have been applied in the two orthogonal di-
rections of the models (X and Y). The GMs applied to the FB model have
been obtained from reading the results at the base of the model, after
applying the GM for the soil type A at the bedrock.

10

Sa (mis?)

001 +— :

0.01 01 1 10
Period (s)

Fig. 2. Response spectrum for Seville and the GMs selected for the analyses.

2.2. Seismic safety and damage analysis

In the case of RC buildings, damage in the vertical components is
considerably more usual than in the beams, as concluded in several
works (Requena-Garcia-Cruz et al., 2021; Caruso, 2019). Hence, in this
work, the damage in the structural components has only been consid-
ered for the columns.

First, the results of the NLSA and the N2-method (Fajfar and
Gaspersic, 1996) have been considered to determine the seismic safety
of the models. To do so, the capacity/demand ratio (CDR) established in
the EC8 part 3 (EC8-3) (European Union and Eurocode-8, 2005) has
been used. This is computed as the ratio between the limit state (LS)
considered and the seismic demand (defined according to the
N2-method). The ratio has been obtained for the significant damage
(SD) LS. Additionally, the damage limitation (DL) and the near collapse
(NC) LS have been computed. The NC is calculated considering the ul-
timate chord rotation (). The SD is determined as 3/4 of 6y,. The DL
is worked out by means of the yielding chord rotation (6y). The formulae
of each parameter are established in the EC8-3. Each damage state has
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been calculated when the demand chord of one column reaches its ca-
pacity values.

For the fragility analysis, four LS have been considered to define the
fragility functions following the procedure established in (Aslani and
Miranda, 2005): DS1, light damage; DS2, moderate damage; DS3, severe
damage; and, DS4, collapse. Drift-based fragility functions have been
defined to estimate the damage in the structural components, i.e.,
considering the chord rotation. They have been defined according to the
work developed for non-ductile RC frames presented in (Aslani and
Miranda, 2005). In the case of the non-structural components, two types
of fragility functions have been considered. Drift-based fragility func-
tions have been adopted from the work developed by (Cardone and
Perrone, 2015) for infill masonry walls. These functions were experi-
mentally obtained for RC buildings built before the 70s, which share
similar structural and constructive characteristics of the case study
building. Damage to acceleration-sensitive non-structural components
have been defined according to the well-known American procedure
named HAZUS (National Institute of Building Sciences and Federal
Emergency Management Agency (NIBS and FEMA), 2003).

2.3. Losses analysis

The total expected loss (E[Loss 7|IM]) as a function of the ground
motion intensity (IM) has been calculated as the sum of three aspects: i)
the losses resulting from the collapse of the building, E[Loss |C]; ii) the
losses due to the repairs, considering that the building has not collapsed,
E[Loss |[NC N R, IM]; and, iii) losses from the demolition of the building
due to excessive residual drifts, E[Loss |[NC N D, IM]. Being P(C|IM), the
probability of collapse that the structure will have for a certain IM and P
(D| NC, IM), the probability that the structure will have to be demol-
ished if it has not collapsed for a certain IM.

E[Loss 1lIM] = E[Loss IC]eP(CIIM) + E[Loss INC N R, IM] {1—P(DINC, IM)
}o{1—P(Cl IM) }+E[Loss INC N D, IM] {P(DI NC, IM)e{1— P(CI IM) }(1)

Each DS corresponds to different actions to repair the structural el-
ements damaged: DS1 produces light visible cracking in concrete; DS2
corresponds to wider cracks; DS3 involves the spalling of the concrete
cover, the crushing of concrete and the buckling of rebars; DS4 implies
the shear failure or the loss of vertical resistance capacity. The repair
losses due to the repair of the structure are calculated as the sum of the
losses (E[Lossi|IM]) of each individual structural and non-structural
components of the building, considering the damage states and the
probability of being in each of these states. For further information, the
procedure established in (Aslani and Miranda, 2005) is to be referred.

