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Abstract

Dynamic soil-structure interaction (SSI), involving the coupling of structure, foundation and
soil, is a crucial and challenging problem, especially when soil nonlinearity plays an im-
portant role. This paper shows the impact of adopting different SSI models on the assessment
of seismic fragility functions. The substructure approach is initially adopted by implementing
two models, the first of which includes only a translational elastic spring and a dashpot. The
second and more refined model is a Lumped-Parameter Model (LPM) accounting for fre-
quency dependence of the impedance. An additional approach including soil nonlinearities is
also employed. A nonlinear macro-element is introduced to model the near-field behaviour by
condensing the entire soil-foundation system into a single nonlinear element at the base of the
superstructure. Energy dissipation through radiation damping is also accounted for. The
comparison between the adopted approaches is evaluated in terms of their effects on the
characterisation of fragility functions for unreinforced masonry buildings.
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1 INTRODUCTION

Recent earthquake occurrence in the northern Netherlands has been attributed to gas pro-
duction activity in the Groningen field, the largest of which to date has been the Huizinge
event of August 2012 with a magnitude ML 3.59 (Mw 3.53: Dost et al., 2018) [1]. In response
to this induced seismicity, the operators of the field, NAM - Nederlandse Aardolie
Maatschappij B.V., have been developing a comprehensive seismic hazard and risk model for
the region, which comprises the entire gas field plus a 5 km buffer zone onshore (van Elk et
al., 2019) [2].

A key component of the risk assessment involves 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 type that has been identified within
the region, and included in the exposure model. At least one real representative building from
the region was found for each building type (the so-called index building) and the structural
drawings were used to develop a multi-degree-of-freedom (MDOF) numerical model of the
structural system including the predominant non-structural elements (such as partition and
external facade walls). However, the computational effort associated with running nonlinear
dynamic analyses of many such numerical models, each subjected to tens or hundreds of rec-
ords, was judged to be too high to allow fragility functions to be directly developed from the-
se analyses. Therefore, a simplified single-degree-of-freedom (SDOF) equivalent system
approach was used instead to analytically represent the structural system of each typology.
Dynamic soil-structure interaction (SSI) is modelled through three different approaches: one-
dimensional frequency-independent spring and dashpot, Lumped-Parameter Model (LPM)
accounting for frequency dependence of the impedance, and using a nonlinear macro-element.

This paper investigates the impact of adopting the different SSI models listed above on the
collapse fragility functions for the unreinforced masonry (URM) building types, which make
up at least 85% of the building stock in the Groningen region.

2 INVESTIGATED INDEX BUILDINGS

Seven different index buildings (Arup, 2017) [3], all typically constructed with shallow
foundations, have been considered herein, with the characteristics summarised in Table 1.
These residential buildings are either detached or terraced (with units varying from 2 to 8) and,
depending on their age, they are constructed with timber or concrete floors, and solid or cavity
URM walls.

Index Building System Floor type Wall type Number of Mass Period
Name type storeys (tonnes)  (s)
Zijlvest Terraced ~ Concrete  Cavity 2 + attic 219 0.34
Julianalaan Terraced  Concrete  Cavity 2 + attic 252 0.15
E45 Terraced  Concrete  Cavity 2 + attic 315 0.24
Patrimoniumstraat Terraced  Timber Cavity 2 + attic 148 0.10
Kwelder Detached  Concrete  Cavity 1 + attic 96 0.08
Badweg Detached  Timber Cavity 1 + attic 44 0.13
LNEC-BUILD3 Detached  Timber Solid 1 + attic 44 0.08

Table 1: Summary of the URM index buildings with shallow 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 with the multi /in material in Seismo-

