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ARTICLE INFO ABSTRACT

Keywords: SSIand site amplification effects are investigated as influences on the seismic fragility of existing
fragility curves reinforced concrete moment-resisting frame and dual frame-wall system buildings supported on
vulnerability assessment shallow foundations without interconnecting beams. We build upon a holistic methodology that
seismic risk accounts for site amplification and soil-foundation-structure interaction effects using a modular
site amplification approach. We calculate fragility curves based on nonlinear dynamic analyses for various building
soil-structure interaction structural typologies and geometries, infill conditions, code provisions, and soil profile materials
fragility modifiers and dynamic characteristics. We demonstrate that site amplification during earthquakes may
nonlinear soil significantly increase the fragility of the soil-foundation-structure system, which is reflected in

its vulnerability. Moreover, SSI is especially prevalent for buildings on soft soil profiles and might
modify their fragility. We propose a modular method to include site amplification and/or soil-
structure interaction effects in a large-scale earthquake vulnerability assessment using fragility
modifiers, which we express using an easy-to-code equation form.

1. Introduction

Earthquakes pose a severe threat to societies, and always the effort has been directed toward quantifying and
mitigating expected damage and loss. In the last few years, vulnerability and fragility curves have become a critical tool
for various purposes associated with earthquake risk management and resilience, including estimation of earthquake
losses, structural design, retrofit, earthquake insurance, and business continuity. In the absence of adequate empirical
data, analytical and hybrid methodologies emerged within the context of analyzing fragility and vulnerability curves
(1), with the subject of discussions and improvements being at the forefront (2).

A large majority of vulnerability and risk assessment studies assume fixed-base buildings today. Although a great
deal has been written regarding the influence of soil and foundations on structures (3; 4; 5), how these effects affect
fragility curves remains a subject of active research, as Silva et al. (2) indicate. Tang and Zhang (6) investigated, in a
probabilistic manner, the seismic demand imposed on a slender reinforced concrete (RC) shear wall based on a flexible
foundation and found that soil-structure interaction (SSI) generally decreased the damage probability of the shear wall.
Saez et al. (7) examined the influence of inelastic soil behavior and SSI on the seismic vulnerability assessment of
structures, noting that fragility curves reflect the seismic demand reduction because of SSI. Rajeev and Tesfamariam
(8) investigated the effect of SSI and soil uncertainties on fragility curves using an optimized latin hypercube sampling

technique. Behnamfar and Banizadeh (9) studied the distribution of seismic vulnerability in RC buildings, comparing
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fixed-base and flexible-base models. They found that the location of maximum drift shifts to the first story, where the
most intensive vulnerability is observed. Karapetrou et al. (10) derived a set of fragility curves for a 9-story RC moment-
resisting frame (MRF) building, including site effects and SSI. They showed that the vulnerability increases with respect
to the reference fixed-base model. Pitilakis et al. (11) investigated aging and SSI effects on high-rise buildings resting
on soil profiles, and concluded that vulnerability increases over time because of corrosion. Recently, Karafagka et al.
(12) produced fragility curves for MRF structures, including SSI and soil liquefaction effects. Cavalieri et al. (13) used
a macroelement approximation of the foundation response to include SSI effects in calculating the fragility curves of
buildings. They concluded that SSI leads to less unfavorable fragility curves, while nonlinear soil response leads to
smaller displacements and lower vulnerability. Most of these studies are based on nonlinear finite element analyses,
and as such, carry along all their advantages and disadvantages. None of those studies, at least to our knowledge,
proposes a simple yet straightforward methodology to include site amplification and soil-structure interaction effects
in the seismic fragility assessment of buildings, especially when performing large-scale risk assessment.

To tackle this shortcoming, Petridis and Pitilakis (14; 15) developed a modular approach to include site amplifica-
tion (SA) and/or SSI effects in the seismic fragility assessment of existing buildings. The focus is on existing structures,
but the same approach could also be used to assess the effect of proper seismic design on reducing the vulnerability
of new buildings. This paper builds on our previously published effort and extends our approach to buildings with a
different lateral load-resisting system (MRF, dual frame-wall) and soil material type (sand, clay). We present a holistic
method to include site amplification and soil-structure interaction effects on the fragility and vulnerability assessment of
existing buildings typically found in the north Mediterranean cities. Moreover, in this paper we present two applications
to further exploit the concept of the fragility modifiers (FM) as a simple and efficient solution to complement existing
fragility curves with SA and/or SSI effects. Finally, in this study we propose an equation-based fragility modifier to

ease the coding of SA and/or SSI effects into existing small- or large-scale risk assessment frameworks.

2. Methodology

A holistic methodology is developed to account for the effects of SSI and soil site amplification (SA) in fragility
curves (16). This methodology aims toward a site-specific analysis but can be easily extended for application at risk
assessment at the urban scale (15), combined with up-to-date seismic risk models (17). The basic steps of this modular
approach are briefly described in this section.

The building model is created using finite element software in the first step. The spread footings of the building
are modeled using the beam-on-nonlinear-Winkler foundation model (18) (BNWF). Next, the underlying soil profile
is modeled to a depth whose response modifies the surface ground motion because of linear or nonlinear soil motion

amplification. Then, a suite of ground motions is chosen for the analyses. In the case of actual recordings, these have
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to be recorded on bedrock (soil type A in all codes). Following, this bedrock ground motion is propagated to the
free-field ground surface (or to the depth of the spread footings at free-field conditions) via any one-dimensional wave
propagation software. This step is crucial for estimating the SA effects. In the light of the decoupled substructure
approach to SSI (19), the free-field motion (FFM) is then modified to foundation input motion (FIM) using standard
equations for kinematic interaction and foundation damping effects (for example, found in NIST2012 (4)). This
foundation input motion is used to run a nonlinear dynamic analysis to calculate the building response. Finally,
this building response is associated with appropriate drift- or strain-dependent damage states, based on its structural
typology. The whole procedure is repeated for all selected bedrock ground motions, whereas bedrock ground motion
scaling is performed in incremental dynamic analysis, i.e. scaling factors are applied at the bedrock level. Consequently,
an ensemble of earthquake intensity-building response pairs is calculated. Fragility functions can then be calculated by
estimating the probability of exceeding that predefined damage state. Vulnerability and loss curves can be calculated
from the fragility curves.