The losses expected of structural and non-structural components is
normalised by the average replacement cost of the component. In the
case of the structural components, their cost has been estimated as a
ratio considering the replacement cost of the case study building, the
volume of the element and the volume of the structure. The replacement
cost of the building has been evaluated by multiplying the total con-
structed area by an average construction cost per area. This datum has
been defined according to the simplified approach for the calculation of
Seville’s construction cost (Official College of Architects of Seville
[Colegio Oficial de Arquitectos de Sevilla], 2021) (Table 1). The damage
and the costs of acceleration-and drift-sensitive non-structural compo-
nents have been calculated following the HAZUS approach as in (Aslani

Table 1
Replacement cost of the case study building.
Parameter Value
N of floors 5
Dimensions 18.90 x 17.30 m, 327 m?
Total area 1635 m?
Cost per m? 627 €/m>
Replacement cost 1,025,145 €
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and Miranda, 2005). Following this, in addition, the losses associated
with non-structural components have been computed using a
storey-based approach. These represent approximately 20% of the total
building replacement cost (Aslani and Miranda, 2005).

3. Numerical modelling
3.1. Description of the case study

A real RC infilled frame case study building located in Seville (Spain)
has been considered for the analyses (Fig. 3). The building was con-
structed in the 70s, before the application of restrictive seismic codes.
Therefore, it was only designed considering gravitational loads.
Furthermore, it presents a considerable seismic vulnerability due to its
soft-storey mechanism located in the ground floor, the irregularities in
plan due to the infills distribution, the degradation and the low quality
of the materials and the inadequate reinforcement ratios. The building
has shallow footings of 1.20 x 1.20 x 0.80 m. The dimension of the RC
columns is 30 x 30 cm. It presents RC wide beams of 30 x 25 cm and RC
ribbed slabs. The reinforcement areas are 8.30 cm? and 6.13 cm? for the
columns and beams, respectively. The infills are composed of 24 cm
thick masonry walls. The infills (I) have been shown in (Fig. 3), in the X
(X) and Y (Y) directions. They have been named according to the floor
(ground floor, 0 and type floor, 1) followed by the number of infills at
the storey.

3.2. Superstructure and foundation

The nonlinear behaviour of the RC has been simulated by means of
the distributed plasticity approach as in (Couto et al., 2020). To do so,
‘nonlinearBeamColumn’ elements have been used along the length of
the members. The ‘RectangularFiberSection’ available in STKO has been
used to specifically model both the longitudinal and the transverse
reinforcement of the RC elements. Uniaxial materials ‘Concrete02’ and
‘Steel02’ have been used to model the nonlinear behaviour of the
structural materials. The compressive strength and strain of the concrete
core have been simulated using the Mander-Priestley model. The ‘sec-
tion aggregator’ command and an additional ‘modIMKPinching’ uni-
axial material have been added to the fibre section to account for the real
shear behaviour of the section. Second order (p-4) effects have been
considered by using ‘3Dforcebeam’ to model the RC frames. The me-
chanical parameters of the structural elements are listed in Table 2. The
Rayleigh damping has been considered and it has been assigned to the
elements modelled. A 5% damping ratio (£) has been considered for the
RC superstructure.

Where: concrete compressive (f.) and crushing strength (f¢,); con-
crete strain at maximum (e.) and ultimate strength (ecy); steel yielding
strength (fy); steel modulus of elasticity (Es); infills shear modulus (Gy);
post-capping degrading branch coefficient (a); (7;); masonry elasticity
modulus (Ey).

The infills have been simulated by means of the two-diagonal truss
approach using the hysteretic material available in OpenSees (Celarec
et al.,, 2012). They have been connected to the superstructure with
‘EqQDOF’ constraints. The ageing effects have been considered by means
of the induced chloride corrosion of the steel and the elimination of the
concrete cover depending on the level of exposure of the RC elements.
The effects of the rigid RC diaphragms have been borne in mind using
the ‘rigidDiaph’ constraint. Further information on the assumptions
concerning the modelling of the structure as well of the ageing effects
can be found in (Requena-Garcia-Cruz et al., 2022a; Couto et al., 2020).

3.3. Soil characterisation
The information to characterise the soil has been compiled from a

nearby geotechnical study. Four different layers of soil have been
determined (Fig. 4): fill, brown clay, brown sand and gravel. According
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Fig. 3. Schematic configuration of the case study building.