1908



Francesco Cavalieri, Anténio A. Correia, Helen Crowley and Rui Pinho

Struct (Seismosoft, 2019) [4]. In order to calibrate this hysteretic model, fixed-base MDOF
models for each index building were produced in LS-DYNA (LSTC, 2013) [5] and were sub-
jected to nonlinear dynamic analysis using 11 training records (see Arup, 2017 for further de-
tails) [6]. The maximum attic displacement of a given MDOF model under each training
record was converted to the equivalent SDOF displacement (see Crowley et al., 2017) [7] and
then compared with the displacement obtained under the same records for the fixed-base
SDOF model in SeismoStruct. The logarithms of these displacements were plotted against the
logarithm of the average spectral acceleration (AvgSa) of each record, defined as the geomet-
ric mean of spectral accelerations from 0.01 to 1 second, and the linear regressions of each
model compared. Afterwards, the SDOF model was iteratively adapted until a reasonable
match was obtained (see Figure 1).
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Figure 1: 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) [8]. The examination of AF distribu-
tions shows that in general the patterns of high and low AF are well reflected by the geologi-
cal zonation model (Bommer et al., 2017) [9]. Therefore, the AF represents well the soil
behaviour of the shallow deposits, and it can be considered a reliable parameter for the identi-
fication of representative soil profiles.

The site response analysis study (carried out for ten levels of input motion) was performed
for a grid of about 140’000 points homogeneously distributed in the Groningen area. Figure
2a) shows the distribution of AFs for the highest input motion level at spectral ordinates at
0.5s. Due to the non-negative values of the AF, it was assumed that AF follows a lognormal
distribution.

A representative shear wave velocity 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 ampli-
tude equal to 0.2. The AFs corresponding to the largest input motion level were considered.
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Different levels of AF and/or input motion can be selected to define alternative Vs profiles in
future steps, being the median AF the most representative. The Vg profile is not the only rele-
vant parameter for SSI, therefore a real stratigraphy, with the related 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 has been done evaluating the deviation
between the mean Vs profile and one of the Vs profiles in the interval of median AF consid-
ered. Figure 2b) shows the comparison between the mean Vs profile and the Vs profile with
minimum deviation.
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Figure 2: a) Histogram of AF for period equal to 0.5s and high input motion; b) Mean shear wave velocity pro-

file around median AF vs best fit profile. Plots were derived using data described in Kruiver et al. (2017) [10]
and Rodriguez-Marek et al. (2017) [8].

The upper 30 m of the identified deposit is constituted by an alternation of fine sand and
cohesive layers (i.e., clayey sand and sandy clay). In the shallow part, which mostly affects
the response of shallow foundations, there is a 5 m thick layer of fine sand. The shallow water
table level requires that the computation of bearing capacity be performed under undrained
conditions.

In the framework of site response analysis, several soil parameters were associated to each
site. Besides the Vg profile and soil stratigraphy, other geotechnical parameters used for site
response analysis are included, in particular a set of geomechanical parameters used to de-
scribe the dynamic soil behaviour such as the modulus reduction and damping curves (see
Kruiver et al., 2017 [10] and Rodriguez-Marek et al., 2017 [8]). Unfortunately, for fine sand,
strength parameters are not available; consequently, they were defined based on existing liter-
ature, trying to constrain the selected values based on available information (i.e., Vs profile,
coefficient of uniformity and Dso, diameter of the particle with 50% of passage in the grain
size distribution). In particular, Fear and Robertson (1995) [11] proposed a framework for
estimating the ultimate undrained steady state shear strength of sand (S,,) from in situ tests; the
formulation combines the theory of critical state soil mechanics with shear wave velocity
measurement. Figure 3 shows the undrained shear strength profile in the shallow part of the
selected representative soil profile. Undrained shear strength is used to compute the bearing
capacity under undrained conditions.

1910



Francesco Cavalieri, Anténio A. Correia, Helen Crowley and Rui Pinho

S, (kPa)
0 50 100 150 200
0
©
2
o
4
E o
S 6
Q.
[
o
]
8
10 -]
]

12

Figure 3: Undrained shear strength in the shallow part of the representative soil
profile: blue circle fine sand layer, red square cohesive layer.

