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Abstract

Recent earthquake occurrence in the northern Netherlands has been attributed to gas production activity in the Groningen
field. The largest earthquake to date has been the Huizinge event of August 2012 with a magnitude Mw 3.53. In response
to this induced seismicity, the operators of the field have been developing a comprehensive seismic hazard and risk model
for the region.

A key component of the risk assessment involves the definition of fragility functions for each building type that has been
identified within the region. Structural drawings were used to develop a multi-degree-of-freedom (MDOF) numerical
model of the structural system including the predominant non-structural elements. To reduce the computational effort in
deriving fragility functions, a simplified single-degree-of-freedom (SDOF) equivalent system approach is used herein to
analytically represent the structural system of each typology.

It is well known that dynamic Soil-Structure Interaction (SSI) may affect the fragility estimate, especially for soft soils
and when soil nonlinearity is taken into account. This paper shows the impact of alternative SSI models on the assessment
of seismic fragility functions for unreinforced masonry buildings with pile foundations. The substructure approach is
initially adopted by implementing two different models, the first of which is one-dimensional and includes only a
translational elastic spring and a dashpot, whose stiffness and viscous damping are retrieved from the real and imaginary
parts of the dynamic impedance at the first natural frequency of the structure. The second and more refined model is a
Lumped-Parameter Model (LPM), accounting for frequency dependence of the impedance through the introduction of
fictitious (non-physical) masses in the interface node representing the foundation. Rocking-sway coupling is also
considered. In order to explore the sensitivity of fragility functions to the linearity assumption, an additional approach,
including soil nonlinearities, is employed. A nonlinear pile-head macro-element is introduced to model both the (inelastic)
near-field and the (elastic) far-field response, condensing the entire soil-foundation system into a single nonlinear element
at the base of the superstructure, which also accounts for energy dissipation through radiation damping. The comparison
between the adopted approaches is evaluated in terms of their effects on the characterisation of collapse fragility functions.

Keywords: Induced seismicity;, Lumped-Parameter Model; Macro-element, Soil nonlinearity; Multiple-stripe analysis.
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1. Introduction

Regional risk assessment studies involve the definition of fragility functions (which describe the probability
of exceeding a given damage or collapse state, conditional on the intensity of input ground motion), for each
building typology that has been identified within the region of interest and included in the exposure model. If
the mechanical properties of the soil on which such buildings are founded are such that soil-structure
interaction (SSI) cannot be disregarded a-priori, then the derivation of fragility functions needs to take SSI into
account.

In order to derive fragility functions through the undertaking of nonlinear dynamic analyses (e.g.
Crowley et al., 2017 [1]), hundreds of records must be considered, rendering unfeasible the employment of
finite element soil-block modelling strategies, due to their ensuing very significant computational burden. The
latter is exacerbated further if there is a need to consider and model soil nonlinearity, in cases of very low
resistance of the soil, such as that in the case-study region considered in this work (see Section 3). As such,
the possible employment of an alternative more computationally efficient SSI modelling solution had to be
identified, with three non soil-block SSI approaches being thus studied. The first two, namely a one-
dimensional frequency-independent model and a two-dimensional Lumped-Parameter Model (LPM)
accounting for frequency dependence of the coupled horizontal and rotational impedances, belong to the linear
substructure approach, considering kinematic and inertial interaction effects by the principle of superposition.
Instead, the third approach relies on the adoption of a nonlinear pile-head macro-element (Correia and Pecker,
2020) [2] and belongs to the class of hybrid methods, combining the features of sub-domain decomposition
and finite element modelling, including soil nonlinearities.

2. Investigated index buildings

Three different index buildings modelled by Arup (2017a, 2019) [3][4] and featuring pile foundations have
been considered herein, with the characteristics summarised in Table 1. These residential buildings are
apartment blocks, all constructed with concrete floors and cavity URM walls (see Fig. 1).