Moreover, fragility modifiers (FM) are coefficients that modify any given readily available fragility curve for fixed-
base structures, including SA and/or SSI effects. These FM are calculated based on the difference between the newly
developed fragility curves and the traditional fixed-base ones. More details are provided in a subsequent section.

The step-wise procedure is detailed in (14), but some critical comments are elaborated below:

o The first step is to define the assessed building models. The seismic risk is a building-centric procedure in
a building-specific or city-scale approach. Thus, the main prerequisite is the structural models’ accurate and
explicit definition and numerical simulation. The spread footings are modeled using beam-on-nonlinear-Winkler-
foundation (18; 20) (BNWF) spring-type elements, attached at the foundation nodes of the structural models,
to include inertial interaction effects (21). The BNWF element is generally used to approximate the nonlinear
soil-foundation response in a substructure framework. Common engineering practice adopts elastic springs and
— if possible — dashpots. Previous works (10; 14) show that nonlinear springs are a more elaborate and realistic

approach than individual elastic springs and dashpots (22).

e The underlying soil profiles are independently modeled to capture the ground motion propagation from the
bedrock to the free-field. The depth of the soil profile can affect the dynamic ground response. However,
conforming with the recent design codes, the uppermost 30m of the soil can be explicitly modeled. A nonlinear
finite element model analysis is required to derive the FFM. Again, in the context of this study, we found that
(1) linear soil models tend to over-amplify ground motions at the surface and (ii) simplified pseudo-1D models,
that is "Quad" 2D elements forming a soil column that behaves like an 1D element, can provide with the FFM

within adequate accuracy. Research and commercial soil response software may also be used to derive the FFM.
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o A set of recordings at bedrock (for example, recorded at soil type A according to EC8) is required to run
the dynamic analyses. Selecting ground motions recorded on rock sites removes site and soil uncertainties,
complying with explicit soil numerical models to capture the FFM. Besides, this selection is compatible with
all current seismic hazard assessment methods. While this is the main prerequisite for ground motion selection,
matching a uniform hazard spectrum is also advisable (23), to ensure that uniform probabilities of exceedance
exist over the entire frequency range of interest . However, this filtering procedure is rather exhausting for the
current recordings database, leaving no option for a cloud analysis using unscaled actual earthquake recordings.

An incremental dynamic analysis (IDA) can be used to overcome this problem.

e Kinematic interaction effects transform the FFM to the FIM. Since the FFM is already derived, analytical
equations (24; 4) can be used to generate the FIM, i.e., the input motion at the base of the spread footings
of the building. Besides, the foundation damping further modifies the FIM from FFM. Foundation damping
comprises soil hysteretic and radiation damping (4). Both are included in the beam-on-nonlinear-Winkler-

foundation models.

e Incremental dynamic analysis (25) uses a relatively limited number of recordings incrementally scaled to account
for different intensity levels, which corresponds well with the lack of plentiful recordings in the case of rock
sites. IDA provides a cloud of intensity measure (IM) — engineering demand parameter (EDP) pairs to be post-
processed for the fragility assessment. While there are a plethora of available methods for record selection for
fragility assessment (the reader can find valuable information here (26; 27; 28; 29)), in our approach, IDA is
performed by applying incrementally scaled ground motions at the base of the soil profiles (i.e., at the fictitious
bedrock) to calculate the FFM. Then, each resulting FFM is transformed to FIM and applied at the base of the

structural models to capture the corresponding building response.

e Finally, fragility curves can be calculated from the building response. Fragility curves represent the probability
of exceeding a predefined limit state, as a function of an engineering demand parameter (EDP), under a seismic
excitation of given intensity. Before the fragility assessment, an accurate definition of the damage states (DS)
is required. This is often a subjective issue because various damage state definitions, drift-dependent or strain-
dependent, regarding the selected EDP exist in literature. Then, fragility modifiers (FM) can be extracted from
all fragility curves to appropriately modify existing curves to account for site amplification and soil-structure

interaction effects. FM are especially valuable for a large-scale risk assessment.
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Table 1

Indicative building properties
Seismic code No/Low Typical story height 3.0m
Concrete grade B225 Span length (Low/Mid-rise) 4.0m
Longitudinal reinforcement grade  Stlll Span length (High-rise) 6.0m
Transverse reinforcement grade Stl Typical beam size (Low/Mid-rise) 20/60cm
Transverse reinforcement spacing  Sparse Typical beam size (High-rise) 25/70cm
Ground story height 4.5m Typical column size Varies w/ height
Low/mid-rise walls 20/400cm  High-rise walls 20/600cm

3. Fragility assessment of buildings

We perform a comprehensive fragility assessment for a broad set of existing RC buildings and soil profiles to
evaluate (i) soil-structure interaction and (ii) soil site amplification effects on the corresponding fragility curves. At
first, we calculate the fragility curves for buildings founded on bedrock. This fixed-base-building-on-rock case is the
reference for all consequent analyses and comparisons. Then we calculate fragility curves for fixed-base-buildings-on-
soil models. These configurations isolate the effects of (only) the soil site amplification on the fragility curves. Finally,
the flexible-base-building-on-soil models are used to calculate the fragility curves, including SA and SSI effects. These
different configurations aim to identify differences between the fragility curves for fixed-base-building-on-rock models
and the SA and/or SSI -inclusive models in terms of the probability of exceeding a given damage state. We then produce
fragility modifiers to accommodate for SA and/or SSI effects on any given fragility curve produced by a fixed-base-
building-on-rock or fixed-base-building-on-soil concept. In this manner, we obtain an overview of the vulnerability
related to different existing RC structures resting on various soil profiles.

The updated fragility curves are calculated for different building typologies and geometries, code provisions,
foundation type, soil profile characteristics, and ground motions. Then, fragility modifiers are estimated as described

in a subsequent section.