4 SUBSTRUCTURE APPROACH

In this work, SSI was initially analysed by the substructure approach, which allows split-
ting kinematic and inertial interaction in different sub-steps and considering their combined
effects using the principle of superposition (Mylonakis et al., 2006) [12].

Kinematic interaction causes a modification of the free-field motion due to the geometry
and stiffness of the foundation, on which a different motion is applied, called Foundation In-
put Motion (FIM). In practical applications, structural engineers commonly neglect the effects
of kinematic interaction (Dezi et al., 2010) [13]. Arup (2015a, 2015b) [14], [15] also deter-
mined kinematic interaction to be negligible in the response of the simplified models used for
definition of fragility curves. As a consequence, the free-field motion was used as input mo-
tion for the nonlinear dynamic analyses in this study.

Inertial interaction includes the dynamic response of the coupled soil-foundation-structure
system due to the input motion and is characterised predominantly by a shift of structural fre-
quencies to lower soil-structure frequencies and by an increase of damping. Within the cou-
pled system, the soil is replaced by a set of springs and dashpots (as well as masses, in some
cases) at the foundation level, representing the foundation dynamic impedance (see section
4.1). The latter is a complex-valued frequency function, whose real and imaginary parts de-
pend on the stiffness and on the energy dissipation properties, respectively.

Two different models following the substructure approach were implemented in Seismo-
Struct for derivation of fragility functions. They are briefly 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) [16]. The
foundations of the buildings considered consist of a grid of continuous beams oriented in two
orthogonal directions. Conversely, the structural model used for definition of the fragility
curves is a SDOF system in which the contact with the soil is limited to a single point. The
geometry of grid foundations does not allow a simple and unique definition of equivalent di-
mensions for impedance function calculation; in fact, depending on the degree of freedom an-
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alysed (i.e., translational or rotational) or on the component under consideration (i.e., stiffness
or damping), the characteristics of the real foundation to be preserved are different (contact
area, inertia, etc.). For such reason, in order to properly consider the real foundation geometry,
the definition of the equivalent footing dimensions for impedance calculation made use of the
calibration step carried out for the macro-element (see sections 5.1 and 5.2), which employs a
3D MDOF model of the buildings. For each building, equivalent dimensions were evaluated
independently for stiffness and damping, as well as for the translational and rotational degrees
of freedom, in order to reproduce the static stiffness and damping evaluated for the equivalent
macro-element of the SDOF system described in section 5.2.

The impedance functions (i.e., stiffness and damping constants) were computed consider-
ing a composite medium (i.e., soil layer with limited depth on top of a half-space), character-
ised by a linear shear wave velocity profile in the upper soil layer and constant value on the
half space. The layer properties (e.g., thickness, shear wave velocity) were defined taking into
account the software limitations, which considers fixed values of the ratio of layer thickness
to the half-width of the equivalent square footing. Moreover, the fitting of the shear wave ve-
locity profile was carried out for a ratio between the shear wave velocity at the base of the
footing and at the half-space equal to 0.6. Figure 4a) shows an example of shear wave veloci-
ty profile fitting. Given the different equivalent dimensions considered, the Vs profile fitting
needs to be repeated for each of the four cases accounted for.

The software considers fixed values of material damping, equal to 0.03 for the upper layer
and 0.05 for the half-space. Impedance functions were calculated considering a Poisson’s ra-
tio equal to 0.45.

Based on the results of site response analysis, scaling factors for the Vs profile were de-
fined to account for soil nonlinearity depending on the strain level. A relationship between
PGA and Vjy scaling factors was obtained considering at different PGA the mean strain level
and shear modulus degradation in the fine sand layer, which is characterised by two different
degradation curves. Figure 4b) shows the G/Gmax scaling factors for the two shear modulus
degradation curves considered for the fine sand layer. Five PGA levels ranging from 0.05 g to
0.43 g were considered in the derivation of impedance functions.