Table 2
Mechanical parameters of the structural elements.
Concrete Steel Infills
fe (MPa) 28 fy (MPa) 370 Gy, (GPa) 1240
feu (MPa) 4 E; (GPa) 310 o 0.05
ec (%) 0.002 7or (MPa) 280
€cu (%) 0.04 E, (GPa) 4092
Geotechnical profile Vs (m/s)
0 200 400 600 800 1000
0 y=17 kN/m? 0 L . L L
Fill Nap=19
2 E=12.8 MPa 2
y=18.5 kN/m?
4 Brown clay Np=13 4
E=25.6 MPa
6 =18 kN/m? 6
" Brown sand Nep=14 "
E=23.4 MPa ]
10 10 A
12 12+
= y=19kN/mE =
E Nepi=52 E 144
= =Pt =
=] ¥ &
- E=320MPa  F . |
(=] [=]
18 18
20 20 A
22 22 1
24 Blue ¥=20 kN/m? 24
Guadalquivir Nepi=70
26 - marl 1,=600 kPa 26 -
28 28 4
30 30

Fig. 4.

Geotechnical profile.

to the results of the standard penetration tests (SPT), the first three
layers can be classified as low-dense soils (Ns,=11-30) while the gravel
is dense (Ngp=31-50). The shear wave velocity (V;) has been computed
according to the Imai equation (Naik et al., 2014), which is widely
accepted for this type of soil. According to the V; values and to the soils
classification proposed by (Paolucci et al., 2021a), the soil is mainly soft-
(Vs < 180 m/s) and medium-soil (180 m/s < Vg < 360 m/s). Vs is also
used to define the three parameters needed to define the soil behaviour
in the direct modelling of the soil: shear (G), elastic (E) and bulk (B)
moduli. The results have been performed under undrained conditions
since this is the most restrictive situation for clayey soils. The soil
constitutive behaviour has been simulated by means of the ‘Pressur-
elndependMultiYield” (PIMY) material and the ‘upgradestagematerial’
command to behave as nonlinear. The failure criterion of this material is
based on the Von Mises’ multi-surface plasticity theory. ‘EQDOF’ has
been applied to the interaction between the soil and the foundation
surfaces. The volume of the soil is of 108 x 103 x 9 m (X, Y and Z di-
rections). ‘SSPbrick’ brick elements have been applied to the solid ele-
ments to capture the soil small deformation. The mesh has 20,776 nodes
and 126,729 elements. As suggested by (Paolucci et al., 2021b), the
depth of the solid volume has reached the first rigid soil layer with Vg >
360-800 m/s. In this case, the gravel.

For the gravitational step and the NLSA, the lateral boundaries have
been fixed in the corresponding direction and at the base, in all di-
rections. Nevertheless, for the IDA, the boundaries’ conditions have
been varied. The viscous boundary developed by Lysmer and Kuhle-
meyer has been used (Lysmer and Kuhlemeyer, 1969). This is based on
the use of independent dashpots attached to the boundary in the normal
and shear directions. The viscous normal and shear tensions have been
computed according to the equations proposed in (Lysmer and Kuhle-
meyer, 1969), considering the properties of the soil layer.

4. Analysis of the results
4.1. Modal and nonlinear static analyses

First, a modal analysis of each model has been carried out. In Fig. 5,
the results for the FB-model, without considering the SSI effects are
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(b) (c)

Fig. 5. FB-model modal results (in plan): (a) Mode 1, (b) Mode 2 and (c) Mode 3.

shown. It can be seen that Mode 1 and 2 are translational in the Y (green
axis) and X (red axis) directions, respectively. In both cases, more than
75% of the masses are moved. Mode 3 is mainly torsional. Similar results
are obtained for the CS-model, which considers the SSI (Fig. 6). The
periods for the FB are 0.39 and 0.49 for each mode, respectively. In the
case of the CS model, the periods are 0.70 and 0.73 for each mode,
respectively. These models cannot be directly compared as, in the sec-
ond model, the mass of the volume of soil is considered. Nevertheless, it
can be useful to prove that the SSI has been properly considered.
Moreover, in future analyses, this variation in the values of the periods
will lead to different damping ratios as well as a dynamic behaviour.