3.1. Building typology, geometry, and seismic code provision

A set of reinforced concrete buildings is sought, covering structures met in common engineering practice within
the same typology. In particular, we follow the classification proposed by Kappos et al. (30) and the Global Earthquake
Model (GEM) (31), selecting a 2-story (low-rise), a 4-story (mid-rise), and a 9-story (high-rise) building. Furthermore,
for each building, we assume two different lateral load resisting systems, a moment-resisting frame, and a dual frame-
wall system, each of which has three different configurations, notably bare, infilled, and pilotis (soft ground story).
The buildings are designed and analyzed assuming low and moderate seismic code provisions. Such structures are
commonly met in cities in southern Europe, built around the mid of the past century. The Table 1 shows indicative

building properties.
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Fragility curves for RC buildings including SSI and site amplification effects

We use OpenSees (32) to develop the corresponding numerical models using a fiber element approach. Distributed
plasticity models allow yielding to occur at any location along the element. To implement them, we adopt the
"forceBeamColumn" element object, which is based on the iterative force-based formulation, assuming five integration
points along the length of the element.

The uniaxial "Concrete01" and "ReinforcingSteel" materials are selected to form the fiber sections for each
structural element. "Concrete01" material object implements the modified Kent and Park concrete model (33) proposed
by Scott et al. (34) with degraded linear unloading/reloading stiffness based on the work of Karsan and Jirsa (35).
"ReinforcingSteel" implements the reinforcing steel material model, based on the backbone curve described by Chang

and Mander (36).

3.2. Foundation type and modeling

Typical RC buildings found in Southern European cities were mainly built around the middle of the past century.
Such structures typically rest on spread footings without interconnecting beams at the foundation. Inertial interaction
effects (37) are modeled using the BNWF model. In particular, the "ShallowFoundationGen" command in OpenSees
creates the BNWF model, i.e., a set of closely-spaced independent nonlinear springs, coupled with a dashpot and gap
elements, calibrated against centrifuge experiments (38). Vertical springs distributed along the footing base aim to
capture rocking, uplift, and settlement. In contrast, horizontal springs attached to the sides of the footing are used to
capture the resistance against swaying and passive pressure. In all cases, the fixed-base models are used as a reference,
representing the previous practice.

Furthermore, kinematic interaction effects are accounted for (39; 24), modifying the FFM to FIM. Kinematic

interaction effects in our study are implemented assuming 2.0m of foundation depth.

3.3. Soil profile modeling

We select a set of seven single-layer soil profiles, parameterized mainly according to the soil shear wave velocity,
while other soil characteristics are modified appropriately. Even though the soil depth might influence the soil response,
we modeled the uppermost 30m of soil to conform with recent code provisions. While soils were categorized based
on their shear wave velocity, analyses were run for sands and clays. The Table 2 presents the soil parameters that we
considered for clay and sand and the chosen soil types according to Eurocode 8 (40).

Regarding the corresponding numerical models, a pseudo-1D approach is adopted, modeling the physical free-
field as a soil column of two-dimensional "Quad" elements. Using OpenSees, a single "zeroLength" element is
placed at the base of the soil column to define the dashpot (41). Soil nonlinearities are inherently included using
the "PressureIndependMultiYield" and "PressureDependMultiYield" for clayey and sandy soil material, respectively.

The input motion at the base of the soil model is defined in velocity terms. At the same time, the resulting force history
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Table 2
Suggested soil parameter values used in OpenSees (32). Chosen soil types according to EC8.
Parameters Clay Sand
Soft Medium Stiff Loose Medium Med-dense

Soil mass density [Mg/m?] 13 15 1.8 1.7 1.9 2.0
Low-strain shear modulus [kPa] ~ 1.3x10* 6.0x10* 1.5x10°  5.5x10* 7.5x10* 1.0x10°
Bulk modulus [kPa] 6.5x10* 3.0x10° 7.5x10°  1.5x10° 2.0x10° 3.0x103
Cohesion [kPa] 18.0 37.0 75.0 - - -
Shear strain at max shear 0.1 0.1 0.1 0.1 0.1 0.1
Friction angle [deg] 0.0 0.0 0.0 29.0 33.0 37.0
Vs [m/s] 150/180 250/300/360 360/450 150/180 250/300/360 360/450
Type (EC8) D C B D C B

is obtained by multiplying the known velocity time series by a constant factor set as the product of the area of the soil
column base with the mass density and the shear wave velocity of the underlying bedrock. The mesh dimensions are
determined automatically, ensuring at the same time that an adequate number of elements fit within the wavelength of
the shear waves considered. This guarantees that the mesh is refined enough to capture all the desired aspects of the

propagating waves within the dynamic analyses.

3.4. Ground motions

For the for the fragility assessment, we selected a set of 11 actual earthquake recordings for the incremental
dynamic analyses to follow, all of them recorded on sites classified as rock according to EC8 (40). This way, any
site effects, and soil uncertainties are avoided, whereas any duplicate events are excluded to derive a set of independent
records. Each event is considered only once, even excluding recordings of the same event at different stations and one
of the perpendicular components of the recording. This aims to avoid double-accounting for the characteristics of a
single event, in particular the frequency content. All the seismic events are characterized by a Mw > 5.5. There is, of
course, variability in the chosen record spectra, but their normalized mean spectrum nearly matches the Type 1-EC8
spectrum for soil type A and the ASCE7-16 rock site spectrum. Recently, more elaborate earthquake record selection
methods have been proposed. However, they are not compatible with our approach to explicitly include the nonlinear
soil amplification effects.

Applying all these criteria for the ground motion selection procedure eliminates many recordings. However, the
remaining set is considered adequate (42; 43) for the fragility assessment. Table 3 shows in detail the selected ground

motions and Figure 1 shows the corresponding response spectra.
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Table 3
List of actual earthquake records
Date Location Database Code R, M, PGA V.3 Fault
(km) (m/s?) (m/s) Mechanism