Figure 7 shows an example of impedance functions computed using the input data de-
scribed in this section.
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Figure 4: a) Example of shear wave velocity profile fitting; b) G/Gnay scaling factors obtained from site response
analysis for different levels of shear strain in the fine sand layer characterised by two shear modulus degradation
curves.
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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, having a lateral spring with stiffness 4, 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;, &, and c;, respectively, in Figure
5. The seismic excitation is input to the system as an acceleration time history, a(¢), applied to
the fixed support at the base.

ZerolLength
/
a element

Kk, z
y
X

Cx

Figure 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 imped-
ance 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 generalized 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 two components of impedance, namely the translational and
rotational terms.

The LPM model proposed by the RINTC Workgroup (2018) [18], which is an extension of
the model by Dezi et al. (2009) [19] and Carbonari et al. (2011, 2012, 2018) [20], [21], [22],
was taken as a reference. Such model was simplified in order to neglect the rocking-sway
coupling, because the focus in this paper is on shallow foundations. The adopted system is
shown in Figure 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 k,) and by a dashpot (of constant c¢,). This system is charac-
terised by a frequency-dependent response to an input and thus allows for an approximate de-
scription 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, w®) with frequency, whereas the imagi-
nary 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.
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In order to model the foundation rotation, the LPM includes a rotational mass m,, in the in-
terface node, linked to the ground by a rotational spring (of constant 4,,) and dashpot (of con-
stant ¢,y).

Figure 6: The adopted Lumped-Parameter Model.

The soil portion of the LPM is thus characterised by two independent degrees of freedom.
The mass matrix takes the form:

M M, M, m_ 0 0
MIZ MZZ 0 m'y

The stiffness and damping matrices, K and C, are written similarly. The six diagonal terms
of the matrices, namely M, M2, K11, K2, C11, Caz, which are coincident with the parameters
of the soil portion of the LPM, are obtained by fitting two components of impedance (i.e.,
translational and rotational) with parabolic and linear functions for the real and imaginary
parts, respectively.

Figure 7 shows an example of such fit, for a structural SDOF with first natural frequency
of 7.6 Hz. 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.z, 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 6y, and equal to Hy -0y, is taken into
account within the nonlinear dynamic analyses, and then subtracted from the total displace-
ment.

The seismic excitation must be input to the LPM as a force history applied to the interface
node, written as follows:

f(t)zmx-iig+cx-ug+kx-ug )

in which the subscript g indicates the ground motion. This force, if applied to the interface
node without the presence of the superstructure, reproduces the free-field ground excitation.
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Figure 7: Sample fit of real and imaginary parts of two impedance components, in the 0 - 10 Hz frequency range.

S HYBRID APPROACH WITH NONLINEAR MACRO-ELEMENT

Inertial interaction in presence of nonlinear soil response can be simulated through the use
of soil-foundation macro-elements. The concept of macro-element has been developed by the
earthquake engineering community for SSI analysis during the last 20 years. Nowadays it is
frequently adopted in research studies for the reliable estimation of soil displacements, despite
the complex and highly nonlinear behaviour of the foundation soil and the difficulty in as-
sessing SSI effects (Correia, 2011, 2013) [23], [24].

In fact, macro-element models for shallow foundations have previously shown to be a cost-
effective and reliable tool for such type of analysis, since they suitably represent both the non-
linear soil behaviour at the near-field and the ground substratum dynamic characteristics at the
far-field, as well as the interaction with the seismic response of the structure. Hence, all as-
pects of elastic and inelastic behaviour of the foundation system are encompassed into one
computational entity and are described by the behaviour of a single point at the centre of the
foundation. Their application to seismic design is straightforward, leading to a more efficient
design and to higher confidence in the predicted structural response.