Table 1 — Summary of the URM index buildings with pile foundations

Index Building Name | System type | Floor type Wall type # storeys | Mass (tonnes)
Drive-in Apartment Concrete Cavity Garage + 2 764
block
Koeriersterweg Apartment Concrete Cavity 3 + 2 attics 1493
(K-Flat) block
Delfzijl Apartment Concrete Cavity 4 2096
(S-Flat) block

Koeriersterweg Delfziil
)

Drive-in

Fig. 1 — Screenshots of LS-DYNA models of URM index buildings with pile foundations

In all SSI models considered in this work, the superstructure is represented in a simplified way as a
SDOF system, whose behaviour is described in SeismoStruct (Seismosoft, 2019) [5] with the use of the
multi_lin model by Sivaselvan and Reinhorn (1999) [6]. The latter, characterised by a polygonal hysteresis
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loop, can simulate the deteriorating behaviour of strength and stiffness. In order to calibrate this hysteretic
model, fixed-base MDOF models for each index building were produced in LS-DYNA (LSTC, 2013) [7] and
were subjected to nonlinear dynamic analyses using 11 training records (see Arup, 2017b [8] for further
details). The maximum attic displacement of a given MDOF model under each training record was converted
to the equivalent SDOF displacement (see Crowley et al., 2019 [9]) and then compared with the displacement
obtained under the same records for the fixed-base SDOF model in SeismoStruct. The logarithms of these
displacements (Sd) were plotted against the logarithm of the average spectral acceleration (4vgSa - Bianchini
et al., 2009 [10]) of each record, defined as the geometric mean of ten spectral accelerations from 0.01 to 1
seconds, and the linear regressions of each model compared. Afterwards, the SDOF model was iteratively
adapted until a reasonable match was obtained (see Fig. 2).

Sd (m)

©  MDOF model| |
SDOF model

10°

AvgSa (g)

Fig. 2 — Comparison of displacements from MDOF (transformed to SDOF) LS-DYNA model
and SDOF SeismoStruct model with calibrated multi lin hysteretic model

3. Soil characterisation in Groningen

In order to account for SSI it is first required to define representative soil profiles that may be used for
assessment of the input parameters of the different models used (one-dimensional frequency-independent,
LPM, macro-element). The selection of representative soil profiles takes advantage of the detailed
microzonation carried out in recent years for the Groningen region, resulting among others in maps of the site
response Amplification Factor (AF) for several spectral ordinates (Rodriguez-Marek et al., 2017) [11]. A
representative shear wave velocity (Vs) profile was evaluated as the mean of Vs profiles around the median AF
(equal to 2.25) considering all sites with AFs in an interval of amplitude equal to 0.2 (see Fig. 3a) The AFs
corresponding to the largest input motion level were considered. The Vs profile is not the only relevant
parameter for SSI, therefore a real stratigraphy, with the corresponding soil parameters (strength, stiffness,
etc.), needs to be identified. The simplest way to perform this operation is to identify a real stratigraphy (i.e.
one of the about 140k sites considered for site response analyses) compatible with the computed mean Vs
profile. This was done evaluating the deviation between the mean Vs profile and each one of the Vs profiles in
the interval of median AF considered. Fig. 3b) shows the comparison between the mean Vs profile and the Vs
profile with minimum deviation. The upper 30 m of the selected soil deposit is constituted by an alternation of
fine sand and cohesive layers (i.e. clayey sand and sandy clay). In the shallow part, there is a 5 m thick layer
of fine sand. The shallow water table level implies analysing the seismic pile response in undrained conditions.