16/09/1978 Tabas/Iran ESMD_59 12.00 7.35 3.16 826.00 Oblique
15/04/1979 Montenegro/Montenegro ISESD 223 21.00 6.90 1.77 1083.00 Thrust
09/09/1998 App.Lucano/ltaly ITACA 614 9.80 5.60 1.62 1024.00 Normal
16/01/1995 Kobe/Japan NGA 1108 25.40 6.90 2.85 1043.00 Strike-Slip
28/06/1991 Sierra Madre/Mexico NGA 1645 6.46 5.61 2.71 821.69 Reverse
18/10/1989 Loma Prieta/USA NGA 3548 20.35 6.93 4.12 1070.34 Reverse-Oblique
10/01/1987 Whittier Narrows/USA NGA 680 13.85 5.99 1.10 969.07 Reverse-Oblique
17/01/1994 Northridge/USA NGA 994 25.42 6.69 2.84 1015.88 Reverse
17/08/1999 Izmit/Turkey T-NSMP_ 1109 3.40 7.60 1.65 826.11 Strike-Slip
13/12/1990 East Sicily/ltaly ITACA 314 28.30 5.60 0.61 871.00 Strike-Slip
10/06,/2000 Western Tottori/Japan KIK-Net 3775 31.37 6.60 1.55 967.27 Strike-Slip

s Response Spectra

Tabas/Iran
- Montenegro/Montenegra
App.Lucano/Ttaly
6 Kobe/Japan

Sierra Madre/Mexico
5 Loma Prieta/USA
Whittier Narrows/USA
Northridge/USA
! Tzmit/Turkey
ST, East Sicily/Italy

% ‘Western Tottori/Japan
A —— Mean Spectrum

4 . —— ASCE7-16
! SN - — EC8
05 Lo 15 20 25 30
Period [s]

Spalm/s?]
IS

Figure 1: Response spectra for the selected ground motions, the mean response spectrum (in solid black line), and the
EC8 / ASCE 7-16 response spectra for soil type A.

3.5. Dynamic analyses, building response and fragility curves

To obtain sets of intensity measure (IM) — engineering demand parameter (EDP) pairs, we conduct a series of
incremental dynamic analyses. Even though spectral acceleration is recently considered as a superior IM to PGA,
because it contains broader useful information of the ground motion, we selected PGA as IM because: (i) it is simple
and applicable in large-scale analyses, in particular in the context of the European building stock typologies, and (ii)
it allows running IDA analyses. In essence, here, IDA is performed in two separate stages: (i) to transfer the bedrock
motions to the free-field, applying each ground motion at the base of the soil model, incrementally scaled from 0.0 to
1.0g. Selection of PGA as IM is critical at this stage. Then kinematic interaction equations are used to transform FFM
into FIM. (ii) The second set of IDA is used to calculate the building response when applying each FIM at the base of
the foundation numerical models, leading to a set of IM-EDP pairs.

The maximum interstory drift (maxISD) is selected as the EDP, calculated by the IDA. Nevertheless, maxISD was

first chosen as EDP parallel to moment-curvature recordings that reflect structural damage. Such a comparison was
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Table 4

Damage states definition

Damage Index Definition

Slight SD It usually corresponds to the limit of elastic behavior of the components

Moderate MD It usually corresponds to the peak lateral bearing capacity beyond which the structure loses

some of its strength or deformation sets in at a constant rate of load

It usually corresponds to the maximum controlled deformation level for which a determined

Extensive ED e . . L . .
value of ductility is set. Up to this point, the structure can maintain its gravity load capacity

Complete CD Represents the attainment of Complete Damage (Collapse) level

deemed necessary, as maxISD is, in many cases, concentrated at the ground-level story, where foundation rotation 21s
due to SSI increases the interstory drift without causing additional structural damage (44). Petridis and Pitilakis (14) 216
showed that (i) the maxISD follows the corresponding sectional curvature increase/decrease, and (ii) the foundation 217
rotation contribution to drift is less than 10% of the total drift. 218

In general, maxISD is a convenient, user-friendly EDP and damage indicator that describes the global response 210
of each building. Using drift-based damage state values (45; 46), slightly calibrated to approach the fragility curves 220
published by Kappos et al. (30) for structures found in north Mediterranean cities, we describe the damage states (DS) 221
as shown in Table 4 (43). One should note that the fragility curves proposed in Kappos et al. (30) are based on a hybrid 222
approach, which combines statistical data with results from nonlinear dynamic or static analyses. Consequently, those 223
curves include SA and SSI effects to a certain extent because of the statistical data part that includes various soil 224

conditions. 225
226
Equation 1 describes the cumulative conditional probability of exceeding a DS for a given IM.

PDs M) = o 2D 5 i, )

where @ is the standard normal cumulative distribution function, I M is the intensity measure of the earthquake, IM 227
is the corresponding median value, f is the log-standard deviation, and DS is the damage state. In detail, the log- 228
standard deviation parameter characterizes the total dispersion related to each fragility curve. Three primary sources =220
of uncertainty which contribute to the total variability of any given limit state (NIBS 2004 (47)) are considered, namely 230
(i) the variability related to the definition of the limit state value, (ii) the capacity of each structural model, and (iii) 23
the seismic demand. The log-standard deviation referring to the definition of the limit states (47) is equal to 0.40. =232

In contrast, the corresponding value regarding the capacity is assumed to be equal to 0.30 for no/low seismic code =233
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structural systems (47). The last source of uncertainty, associated with the seismic demand, is explicitly evaluated,

estimating the dispersion for the logarithms of PGA — maxISD pairs, with respect to the used regression method.

4. Results

This section presents and discusses fragility curves for RC buildings, derived following our holistic methodology
to account for local nonlinear site amplification and soil-structure interaction effects in a modular way. This section
focuses on the difference between the derived fragility curves rather than providing a vast, indistinguishable set of
fragility curves for each case.

Different soil shear wave velocities cause other site amplification effects and eventually have different foundation
soil flexibility. Softer soil profiles generally trigger more significant site amplification effects (48) and foundation
flexibility (22). Thus, one should expect that the influence of Vg is most pronounced for softer soil profiles.

In Figure 2 we plot the fragility curves for a 2-story MRF, regularly infilled building, resting on soil with soil shear
wave velocity 250m/s (Figure 2 left) and 360m/s (Figure 2 right), and built with low seismic code provisions. The
fragility curves are shown for the four damage states described in a previous section, ranging from slight damage to
complete damage. The same color pattern for the damage states is retained throughout the paper. The dotted line is
the reference curve for each case, i.e., the fragility curve corresponding to the specific damage state, referring to the
particular fixed-base-building-on-rock (FBR). The solid lines are the fragility curves for the fixed-base building resting
on the soil profile (and not on bedrock), i.e., including only site amplification (SA) effects. Finally, dashed lines are
the fragility curves for the flexible-base-building-on-soil, i.e., including SA and SSI effects. In Figure 2 we see that for
the softer soil profile (Vg 3y = 250m/s, Figure 2 left), the fragility curves shift to the left (with respect to the reference
FBR curves) when including SA effects, while they shift further to the left when including SA+SSI effects. In any
case, a leftward shift of the fragility curves implies a fragility increase. For the specific 2-story MRF regularly infilled
building, SST effects are not significant when it is founded on soil with V 5, = 360m/s (see Figure 2 right).