The macro-element model by Correia and Paolucci (2019) [25] builds upon the innovative
concepts and formulations of the models by Chatzigogos et al. (2011) [26] and by Figini et al.
(2012) [27]. Nevertheless, it incorporates relevant improvements, namely addressing incon-
sistencies regarding the formulation of the participating mechanisms and extending their
scope to three-dimensional loading cases. Moreover, this macro-element introduces an en-
hanced uplift model, based on a nonlinear elastic-uplift response that also considers some
degradation of the contact at the soil/footing interface due to irrecoverable changes in its ge-
ometry. An improved bounding surface plasticity model and return mapping algorithms were
also adopted in order to reproduce a more general and realistic behaviour, which correctly
takes into account the simultaneous elastic-uplift and plastic nonlinear responses. It was im-
plemented in SeismoStruct [4] and used herein for the derivation of fragility functions.

Following the parametric study by Pianese (2018) [28], the five calibration parameters of
the macro-element became well-constrained, allowing for the dynamic response to be ob-
tained with high confidence. The remaining parameters correspond to: (i) the footing dimen-
sions; (ii) the six initial elastic frequency-independent values of the diagonal impedance
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matrix, which can be easily obtained from literature, and which represent the far-field re-
sponse; (iii) the six bearing capacity values, which can be derived from classical formulae,
and which represent the near-field failure conditions. In between these two extreme types of
response, the macro-element gradually evolves from the initial elastic response to the plastic
flow at failure through the bounding surface plasticity model, incorporating the uplift and
contact degradation phenomena.

The adopted system for nonlinear dynamic analyses, as modelled in SeismoStruct, com-
posed of a nonlinear structural SDOF and a footing macro-element, is shown in Figure 8. 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.4 The seismic acceleration, a(?), is actually input to the system as
an inertia force history, f{¢), applied to the superstructure mass: this approach properly consid-
ers the inertial components in the presence of the structure (structure and foundation masses
and their interaction) and could also have been applied to the previous models, resulting in a
response in terms of relative displacements with respect to the ground motion. The three
springs and dashpots represented in the 2D view of Figure 8 model the macro-element elastic
behaviour in the far-field. Their constants correspond to the stiffness and damping in the ver-
tical direction (ky, cy), horizontal x-direction (kgy, cry) and rotational direction around the y-
axis (kuy, cumy). For simplicity, the remaining three springs and dashpots are not visualised in
the 2D scheme: however, such elements are present in the macro-element implementation and
play an active role in the dynamic analyses, being the macro-element behaviour fully coupled
in the six directions.

foundation
node y
X

NEAR-FIELD

<= nonlinear response

uplift
contact degradation
inelastic soil behaviour

interaction
horizon

<—\ FAR-FIELD

elastic stiffness
radiation damping

springs kHy, K » K1

dashpots ¢y, , Cyy, CT
not visualised

CMy

Figure 8: The adopted system with footing macro-element (shallow foundations).
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, which are composed of a grid of foundation
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beams. The calibration step, described in section 5.2, was carried out considering a MDOF
model for each building, in which each foundation beam was represented by a macro-element,
whose characteristics were defined as described in section 5.1.

5.1 Properties of the macro-element under a single foundation beam

The input parameters of the macro-element include the foundation impedances and bearing
capacity of the foundation. The derivation of both sets of information was based on the repre-
sentative soil stratigraphy defined in Section 3.

The bearing capacity of the foundations was evaluated under undrained conditions,
considering the undrained shear strength profile shown in Figure 3, and using the formulation
proposed by EC7 (CEN, 2004) [29].

The impedance of the foundations was determined using the relationships proposed by
Gazetas (1991) [30], considering rectangular foundations on homogenous half-space. As men-
tioned above, the macro-element requires as input constant stiffness and damping coefficients
for the six degrees of freedom, which were evaluated at a frequency equal to 1.67 Hz.

5.2 Properties of the equivalent macro-element

The employed footing macro-element models the soil under a single footing or foundation
beam. However, since a simplified SDOF system approach was used to represent the structur-
al system, the derivation of an “equivalent” macro-element for an entire building was needed.

To this end, the first step was to build a MDOF model for each index building. Figure 9
shows the models built in SeismoStruct for both terraced and detached buildings.

a) Terraced buildings

b) Kwelder (detached)

c) Badweg (detached)

Figure 9: MDOF models in SeismoStruct for the investigated index buildings.