In the framework of site response analysis, several soil parameters were associated to each site. Besides
the Vs profile and soil stratigraphy, other geotechnical parameters used for site response analysis are included;
in particular, a set of geomechanical parameters important to describe the dynamic soil behaviour, the modulus
reduction and damping curves, are typically available (see Kruiver et al., 2017 [12] and Rodriguez-Marek et
al., 2017 [11]). Unfortunately, for the fine sand surficial layer, strength parameters are not available;
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consequently, they were defined based on existing literature, trying to constrain the selected values based on
available information (i.e. Vs profile, coefficient of uniformity and Dso, diameter of the particles with 50% of
passage in the grain size distribution). In particular, Fear and Robertson (1995) [13] proposed a framework for
estimating the undrained steady state shear strength of sand (s.) from in sifu tests; the formulation combines
the theory of critical state soil mechanics with shear wave velocity measurement. Fig. 3c¢) shows the undrained
shear strength profile in the shallow part of the selected representative soil profile.
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Fig. 3 — a) Histogram of AF at a period equal to 0.5 s and highest input motion level; b) Mean shear wave
velocity profile around median AF vs best fit profile. Plots were derived using data described in Kruiver et
al. (2017) [12] and Rodriguez-Marek et al. (2017) [11]; ¢) Undrained shear strength in the shallow part of the
representative soil profile

4. Substructure approach

As mentioned already, in this work SSI was initially analysed by the substructure approach, which allows
splitting kinematic and inertial interaction in different sub-steps and considering their combined effects using
the principle of superposition (Mylonakis et al., 2006) [14]. In this study, kinematic interaction was deemed
negligible in the response of the simplified models used for the definition of fragility curves. As a consequence,
the free-field motion was used as input motion for the nonlinear dynamic analyses. Two different models
following the substructure approach were implemented in SeismoStruct for derivation of fragility functions;
they are described in Sections 4.2 and 4.3.

4.1 Definition of impedance functions

Impedance functions were evaluated using the software DYNAG6.1 (GRC, 2015) [15], which for pile
foundations allows the use of a layered medium. The depth interested by the presence of piles (i.e. 16 m) is
subdivided into three layers, while the soil with thickness of 4 m below the pile tip is considered as a base
layer. The shear wave velocity and the unit volume weight () of each layer are equal to the average value
within the stratum. Fig. 4a) represents the Vs profile of the layered medium considered. For each layer, the
Poisson’s ratio is taken equal to 0.45 and the material damping coefficient is assumed equal to 0.02. Based on
the results of site response analysis, scaling factors (SF) for the Vs profile were defined to account for soil
nonlinearity depending on the strain level. A relationship between peak ground acceleration (PGA) and Vs
scaling factors was obtained considering at different PGA levels the mean strain level and shear modulus (G)
degradation in the upper 20 m layers. Fig. 4b) shows the G/Gnax scaling factors for the nine shear modulus
degradation curves considered. Five PGA levels ranging from 0.05 g to 0.43 g were considered in the
derivation of impedance functions. Further information can be found in Cavalieri et al. (2020a) [16].
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Fig. 4 — a) Vs profile of the upper 20 m of soil (dashed red line) and Vs profile considered for the layered
medium used for computation of impedance functions of pile foundations; b) G/Gmax scaling factors obtained
from site response analysis for different levels of shear strain in the upper 20 m of soil layers, for the
different shear modulus degradation curves considered

4.2 One-dimensional frequency-independent model

The simplest SSI model employed in the fragility functions' development in this work is a one-dimensional
frequency-independent model, called SSI 1-D hereafter, having a lateral spring with stiffness k. and a dashpot
with viscous damping coefficient c.. The values of the stiffness and viscous damping coefficient were obtained
using the fundamental frequency of the fixed-base SDOF model together with the impedance functions derived
for the Groningen field. The structural SDOF mass, stiffness and damping coefficient are indicated with m, k;
and c;, respectively, in Fig. 5. The seismic excitation is input to the system as an acceleration time history, a(?),
applied to the fixed support at the base.

ZerolLength
element

a(t)

Fig. 5 — The adopted one-dimensional frequency-independent model
4.3 Lumped-Parameter Model (LPM)

A Lumped-Parameter Model (LPM) accounting for frequency dependence of the impedance functions was
also implemented in SeismoStruct and used for the derivation of fragility functions. Even though techniques
are available to describe frequency dependence of any type through a generalised LPM whose form is not
known in advance (Lesgidis et al., 2015) [17], this work adopted the simplest LPM capable of describing
approximately, over the frequency range of interest, the features of three components of impedance, namely
the translational, rotational and roto-translational terms. The LPM model proposed by Dezi et al. (2009) [18]
and Carbonari et al. (2011, 2012, 2018) [19][20][21] was adopted and implemented (see Fig. 6).