Site amplification and SSI effects combined lead to a roughly 15-30% shift from the reference curve for the fixed-
base-building-on-rock model for the particular case of the softer soil profile (Vg 39 = 250m/s, Figure 2 left). On the
contrary, insignificant or slight changes are observed for stiffer soil profiles, with SSI practically absent for V 3 values
greater than 360m/s.

Figure 3 shows fragility curves for a 4-story MRF, regularly infilled building, resting on a soil profile with shear
wave velocity 180m/s (Figure 3 left) and 300m/s (Figure 3 right), and built with low seismic code provisions. Our results
show that SA tends to increase the fragility of the buildings from the reference case of the fixed-base-building-on-rock
(FBR) case. Therefore, for the sake of clarity, only the effects of SA only and SA+SSI are highlighted in Figure 3.

Because of SSI, fragility curves in Figure 3 are shifted to the left, implying fragility increase. This fragility increase
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Figure 2: Fragility curves for a 2-story, MRF, regularly infilled building, resting on soil with V,,=250m/s (left) and
Vs30=360m/s (right). Solid-line fragility curves include site amplification (SA) effects only; dashed-line fragility curves
include SA and SSI (SA+SSI) effects; dotted-line fragility curves are the reference curves for the fixed-base-building-on-
rock (FBR) case. All curves are shown for the four damages states (SD, MD, ED, CD), ranging from slight to complete

damage.
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Figure 3: Fragility curves for a 4-story, MRF, regularly infilled building, resting on soil with V,,=180m/s (left) and
Vs30=300m/s (right). Solid-line fragility curves include site amplification (SA) effects only; dashed-line fragility curves
include SA and SSI (SA+SSI) effects. All curves are shown for the four damages states (SD, MD, ED, CD), for slight to

complete damage.

differs for different soil shear wave velocities and damage states and is more significant for lower soil Vg and lower zes

DS.
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Figure 4: Fragility curves for the 9-story, MRF, bare (left), and regularly infilled (right) structure, resting on soil with
V30=180m/s. Solid-line fragility curves include only site amplification (SA) effects; dashed-line fragility curves include SA
and SSI (SA+SSI) effects. All curves are shown for the four damages states (SD, MD, ED, CD), for slight to complete
damage.

SSIeffects alone increase the fragility up to 25% when comparing the median PGA between the SA and the SA+SSI
cases in Figure 3. For higher DS, this ratio is usually lower (Figure 3 left) or even negligible for stiffer soil profiles
(Figure 3 right). It is noted here that higher (more severe) DS mainly govern the vulnerability product.

From all our results, it is seen that softer soil profiles lead to additional structural damage, i.e., to a greater
probability of exceeding a DS. This damaging effect becomes evident for Vg lower than approximately 360m/s, while
the complete damage state is substantially affected by even softer soil profiles (Vg values lower than approximately
300m/s). If we were to set a threshold below which SA and SSI effects combined become significant for a seismic risk
assessment procedure, a soil shear wave velocity Vg around 350m/s would be a reasonable limit.

However, the effect of SSI on fragility curves is not always detrimental. As seen in Figure 4 (left), for the 9-story
moment-resisting bare frame building, SSI affects the fragility curves differently, depending on the DS. For lower DS,
its effect on fragility is detrimental, whereas, for higher DS, it is beneficial. SA and SSI seem to affect the probability
of exceeding different damage states differently. Limit values define DS, drift-dependent in this particular study, that
roughly indicate whether an individual point from the IDA passes or not a specific DS. The lower the DS, the more
sensitive it becomes to slight changes regarding the analyses outcome. Due to SA and/or SSI, even a slightly increased
IDA maximum drift point might lead to the exceedance of a given low DS.

Besides, the presence of the infills seems to increase the fragility of the high-rise building, comparing Figures

4 (left) and 4 (right). Infills affect the structural response until they are disconnected from the RC frame during an
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Figure 5: Fragility curves for a 4-story, MRF (left) and dual frame-wall (right), bare building, resting on soil with
V30=250m/s. Solid-line fragility curves include only site amplification (SA) effects; dashed-line fragility curves include SA
and SSI (SA+SSI) effects. All curves are shown for the four damages states (SD, MD, ED, CD) for slight to complete
damage.
earthquake. Because infills provide an extra layer of structural stiffness, they increase the SSI influence as the structure-  2sa
to-soil stiffness ratio increases (4). Furthermore, infills are related to nonstructural damage. Although not discussed 2ss
here, SSI effects often lead to increased structural displacements, injuring specific nonstructural elements, among 2se
287
288
289

which infills.
In addition, infills seem to increase more the fragility of the mid-rise (4-story) building (Figure 3 (left)), rather than

200

the high-rise (9-story) building in Figure 4 (right), for all damage states. Finally, including SSI in the analysis leads
to a rightward shift of the fragility curve for the complete damage (CD) state of the bare high-rise building (Figure 4

(left)), as opposed to the response of the 9-story regularly infilled structure in Figure 4 (right).

Figure 5 shows the fragility curves for a 4-story bare MRF building (left) and a bare dual frame-wall system

building (right), resting on soil with shear wave velocity equal to 250m/s. The dual system building is significantly
less vulnerable than the MRF because its structural system includes shear walls. Fragility curves for the MRF building 204
(Figure 5 left) are affected (more or less) by SSI effects. In contrast, the dual building (Figure 5 right) remains practically — 2es
unaffected, except for the complete damage state, which accounts for most of the loss estimation. Regarding the fragility 206
curves shown in Figure 5, SSI shifts the fragility curves up to 20% with respect to the SA-only case. 207

However, this is not always the case. The damage transfer effect is the damage transfer from the shear wall
299

300

to the frame parts of a dual building, triggered by foundation flexibility, rotation, and especially the absence of

interconnecting beams between the footings. This damage transfer significantly affected the fragility of dual frame-wall
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Figure 6: Fragility curves for a 4-story, MRF (left) and dual (right), regularly infilled building, resting on soil with
V30=250m/s. Solid-line fragility curves include site amplification (SA) effects only; dashed-line fragility curves include SA
and SSI (SA+SSI) effects; dotted-line fragility curves are the reference curves for the fixed-base-building-on-rock (FBR)
case. All curves are shown for the four damages states (SD, MD, ED, CD), ranging from slight to complete damage.

system buildings (14), leading to more significant additional losses. In such cases, SSI acts detrimentally and becomes 3o

apparent in the seismic fragility. MRF buildings, on the other hand, practically ignore this effect.