The results from the NLSA have been plotted in Fig. 7 for the single
degree of freedom (SDOF) system (defined according to the N2-method).
They have been normalised by dividing the basal shear (V) by the total
weight (W) and the rooftop displacement (dop) by the total height
(Hiot) of the building. The differences on the seismic behaviour in each
direction depend mainly on the irregularities in the plan of the building
as in (Requena-Garcia-Cruz et al., 2022c). As can be observed, the po-
sition of the staircase is symmetrical in the X axis while not in the Y axis.
Hence, this produces a stiffness difference in each direction. Therefore,
there is a worse behaviour in the Y direction due to the eccentricity and
torsional effects produced. In addition, at the ground floor, there are
some infills in the X direction that improve its behaviour. Furthermore,
owing to its ‘H-shaped’ plan, the ring beam does not continue along the
perimeter, which worsens the stress transfer to the columns in the Y
direction. As can be observed in Fig. 7, the effect of the infills is low. For
the FB model, the peak strength is improved by the effects of infills, just
19 and 13% in the X and Y directions, respectively, compared to the
residual strength of the RC frame structure. For the CS model, the in-
crease is 14 and 10% in the X and Y directions, respectively. Therefore,
despite the structure having more infills in the Y direction, they do not
produce a significant improvement of its behaviour in this direction.

It can be observed that, in this case, the SSI considerably affects the
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Fig. 7. Normalised SDOF-NLSA curves considering the LS and the demand for
each model and direction (X and Y).

capacity and the performance of the building since the peak strength has
decreased by up to 12%. In addition, when comparing the damage ob-
tained for the different models, it has been observed that the worse re-
sults have also been obtained for the CS-model. In the case of the severe
damage state (SD) (which is the state established in the EC8 that resi-
dential buildings should comply with), it is obtained that the CDR for the
X direction is 0.60 and 0.43 for the FB and CS models, respectively. In
the Y direction, it is 1.0 and 0.96. Therefore, the building will not
comply with the seismic safety requirements established in the ECS8.

(b) (©

Fig. 6. CS-model modal results (in 3D): (a) Mode 1, (b) Mode 2 and (c) Mode 3.
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Furthermore, it can be observed that the damage can worsen by up to
38% if the SSI is considered.

4.2. Incremental dynamic analysis

The results from the IDA are shown in this section. Two types of EDPs
have been considered, expressed as the interstorey drift ratio (IDR) and
the peak floor acceleration (PFA). Fig. 8 shows the IDA curves for each
model, considering each GM and the average values obtained. The IDR
has been computed as the average value obtained for the X and Y di-
rections of the structure at the control node. The results depicted in
Fig. 8 show that the curves for the CS model present a weaving behav-
iour (Arshadi, 2016). By contrast, the curves for the FB model show a
severe hardening behaviour.

In Figs. 9 and 10, E[PFA|IM = Sa] and the E[IDR|IM = Sa] and
represent, respectively, the PFAs and the IDRs expected (mean consid-
ering different GMs in the X and Y directions) and for different seismic
intensity levels (in total, 5). As can be observed, the values of the ex-
pected PFA are higher for the CS model compared to the FBs. These
differences are higher for higher levels of IM and for the upper floors. In
the case of the IDR assessment, higher ratios can be found at the ground
floor, showing that this is the most vulnerable part of the structure. The
damage will be concentrated in this part due to its soft-storey mecha-
nism. The IDR values are increased if the SSI is considered. Similar to the
results obtained for the PFA, the intermediate floors will not present
considerable differences in the IDR. However, at the upper floor this
value increases.

The probability of reaching or exceeding each damage state is
computed by means of fragility curves. In Fig. 11, the fragility curves for
each model are plotted, bearing in mind the demand displacement,
computed according to the N2-method. It can be observed that the
curves obtained for the CS models are worse than for the FBs. Therefore,
the probability of reaching higher values of damage increases. Focusing
on the NC LS, for the expected seismic demand, the probability can in-
crease by up to 20% (from 65% to 78%, in the X direction). In the Y
direction, the probability can increase by up to a 11%.