Given the similarity of geometric properties for all the considered terraced index buildings,
the same model (Figure 9a) was used for all of them, only changing the total mass according-
ly. For the same reason, the model for Badweg (Figure 9¢) was used also for the shake table
test specimen LNEC-BUILD3. Masonry piers and spandrels were introduced as columns and
beams, respectively. The rigid reinforced concrete slabs were modelled with rigid diaphragms
linking the column nodes at the floor levels. The total number of footing macro-elements in-
cluded at the base of the models, in correspondence to the centroid of masonry piers, is 27 for
terraced buildings, 16 for Kwelder, and 13 for Badweg. Reinforced concrete foundation
beams connect the upper nodes of the macro-elements. Both masonry and reinforced concrete
were considered as linear elastic materials, in the MDOF models, with the actual values for
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the elastic modulus and density. The total masses of the models, given by the superstructure
mass plus the foundation mass, are approximately equal to the actual total masses, which were
used in the derivation of the single macro-element properties as described in Section 5.1.

The equivalent macro-element calibration requires the computation of the (elastic) stiff-
nesses, bearing capacity and damping coefficients along the six directions. Most of the pa-
rameters were computed analytically starting from the foundation geometry and properties of
the single macro-elements, while the remaining ones required the output from the model. The
model output parameters needed for the calibration are the vertical reactions of the macro-
elements and the base shear capacities in the two horizontal directions x and y: both output
results were obtained from two pushover analyses, along x and y. The latter were carried out
pushing the structure in load control with point forces located at the floor levels, according to
a triangular distribution.

The vertical stiffness, ky, torsional stiffness, k7, as well as the horizontal stiffness in the
two directions, kx, and kg, were obtained by simply summing up the stiffness values of the
single macro-elements, assuming a rigid behaviour of the foundation plane. For the rotational
stiffness in the two directions, kux and ks, the lower bound would be simply the sum over the
single macro-elements, as done for the other stiffness components, while adopting the upper
bound would mean accounting for both the rotational stiffness of each macro-element and
their vertical stiffness contribution for a rigid rotation of the foundation plane. For the case at
hand, it was decided to employ the rotational stiffness upper bound, consistently with the rigid
foundation plane assumption adopted for the horizontal stiffness. Since the dynamic behav-
iour of buildings on shallow foundations is driven more by sliding than by rocking, this
choice should not lead to important variations in the results. To verify this, the fragility curves
were also retrieved by using a reduced rotational stiffness, in between the two extreme values.
In particular, based on expert judgement, rather than rigorous mechanical considerations, one
tenth of the upper bound was adopted, a value that is of course larger than the lower bound.
For all the considered buildings, this reduced stiffness led to small to negligible variations in
the fragility curve with respect to the one obtained with the upper bound, as expected.

Concerning the bearing capacity, the vertical component, Nyax, Was computed as the sum
over the single macro-elements, while for the other components the fully coupled behaviour
of the macro-element in the six directions was used for defining the size of its bounding sur-
face. In particular, the bearing capacity in the horizontal direction, Hmax, was obtained as fol-
lows:

nME

Z QNH,i ’ Hmax,i
_ =l
Hm'ilx - :
O

where nME is the total number of macro-elements in the model, Hpax; is the maximum hori-
zontal capacity of each macro-element in the direction considered, and QOyy and Qyg; are
function of the applied vertical load, for the equivalent macro-element and for each of the sin-
gle macro-elements, respectively. This function of the applied vertical load relates the maxi-
mum horizontal capacity of the macro-element with its actual horizontal shear capacity.
Further details on the involved quantities can be found in Correia and Paolucci (2019) [25].