303

Figure 6 plots the fragility curves for a 4-story MRF regularly infilled building (left) and a dual frame-wall

304

regularly infilled building (right), resting on soil with shear wave velocity equal to 250m/s. The dual system building

is significantly less vulnerable than the MRF, mainly because its lateral load-resisting system includes shear walls. 305

306

Site amplification (SA) effects are equally apparent for both structural systems (MRF and dual), i.e., the leftward

307

shifting from the dotted curves of the fixed-base-building-on-rock (FBR) model is almost the same for all DS for both

308

cases. In addition, SSI increases the fragility of the MRF building (Figure 6 left), whereas it does not affect the dual

309

system building (Figure 6 right), except for the slight damage state. Interestingly, SSI effects on the fragility are more

310

significant for the regularly infilled structure in Figure 6 (left) than the bare building in Figure 5 (left).

Furthermore, infills primarily affect MRF buildings, and their influence becomes negligible for dual systems si

(30). Following this remark, a similar impact is observed in fragility terms. However, it is less significant than other 12

parameters (e.g., soil V). Infills provide an extra layer of structural stiffness and increase the SSI influence because the  s1s

structure-to-soil stiffness ratio increases (21). On the other hand, the foundation flexibility increases the rotation and = s1a

displacement of the structural elements (49), leading to more nonstructural damage and eliminating the contribution s

316

of infills to lateral stiffness.
Otherwise, the soil material does not seem to affect the fragility of the buildings. As seen in Figure 7, the fragility

317

curves for a 2-story MRF bare building resting on clayey or sandy soil material (7 left and right, respectively) are sis
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Figure 7: Fragility curves for a 2-story, MRF, bare building, resting on clay (left) and sand (right) soil with Vg ;,=250m/s.
Solid-line fragility curves only include site amplification (SA) effects; dashed-line fragility curves include SA and SSI
(SA+SSI) effects. All curves are shown for the four damages states (SD, MD, ED, CD), ranging from slight to complete
damage.

almost identical for all damage states, except for the complete damage state for sand where the effects of SA and SSI
become beneficial. From our analyses and without accounting for soil depth variations in our approach, it seems safe
to assume that any influence of the soil material on the fragility curves of a building should be attributed to its dynamic

characteristics (for example, V) rather than on the material itself.

5. Practical uses for large-scale risk assessment

5.1. Fragility modifiers

Fragility modifiers (FM) provide an efficient and straightforward approach to include site amplification and soil-
structure interaction effects in seismic risk assessment procedures (14). We used results from analyses of a set of 18
building typologies, 14 soil profiles, and 3 soil-foundation conditions to derive the corresponding sets of fragility and
vulnerability curves. We employ the PGA corresponding to 50% probability of exceeding each DS (median PGA), and

we estimate FM as the ratio between:

o flexible-base-building-on-soil and fixed-base-building-on-rock models, to include (local nonlinear) SA and SSI

effects (Equation 2)

_ PGA50%,f[exible—base—an—soil,i
FMSA+SSI,i - PGA
50%

@

,fixed—base—on—rock,i
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Fragility curves for RC buildings including SSI and site amplification effects
o flexible-base-building-on-soil and fixed-base-building-on-soil models, to isolate SSI effects (Equation 3)

PGA50%,flexible—base—on—soil,i

FMggp; = PGAyy,

3)
.fixed—base—on—soil,i

In Equations 2 and 3, i loops over Slight Damage (SD), Moderate Damage (MD), Extensive Damage (ED), and
Complete Damage (CD) states. Ratios less than 1.00 indicate an increase in fragility (i.e., detrimental effects), and
ratios greater than 1.00 imply a decrease in fragility (i.e., favorable influence).

Besides, Figure 8 shows a heat map of the FMg,, ¢¢; (Equation 2), including SA and SSI effects, for different
lateral load-resisting systems, building height, infill conditions, damage states, soil materials, and local soil shear wave
velocity below the building. The F' Mg 4, ¢ ¢ are rounded appropriately for practical use (to the second decimal place).
The darker the color on the heat map in Figure 8, the more significant the fragility increase because of SA and SSI
is. These FM can be used to further modify fragility curves for existing (fixed-base-building-on-rock) RC buildings to
include site amplification and soil-structure interaction effects. Engineering judgment can provide the engineer with a
more specific value within each range.

On the other hand, Table 5 presents the F M g¢; for the SSI effects only, rounded appropriately for practical use,
following the same pattern as the case discussed above. The tabular discretization is based on the structural type
(MREF, dual system) and height (low, medium, high), the infill type (no/bare, regular, pilotis), the damage state (slight,
moderate, extensive, complete), the soil material (clay or sand) and the shear wave velocity V 3, below the building.
Values around 1.00 imply no/negligible influence of SSI, values lower than 1.00 suggest increased vulnerability due to
SSI, and values greater than 1.00 correspond to favorable SSI effects. These table-based FM can be used, for example,
to enhance literature fragility curves for fixed-base RC buildings with SSI effects, depending on their soil-foundation-

structure configuration.
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Figure 9: Fragility curves for a 9-story, dual, bare (left) and pilotis system (right) building, resting on soil with Vg ;,=180m/s.
Solid-line fragility curves include SSI effects only via the use of FM; dashed-line fragility curves include site amplification
and SSI (SA+SSI) effects via the use of FM; dotted lines represent the reference curves derived from Kappos et al. (30).
All curves are shown for the four damages states (SD, MD, ED, CD), ranging from slight to complete damage.

5.2. Application of FM

To demonstrate the applicability of the fragility modifiers, we use as an example the FM in Table 5 on existing
fragility curves that typically ignore soil site amplification and SSI effects. In particular, using the proposed FM of Table
5, we modify a set of existing fragility curves to approach the ones that include SSI effects when site amplification
effects are not explicitly addressed, Figure 8 provides an alternative, for FM to modify the existing fragility curves to

embed site amplification and SSI effects.