The crucial feature of this LPM is the introduction of a translational fictitious (non-physical) mass m, in
the interface node (representing the foundation), linked to the ground by a translational spring (of constant &)
and by a dashpot (of constant c,). This system is characterised by a frequency-dependent response to an input
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and thus allows for an approximate description of the frequency dependence of the impedance. Expressing the
equation of motion of the system without the superstructure in the frequency domain, it can be easily seen that
the dynamic impedance decreases parabolically (k. — m. @) with frequency, whereas the imaginary part
increases linearly (c. @) with frequency. In case the foundation mass is taken into account, it is added to the
fictitious mass in the same node. In order to model the foundation rotation, the LPM includes a rotational mass
m, in the interface node, linked to the ground by a rotational spring (of constant k;,) and dashpot (of constant
¢ry). Finally, rocking-sway coupling is achieved by adding a translational mass, spring and dashpot (1, kv,
Cxy), connected to the interface node by three rigid links of length 4., A and 4.

mX,fy

Fig. 6 — The adopted Lumped-Parameter Model for pile foundations

The soil portion of the LPM is characterised by three degrees of freedom, but only two of them are
independent, due to the presence of rigid links. The model is comprised of nine equations with twelve
unknowns, and hence the heights 4., i and 4. must be assigned arbitrarily. The nine terms of the mass, stiffness
and damping matrices are obtained by fitting the available three components of impedance (translational,
rotational and roto-translational) with parabolic and linear functions for the real and imaginary parts,
respectively. Given the three matrices, the parameters of the soil portion of the LPM are then retrieved by
assigning the three heights and using equations that can be found in Cavalieri et al. (2020a) [16]. In order to
capture the inertial interaction effects between the superstructure and the foundation, the superstructure mass
is placed above the ground at the building centroid height, H., and is connected to the interface node by a
rigid link. In this way, the rigid displacement of the superstructure mass due to the foundation rotation ;, and
equal to Hep0;, is taken into account within the nonlinear dynamic analyses, and then subtracted from the total
displacement. The seismic acceleration, a(f), is actually input to the system as an inertia force history, f{¥),
applied to the superstructure mass: this approach properly considers the inertial components in the presence of
the structure (structure and foundation masses and their interaction), resulting in a response in terms of relative
displacements with respect to the ground motion.

5. Hybrid approach with nonlinear macro-element
5.1 Overview of the employed nonlinear macro-element

The pile-head macro-element developed by Correia and Pecker (2020) [2] may be regarded as a lumped model
located at the base of the superstructure that intends to represent the behaviour of the entire soil-foundation
system. The macro-element is based on the three fundamental features of the response of laterally loaded piles:
initial elastic behaviour, gap opening/closure effects and failure conditions. These three characteristic
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behaviours are all made compatible by using an inelastic model that accounts for the evolution from initial
nonlinear elastic behaviour to full plastic flow at failure. Such inelastic model is based on a bounding surface
plasticity theory formulation that ensures a smooth transition from the initial elastic pile-head response up to
nonlinear behaviour and collapse.

This pile-head macro-element model represents the lateral behaviour of single vertical piles, subjected
to a horizontal load and a moment, from the initial stages of loading up until reaching failure. The effects of
vertical loading are not directly considered in this model except for its influence on the plastic moment of the
pile cross-section. Otherwise, it is considered that the upper zone of the soil profile, until the depth at which
the plastic hinge will form, only contributes to the lateral load resistance. The vertical load is assumed to be
transferred to the surrounding soil below that depth, where there is no influence of gap opening effects.