In order to obtain the rotational bearing capacity, Mm., the 3D vertical-horizontal-
rotational interaction surface for the capacity was used to derive the following expression:

3)
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= il @)

" 2
QNM\/I_[QNH'Hmax j

where F,; is the ultimate horizontal force at the A-th floor level, obtained from a pushover
analysis in the relevant horizontal direction and considering a triangular distribution along the
building height, N, is the number of storeys, % is the height of the £-th floor level, and H, is
the sum of F),; for all storeys and corresponds to the ultimate base shear value. Qyy was al-
ready defined, while O, is also a function of the applied vertical load that relates the maxi-
mum rotational moment capacity of the macro-element with its actual moment capacity. The
torsional capacity is of no interest for the 2D analyses performed.

The damping constants modelling the radiation damping in the soil along the six directions
were computed by summing up the values of the single macro-elements. In what concerns the
rocking response this corresponds to a lower bound assumption. Nonetheless, as mentioned
above, the response of the buildings considered is mainly dominated by sliding and not by
rocking.

Finally, the five calibration parameters introduced above, controlling the uplift initiation,
the soil/footing contact degradation, the reference plastic modulus, the unloading/reloading
parameter and the plastic potential parameter, assumed values consistent with the calibration
procedure done in the work by Pianese (2018) [28]. The scallop shape was assumed for the
bounding surface, since the dynamic analysis is performed under undrained conditions.

6 FRAGILITY FUNCTIONS

This section briefly describes the methodology proposed in this work to derive the collapse
fragility functions for the investigated index buildings, and then compares the curves obtained
through the different approaches.

6.1 Methodology

Hazard-compatible records for the development of fragility functions were selected
through disaggregation of seismic hazard at four different return periods (500, 2500, 10k and
100k years) at one of the highest hazard locations in the field. Four sets of 50 spectra, condi-
tional on four different levels (corresponding to the four return periods) of AvgSa, were de-
termined using the mean magnitude and distance from the disaggregation together with the
2017 ground motion prediction equation for the Groningen field (Bommer et al., 2017) [9].
The records were selected from a large database, including European and NGA-West records,
using the ground motion selection procedure proposed by Baker and Lee (2018) [31].

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 Seis-
moStruct 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 Figure 10 and described further
in Crowley et al., 2017 [7]).
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Figure 10: Example linear regression of the stripes of displacement responses of the SSI + SDOF system.

6.2 Proposed fragility functions and comparison

The obtained fragility curves for the collapse limit state and for the seven investigated in-
dex buildings are shown in Figure 11. Each subplot displays the curves related to: i) the sim-
ple one-dimensional elastic SSI case, ii) 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. It
can be noted, in general, that for these buildings with shallow foundations the influence of
SSI is small to negligible, and leads the curves to be shifted to the right with respect to the
fixed-base case: this means that SSI may have a beneficial effect on the seismic vulnerability
of these buildings.
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Figure 11: Proposed fragility curves for the investigated index buildings and the different SSI models.

Another remark concerns the comparison between the two elastic SSI cases and the non-
linear macro-element case. For Zijlvest the three curves coincide, while for all other buildings
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the curve for macro-element is generally shifted to the right, indicating that the considered
inelastic behaviour effectively leads to energy dissipation and therefore to smaller structural
displacements.

Also, a quite evident difference can be noted for Kwelder and LNEC-BUILD3, in compar-
ison to the others. Indeed, since these two buildings are much stronger and stiffer than all the
others, the response of the relatively weak soil inevitably plays a more determinant role in the
overall fragility of the system, and hence not only the impact of the SSI modelling becomes
evident, but so does also the significance of modelling explicitly soil nonlinearity.

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 by NAM, the definition of fragility functions for several
URM index buildings is crucial. With reference to seven of these representative buildings
(considered here as SDOF systems) with shallow foundations, this paper investigated the im-
pact 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, where-
as 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 influence of SSI resulted to be small to negligible, and in general leads to fragility
curves that are less unfavourable with respect to the fixed-base case. Moreover, the paper
showed that taking into account the inelastic behaviour of the soil-foundation system may
lead to smaller structural displacements and hence a lower vulnerability of the structures.

Future work aims to extend the study to buildings on piles, for investigating the influence
of SSI and of the nonlinear macro-element in the presence of a different foundation system.
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