5.2.1. Application example one

For example, we present the fragility curves for a 9-story dual frame-wall building resting on soft soil with
Vs3o = 180m/s. In Figure 9, the fragility curves proposed by Kappos et al. (30) are used as reference. The FM
in Figure 8 modify those reference curves to include site amplification and soil-structure interaction (SA+SSI) effects.
On the contrary, the proposed FM in Table 5 can be used to alter the reference curves to have solely SSI effects. Since
only mild SSI effects are apparent for the 9-story dual system building resting on soft soil with V 5, = 180m/s, the
FM value in Table 5 is around 1.00. Therefore, in case we include only SSI effects, the Kappos et al. fragility curves
practically coincide with the FM(SSI) curves in most cases.

Additionally, for the particular extensive damage (ED) curve regarding the 9-story dual system building with
pilotis (Figure 9, right), using Table 5 we obtain a FM equal to 0.85. That means that to explicitly include SSI effects
only, we have to multiply the median PGA value of the reference curve of Kappos et al. by 0.85 to obtain the PGA

that corresponds to 50% probability of exceeding the slight damage state. More specifically, we multiply PGAsq,, =
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Figure 10: Fragility curves for a 2-story, dual frame-wall system, regularly infilled building, resting on soil with V ;,=250m/s
(left) and ¥V 3,=300m/s (right). Dashed-line fragility curves include SSI effects, calculated using the concept of FM. Dotted
lines represent the fixed-base-building-on-rock reference curves, as given by GEM (31). All curves are shown for the four
damages states (SD, MD, ED, CD), ranging from slight to complete damage.

9.60m/s> with FM = 0.85, which equals to PGA ¢, = 8.16m/s? for the SSI-inclusive ED curve (FM(SSI)). Respectively,
we can use the FM of Figure 8 to address both SA and SSI effects. This time, PGAsyq, = 9.60m/s? is multiplied with a
FM that ranges from 0.50 to 0.70 —using engineering judgment let us assume 0.70 for this example— which equals to
PGAsq, = 6.72m/s? for the SA+SSI inclusive ED curve.

As mentioned, the fragility curves by Kappos et al. (2006) (30) curves are derived in a hybrid manner that implicitly
includes a portion of SA and SSI effects because of the statistical earthquake data employed. From a general point of
view, the engineer or risk analyst should be careful not to double-account for site amplification and/or SSI effects when
the fragility curves used as reference are not explicitly derived from fixed-base models without the influence of site
amplification. To practically overtake this pitfall, in the example above, we exerted engineering judgment and selected

the FM equal to 0.70 out of a possible range from 0.50 to 0.70, minimizing additional site amplification influence.

5.2.2. Application example two

Conversely, FM derived from Table 5 alone can be used to modify, for example, the existing Global Earthquake
Model (GEM) (31) fragility curves appropriately, to account only for SSI effects, as seen in Figure 10. In this manner,
site amplification effects can be accounted for using any available seismic hazard model. In essence, fragility curves
include SSI, while site amplification effects are considered via detailed site response analyses or using the available site
amplification factors found in the literature. In the latter case, site amplification remains part of the hazard component,

while SSI is embedded in the fragility counterpart.
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In this example, to account only for SSI effects on the fragility curve for slight damage of a 2-story, regularly infilled
dual system building resting on clay soil with Vi 3=250m/s (see Figure 10 left), using Table 5 we obtain a FM equal
to 0.70. This means that we have to multiply the median PGA value of the slight damage curve of GEM by 0.70 to
obtain the PGA that corresponds to 50% probability of exceeding the slight damage state. In particular, using the GEM
SD curve of Figure 10 (left), we multiply PGAs,, = 5.71m/s> with FM = 0.70, which equals to PGAs,, = 4.0m/s?

for the SSI-inclusive SD curve.

5.3. Equation form of FM

To help the risk analyst, the designer engineer, or any stakeholder to account for SSI effects in their risk calculations,
we provide below an equation form of the fragility modifiers FM. Using the optimization scheme of the least-squares
regression, we attempted to fit an equation in the data of Table 5. We did not fit an equation to our data including site
amplification effects on fragility modifiers, because the error in the fitting was large enough to make the approach
inapplicable. The selected optimization scheme can solve a nonlinear least-squares problem with bounds on the
variables. Fitting may be achieved using various functions as a base. Here, our analyses’ -noisy- output data, namely
the FM values, cannot be accurately represented by simplified functions, such as a linear or a polynomial equation.
Thus, fitting is achieved using the optimization scheme of the least-squares regression provided in SciPy that further
permits nonlinear regression methods.

The resulting Equation 4 can be readily used to code FM into software applications rather than manually transfer
table values. One can account for SSI effects on the traditional fragility curves for fixed-base structures. Nevertheless,

such an approach is inevitably accompanied by a significant impact on the accuracy of the FM values.

FM,; = —0.027 x LS™'*6% 1 0.029 x NSO
@
+2.873x V99 —3.19

where,
o LS: Lateral load-resisting system (takes value "1" for MRF and "2" for Dual system)
e NS: Number of stories (takes values 1 to 12)

e V: Shear wave velocity of underlying soil layer(s) (takes values 150m/s to 1000m/s). According to the literature
(4; 50), the Vg can be estimated as the average shear wave velocity of a homogeneous soil layer beneath the
foundation for SSI analyses. This soil layer should be of depth ranging from half the foundation width up to two

times the foundation width for a more accurate representation of the foundation soil dynamic characteristics.
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Figure 11: Error [%] versus FM covered [%].

During the optimization scheme of the least-squares regression method, we found that infills and soil type negligibly
affect the outcome. Also, we avoided the refinement for different DS since it over-complicated the derived equation with
additional variables without reaching a more accurate solution. On the other hand, Equation 4 is easily implemented in
any application without the strict, compatible refinement of the typologies of the buildings and soils adopted in each
study.

To evaluate the effectiveness of the proposed Equation, we estimated the percentage of the FM covered by Equation
4, with respect to the error percentage. Essentially, we compare the equation output with the FM derived analytically

for all the cases included in this study. The error is defined in Equation 5.