The adopted system for nonlinear dynamic analyses, as modelled in SeismoStruct, composed of a
nonlinear structural SDOF and a pile macro-element, is shown in Fig. 7. As done for the LPM, in order to
capture the inertial interaction between the superstructure and the foundation (with mass my), the superstructure
mass is placed above the ground at the building centroid height, H.s. Similarly, the seismic acceleration, a(?),
is actually input to the system as an inertia force history, f{(¢), applied to the superstructure mass. All the springs
and dashpots present in the macro-element, except the torsional ones, which do not play a role in the analyses
of interest, are visualised in the 2D scheme of Fig. 7. Their constants correspond to the stiffness and damping
in the vertical (ky, cy), horizontal (kgx, cx), rotational (ku, cu) and roto-translational directions (kws, crm).

f(t) = m,- a(t)

foundation
node

plastic hinge on pile
gap / contact degradation
inelastic soil behaviour

NEAR-FIELD

@ nonlinear response

horizon P

(=== FAR-FIELD

elastic stiffness
radiation damping

Fig. 7 — The adopted system with structural SDOF and pile macro-element

Since the structural model used for the computation of fragility curves is a SDOF model, the definition
of the input parameters for a representative macro-element requires a calibration step. Such calibration was
carried out in order to define the characteristics of the macro-element equivalent to the real foundation system.
The calibration step, described in Section 5.3, was carried out considering a MDOF model for each building,
in which each pile was represented by a macro-element, whose characteristics were defined as described in
Section 5.2.

5.2 Assessment of input parameters for pile foundation macro-element

The approximate expressions for pile-head equivalent-linear impedances proposed by Gazetas (1991) [22] and
adopted in EC8 — Part 5 (CEN, 2004) [23], were assumed to be valid for representing the initial elastic dynamic
stiffness of the macro-element. In relation to the shear wave velocity profile considered (see Fig. 4a), the
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formulation of pile-head impedance for constant soil stiffness with depth was considered. For the vertical
stiffness component, in the case of a pile in a homogenous layer, the solution proposed by Mylonakys and
Gazetas (1998) [24] was considered.

Gazetas (1991) [22] also presented the corresponding pile-head damping coefficients, which are
computed for each frequency, f- These correspond only to the radiation damping component. Moreover, they
are only valid for frequencies above the fundamental frequency of vibration of the soil deposit, since, if the
bedrock is assumed to be rigid, no radiation damping exists below that frequency. Finally, the model specific
parameters not discussed above were assigned values consistent with the calibration procedure done in the
work by Correia (2011) [25]. Further information can be found in the report by Mosayk (2019) [26].

5.3 Properties of the equivalent macro-element

The employed pile macro-element models the soil under a single pile. However, given that the development
of fragility functions is based on dynamic analyses of SDOF systems (Crowley et al., 2019) [9], the calibration
of an “equivalent” pile macro-element was needed for all the investigated index buildings. To this end, the first
step was to build in SeismoStruct two MDOF models. The first one is three-storey (see Fig. 8a) and was used
for Drive-in and K-Flat, given the similarity of their geometric properties; only the total mass was changed
accordingly. The second model is four-storey (see Fig. 8b) and was used for S-Flat. The two structural models
only differ for the presence/absence of the fourth floor, given that the foundation plane was assumed to be the
same for all the buildings, comprising a total of 67 piles distributed along the perimeter and five transversal
axes along the y-direction, each of which modelled through a macro-element.