In Fig. 12, the variation of the economic losses of each model as a
function of the ground motion intensity level is shown. These losses are
calculated as the sum of the non-collapse losses due to repairs, the non-
collapse losses due to demolitions and the collapse losses. The expected
(mean) losses have been expressed, for the different elements, for the
near collapse damage state, E[Lj|NC,IM]. They have been expressed as a
percentage of the replacement cost of the building. As can be observed,
the losses expected for the CS-model are considerably higher than those
for the FB-model. For the 0.09 g PGA, which is the ground acceleration
set for Seville, the losses expected for the FB and the CS-model are 0.07%
and 0.17% of the replacement cost of the building, respectively. This
represents an outstanding increase of up to 140% of the losses if the SSI
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is considered for the case study building. It can be observed that the
acceleration-sensitive elements have a negligible expected loss. Struc-
tural components represent an important portion of the expected losses.
Nonetheless, the main losses stem from the drift-sensitive elements, such
as infills.

5. Conclusions

This manuscript aims to investigate if the SSI affects the seismic
performance and the losses of RC buildings. To do so, a real 5-storey RC
building has been selected as the case study. It was built prior to Spanish
seismic codes on soft soil and it has a soft-storey mechanism. The SSI has
been modelled by means of the direct method in OpenSees, calibrating
both the soil behaviour and the boundary conditions. The direct method
has been selected to perform exhaustive analyses (this enables modelling
the complete system: structure + foundation + soil) and to provide
realistic results compared to methods based on the addition of nonlinear
springs.

NLSA have been carried out to assess the capacity and the perfor-
mance of the models. For the case study, it has been obtained that the
peak strength has decreased by up to 12% if the SSI is considered. In
order to assess the seismic safety, the capacity/demand ratio has been
borne in mind. It has been obtained that the building does not comply
with the seismic safety established in the EC8, obtaining values below
the requirement of up to 50%. Therefore, it can be concluded that the
building must be retrofitted. When comparing the damage expected, it
has been obtained that the severe damage can worsen by up to 38% if the
SSI is considered.

IDA have been performed to assess the seismic behaviour and the
fragility of the case study building. The values of the PFA expected are
higher for the CS model compared to the FBs. These differences are
bigger for higher levels of IM and for the upper floors. For the IDR
assessment, higher ratios can be found at the ground floor. This is due to
its soft-storey mechanism, showing that this is the most seismically
vulnerable part of the building.

The losses assessment has revealed that higher economic costs are
obtained if the SSI is considered as a function of the ground motion
intensity. It has been obtained that the economic costs can be increased
by up to a 140% by considering the soil effects.

The analyses carried out in this work reveal that when considering
the CS-model the building is much more vulnerable than when
contemplating the FB-model, since the soil in Seville is characterised by
the presence of soft strata over rigid ones at a considerable depth, which
amplifies the seismic action. These strata are mainly alluvial soils poorly
consolidated, such as fill, clays and silty sands. According to their Vj
values and to the soils classification proposed by (Paolucci et al., 2021a),
these strata are soft- (Vs < 180 m/s) and medium-soils (180 m/s < Vs <
360 m/s). Therefore, in the analysis carried out: i) the seismic capacity
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Fig. 8. Single-record and mean IDA curves obtained for the FB (a) and CS (b) models.
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of the building decreases if the SSI is borne in mind, leading to a worse
seismic performance; ii) the fragility curves for the model considering
the SSI show a worse seismic damage than the fixed model; and finally,
iii) the economic losses are increased if the SSI is taken into account for
the same seismic hazard. Hence, it can be concluded that, for this type of
building and soil, the consideration of the SSI alters its structural per-
formance and its fragility, which, in this case, have been worsened. This
significantly affects the expected economic losses.

Finally, the authors would like to point out the importance of
considering the economic losses and not only the seismic safety verifi-
cation. This should be especially taken into account for decision making
and emergency planning. Aspects like the economic losses associated
with repair/replacement actions, the disruption in the use of the
buildings or the relocation of occupants should be considered to quan-
tify the consequences of an earthquake. Furthermore, these economic
indicators can be more easily used by stakeholders and engineers in
decision-making management rather than other more complex struc-
tural/physical parameters.
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