Error = (FMi,Equation - FM[,Analyses)/FMi,Analyses (5)

where i refers to the examined configuration (lateral load-resisting system, number of stoies, soil V), FM; gauation

is the FM value derived using Equation 4, and FM; 4,41 represents the FM derived from our dynamic analyses.
Naturally, the larger the acceptable error, the higher the percentage of the FM adequately calculated using Equation 4 is,
within this accepted error limit. This is further interpreted in Figure 11. For example, accepting a 20% error practically
means that using the FM’s equation form, one accurately covers 90% of the FM shown in Table 5.

In addition, to obtain an overview of the case-specific perspective of the effectiveness of Equation 4, we present
in Figure 12 an error heat map of the equation-based approach. Based on the deviations observed in Figure 12 and the
accepted level of error with respect to Figure 11, we concluded that using the table-based FM (in Figure 12) produces
more accurate results and can be used when smaller groups of buildings are examined, e.g., single buildings or city

blocks. On the contrary, equation-based FM (see Equation 4) values are helpful for large-scale (e.g., entire cities)

applications, where software/coding approaches are utilized. Also, large-scale applications reduce the error observed
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Figure 12: Error heat map for Equation 5. Green: 0-5%; Yellow: 5-10%; Red: >10% error.

due to the large number of buildings/soils included and the involvement of other parameters that more extensively

influence the outcome.

6. Conclusions

This study investigates the effects of site amplification (SA) and soil-structure interaction (SSI) on the earthquake
vulnerability of existing moment-resisting frame and dual system buildings in southern European cities. We found
that SA and SSI significantly influence the building response. The methodology previously developed (14) to study
the effects of SA and SSI on the fragility curves is further extended to buildings with a different lateral load-resisting
system (MRF, dual frame-wall), height (low-rise, mid-rise, and high-rise), infill conditions (no/bare, regular, pilotis),
soil shear wave velocity (150m/s to 450m/s) and soil material type (sand, clay). We propose a modular, holistic method
to include SSI-only or SA+SSI effects in an earthquake vulnerability assessment, using fragility modifiers (FM). We
also provide an easy-to-use equation form of the FM.

Our main conclusions are summarized below:
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e The soil material (sand or clay) was found to have a minor role in the fragility and vulnerability of the building.

e On the other hand, the soil shear wave velocity below the foundation seems to be a leading contributor to the final
fragility/vulnerability outcome, affecting both site amplification and SSI effects. A more detailed approach could

include also site depth effects on the ground response. The effects of SA and/or SSI are minor for Vg > 350m/s.

e Four damage states were examined, showing that SA and SSI affect each fragility curve differently for each DS.

In general, soil-related effects were more pronounced at lower DS.

e Damage transfer effect, that is, damage transfer from the shear wall to the frame parts of a dual frame-wall
building, triggered by SSI, was found to affect fragility significantly. Consequently, in that case, SSI may modify
the vulnerability of the building, leading to more significant additional losses. On the other hand, MRF buildings
practically ignore this damage transfer effect. However, the structural response of MRF is also affected by SA

and SSI effects.

o The building height and the presence of infill walls were found to differentiate the fragility curves. In particular,

SSItriggered infill damage even for low PGA levels, which usually led to more significant losses in the long run.

o SSI effects, when present, lead up to a 25% differentiation between the fixed-base and flexible-base fragility

curves.
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A. Python application of the equation-based FM calculation

A code snippet example is given here to show a possible use case of Equation 4 in computational applications. This

snippet defines Equation 4 as a function (named EFM). After that, the EFM function is called to modify a set of fragility

curves by multiplying each median value with the FM estimated. Furthermore, the corresponding vulnerability curves

are derived, adopting the Kappos et al. (30) damage index. The transformation of the fragility into vulnerability curves

is implemented using the total probability relation. The damage probability is defined as the distance between two

successive fragility curves for a given intensity, while this value is then multiplied by the corresponding damage index

ratio.

As already mentioned,
e LS: Lateral load-resisting system (use "1" for MRF and "2" for Dual system)
e NS: Number of stories (takes values 1 to 12)

e V: Shear wave velocity of underlying soil layer(s) (takes values 150m/s to 1000m/s).

# LS: Lateral load-resisting system (1:MRF, 2:Dual)
# NS: Number of stories (1-12)
# VS: Shear wave velocity of underlying layer(s) (150-1000m/s)

# Python Dictionary format:

**

Fragility[’Median’] [Typology] = [Median for each Damage Statel

H

Fragility[’Stdv’] [Typology] = [Standard deviationl]

# Equation as function
def EFM(LS,NS,VS):
EFMi = -0.027 * LS**(-12.642) + 0.029 * NS*x(0.743) + 2.873 * VS**(0.059) - 3.19

return EFMi

## Example: 4-story MRF, regularly infilled, low code

# Append literature fragility curves

# (medians and standard deviation)

Fragility[’Median’] [’RD59_4s_mrf_rinf’] = [0.5594, 1.9214, 2.2320, 2.5743]
Fragility[’Stdv’] [’RD59_4s_mrf_rinf’] = 1.8397

Model = ’RD59_4s_mrf_rinf’

# Call EMF to calculate equation-based FM for a MRF (i.e.,=1), 4-story (i.e.,=4)
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Figure 13: Fragility curves (left) and vulnerability curves (right) for a 4-story MRF, regularly infilled, low-code building.
FM-Equation denotes the fragility curves derived using the equation-based FM; FM-Analyses represents the fragility curves
derived using the table-based FM (see Table 5); Initial corresponds to the reference curves used in this example.

# building on soil with Vs=180m/s (i.e,=180)

EFMi = EFM(1, 4, 180)

for i in range(0,4):
Fragility[’Modified_Median’] [Model] .append (EFMi * Fragility[’Median’] [Model] [i])

Stdv = Fragility[’Stdv’] [Model]

# Call functions to estimate/plot fragility and vulnerability

ModMedian = Fragility[’Modified_Median’] [Model]
FragCurve = FragPlot(ModMedian,Stdv,’-’,’Fragility’)

VulnPlot (FragCurve,’-’,’Vulnerability’)

Also, indicative plots of the outcome are presented in fragility (Figure 13 left) and vulnerability terms (Figure
13 right). Based on the derived vulnerability curves, good convergence of the table-based and the equation-based

approaches is seen.
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