Fig. 8 — The MDOF models used for the investigated apartment index buildings: a) three-storey (for Drive-in
and K-Flat); b) four-storey (for S-Flat)

The equivalent macro-element calibration requires the computation of the stiffness, capacity and
damping along several directions. Most of the parameters were computed analytically starting from the
foundation geometry and properties of the single macro-elements, while the remaining ones required the output
from the models. The vertical stiffness, &y, as well as the horizontal stiffness, kx, were obtained by simply
summing up the stiffness values of the single macro-elements, assuming a rigid behaviour of the foundation
plane. The torsional stiffness, k7, does not play a role in the fragility curve derivation since the models represent
the response in a single vertical plane. For the rotational stiffness, k, an approach consisting in comparing the
initial rotational stiffness of the MDOF model with the one of the simplified system composed of a nonlinear
structural SDOF and an equivalent pile macro-element (see Fig. 7 above) was followed (see Cavalieri et al.,
2020a [16]). Finally, the horizontal-rotational off-diagonal stiffness, kmy, corresponds to the sum of reaction
moments in the rotation-restrained upper nodes of macro-elements divided by the horizontal displacement of
the base rigid plane.

Concerning the bearing capacity, the horizontal component, Hmax, was computed as the sum over the
single macro-elements, while for the rotational component, Mma, the procedure described below was
employed. The pile-head failure surface is approximated by a rounded curve corresponding to a distorted
superellipse, of equation (Correia et al., 2012) [27]:
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where H, is the ultimate base shear obtained from the pushover analysis, F,« is the ultimate horizontal
force at the k-th floor level, 4, obtained considering a triangular distribution along the building height (Ns
storeys), while ng, nyr and 7" were set to 7.04, 2 and -0.667 (assumption of linear variation of undrained shear
strength with depth), respectively. In Eq. (1), the only unknown is Mmax: the latter is derived from the ratio M,
/Mmax, which is obtained by interpolation in correspondence of the actual H, /Hmax value.

Concerning the radiation damping coefficients for the equivalent macro-element, they are defined in the
vertical (cy), horizontal (cx) and rotational (cu) directions. Similarly to the stiffness, a horizontal-rotational
off-diagonal damping coefficient, cxu, is also included in the set of damping parameters and requires a physical
damper with coupled behaviour between the horizontal force and moment. Finally, the model specific
parameters for the equivalent pile-head macro-element in SeismoStruct were set equal to those of the single
pile-head macro-elements.

6. Fragility functions
6.1 Methodology

Hazard-compatible records for the development of fragility functions were selected through disaggregation of
seismic hazard at four different return periods (7, = 500, 2500, 10k and 100k years) at one of the highest hazard
locations in the field. Four sets of 50 spectra, conditional on four different levels (corresponding to the four
return periods) of AvgSa, were determined using the mean magnitude and distance from the disaggregation
together with the 2017 ground motion and 5-75% significant duration prediction equations for the Groningen
field (Bommer et al., 2017) [28]. The records were selected from a large database, including European and
NGA-West records, to match both response spectra and 5-75% significant durations conditioned on four
different levels of AvgSa (corresponding to the four return periods), using the ground motion selection
procedure proposed by Baker and Lee (2018) [29], namely the Conditional Spectrum.

Using multiple-stripe analysis (MSA), for each of the four values of AvgSa (i.e. the stripes), the selected
50 records were used together with the SSI and SDOF models in SeismoStruct to calculate the maximum
displacements. The logarithms of these displacements are plotted against the logarithm of AvgSa and then a
censored linear regression is undertaken to obtain the parameters of the fragility functions (as shown in Fig. 9
and described further in Crowley et al., 2017, 2019 [1][9)).

Original data
10°F| i

f O Regression data
Regression Line
Collapse Displacement

8
AvgSa=0.86g

: AvgSa=0.5g
AvgSa=0.34g

AvgSa=0.2g

10
AvgSa (9)

Fig. 9 — Example cloud data plot with linear censored regression of the dynamic displacement responses of
the SSI + SDOF system (note: each vertical stripe corresponds, from left to right, to the results obtained
using the 7, = 500, 2500, 10k and 100k year records, respectively)
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6.2 Proposed fragility functions and comparison

Following the methodology presented in the previous Sections of the paper, fragility curves for the collapse
limit state, for the three adopted SSI models and the three investigated index buildings were obtained, as shown
in Fig. 10, where each subplot displays the curves related to: i) the simple one-dimensional elastic SSI case,
i) the LPM elastic SSI case, and iii) the nonlinear macro-element SSI case. The curve for the fixed-base case
is also displayed for reference.

Unlike buildings with shallow foundations in Groningen, for which the influence of SSI was seen to be
small to negligible (Cavalieri et al., 2020b) [30], these taller and stronger buildings are more affected by the
rocking response of the foundation system, which is visible in the curves for the different SSI modelling
approaches. A beneficial effect of SSI is quite visible for all the investigated index buildings. For the Drive-in
building all three SSI-related fragility curves appear to be shifted to the right with respect to the fixed-base one
(grey). In particular, while the two curves (blue and red) for the elastic models are not very distant from the
fixed-base one, the (green) curve for the nonlinear macro-element is well separated on the right; this indicates
that taking into account the nonlinear response of the foundation system, through the use of macro-elements,
may have a non-negligible influence on the seismic vulnerability of buildings. The latter aspect is highlighted
also in the case of the K-Flat building, for which only nonlinearity appears to bring a beneficial effect of SSI.
For S-Flat, which is the heaviest and tallest building, as well as the less stiff one, the impact of nonlinearity on
fragility curves is even more evident, being the macro-element-related curve very far on the right of the other
ones. Similar to the cases of Drive-in and K-Flat, the two elastic curves are quite close to each other and to the
fixed-base curve, with the LPM-related curve having the same median as the fixed-base one. As expected, the
LPM-related curve is shifted to the right of the 1-D-related one, since the LPM model includes a rocking
response, which is dominant for these buildings with pile foundations and, among the investigated buildings,
especially for S-Flat.

Drive-in
1 o 1
©0.8 0.8
0
()]
>
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(0]
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§ 7 /|--Fixed-base
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Fig. 10 — Proposed fragility curves for the investigated index buildings and the different SSI models. The
orange dashed lines indicate the four considered levels of AvgSa; 0.2g (T = 500 years), 0.34g (7 = 2500
years), 0.5g (T, = 10k years) and 0.86g (7, = 100k years)

In summary, based also on the results obtained for buildings with shallow foundations in Groningen (see
Cavalieri et al., 2020b [30]), it is noted that for most buildings the consideration of inelastic SSI behaviour
effectively leads to additional energy dissipation and, consequently, to smaller structural displacements. For
this reason, the use of a nonlinear macro-element model is always recommended in the development of fragility
functions.

7. Conclusions

In recent years, the Groningen region (northern Netherlands) has been affected by induced seismicity attributed
to gas production activity. Within the comprehensive seismic hazard and risk model for the region developed
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by NAM, the definition of fragility functions for several URM index buildings is crucial. With reference to
three of these representative buildings (considered here as SDOF systems) with pile foundations, this paper
investigated the impact of adopting alternative models of SSI on the collapse fragility functions. Two of such
SSI models, namely the one-dimensional frequency-independent and the LPM, are elastic, whereas the
remaining one adopts a nonlinear macro-element to encompass all aspects of elastic (in the far-field) and
inelastic (in the near-field) behaviour of the foundation system.

The paper showed that the influence of elastic SSI results to be small to negligible, whereas the inelastic
SSI leads to fragility curves that are less unfavourable with respect to the fixed-base case, for all three
buildings. This indicates that taking into account the inelastic behaviour of the soil-foundation system may
lead to smaller structural displacements and hence to a lower vulnerability of the structures.

This work demonstrates that, in order to avoid the introduction of conservative bias in the results of risk
assessment, it may be important not only to include SSI effects in the development of the fragility functions of
the building stock, but also to adopt a nonlinear SSI model, especially for buildings founded on piles and thus
affected by the rocking response of the foundation system. Such model, in the context of fragility functions
derivation, where hundreds or thousands of nonlinear dynamic analyses need to be carried out, must necessarily
be computationally effective like the macro-element, given that more refined approaches (involving e.g. the
development of a 3D elasto-plastic soil-block model) have a computational cost that makes them unfeasible
for such applications.
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