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Abstract: The proposed study develops fragility functions for non-seismically designed reinforced
concrete structures considering different pounding configurations. The study addresses an existing
research gap, since large-scale seismic risk assessment studies involving the seismic performance
assessment of building portfolios usually do not involve fragility functions accounting for the pos-
sibility of pounding. The selected structures include configurations involving different separation
distance values and exhibiting floor-to-floor pounding, floor-to-column pounding, pounding between
structures with a significant height difference, and pounding between structures with a significant
mass difference. The behaviour of these pounding configurations was analysed using incremental dy-
namic analysis and compared with that of the corresponding control cases (i.e., individual structures
with no interaction with other structures). The results indicate the type of failure mechanism that
contributes to the global collapse of the different configurations and the influence of the separation
distance. Results highlight the main differences between the expected performance of different
pounding configurations with respect to the occurrence of the failure mechanism that governs their
collapse. Finally, results indicate that large-scale seismic risk assessment studies should consider
fragility functions accounting for different pounding configurations when the possibility of pounding
is not negligible, except in cases involving floor-to-floor pounding.

Keywords: RC frame; pounding; incremental dynamic analysis; fragility; failure mechanism; separa-
tion distance

1. Introduction

Existing research addressing the seismic performance assessment of building port-
folios for the purpose of regional-scale seismic risk assessment studies is often based on
several simplified assumptions [1,2]. Some of these assumptions are related to the method-
ological approach underlying the development of the fragility functions that represent the
expected seismic performance of the building typologies under consideration for several
performance levels. Typically, the development of analytical fragility functions [3] involves
a series of simplifications (e.g., simplified structural models and/or simplified methods of
analysis) that, nonetheless, do not prevent the analyses from capturing the main features
of the seismic performance of the corresponding building typologies [4]. Still, when sim-
ulating the seismic performance of buildings, most existing studies that have developed
fragility functions of building typologies do not consider that such buildings have the
possibility to interact (i.e., collide) with adjacent ones [5–7], although this phenomenon can
lead to a higher probability of collapse [8–11].

During earthquakes, buildings vibrate and undergo lateral displacements that may
lead to collisions with adjacent buildings if the separation between them is insufficient.
These collisions, commonly termed as the pounding effect, lead to a different dynamic
response of buildings, as well as to different load paths, than those found when analysing
a building with no lateral interaction with adjacent buildings. Since the latter scenario is
the one underlying conventional seismic design procedures, the failure modes found in
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buildings undergoing pounding are also expected to be different [9,12–15]. This issue has
been identified in several post-earthquake surveys [8,13,15] where buildings exhibiting
pounding effects were seen to have a higher risk of collapse or developed severe damage
levels. Damage observed in adjacent buildings that underwent pounding varied from local
damage in infill walls to more severe damage such as shear failure of columns and even
collapse. To mitigate the risk associated with the pounding effect, design codes suggest
using a seismic separation distance between adjacent buildings defined as a function of
their individual elastic response [16–18]. However, existing adjacent buildings are often
found to have an inadequate separation distance [14,19,20].

Given the variability of buildings found in urban areas, pounding configurations
between buildings can involve several possibilities. For example, pounding configurations
can involve buildings with equal heights or different heights, and the contact type between
adjacent buildings can be floor-to-floor or floor-to-column. Furthermore, adjacent buildings
can be part of the same construction (e.g., different wings of a building separated by
structural joints, where the wings are expected to have similar design characteristics), or
they can be part of independent constructions (in which case they may have significantly
different design characteristics). In addition, it is worth noting that urban planning rules can
also influence and facilitate the occurrence of certain pounding configurations, e.g., when
urban planning allows adjacent buildings to be constructed with different heights or floor-
levels. Post-earthquake surveys have demonstrated that the pounding configuration plays
a key role in the performance of buildings that undergo pounding [9,21], and buildings
with a particular configuration are more likely to experience severe damage than others.
Configurations that have been identified as more vulnerable include adjacent buildings
exhibiting floor-to-column alignments [21–24], adjacent buildings with significant mass or
height differences [22,25], buildings at the end of a row of buildings [21,26], and buildings
likely to experience eccentric pounding [9,13,15,21,27]. Therefore, it can be seen that
assessing the seismic risk of building portfolios at the urban or regional level with more
realism requires the availability of fragility functions that account for the occurrence of
these different pounding phenomena.

Research addressing the structural response of adjacent buildings involving pounding
started in the early 1970s [28,29] based on post-earthquake field observations. Over the
years, several numerical and experimental studies have been developed to analyse this
issue (e.g., see [19,21,30–42] among others) and highlighted that an adequate modelling
of the impact between adjacent buildings is fundamental. Among other approaches, the
force-based model involving either a linear or nonlinear spring, with or without a viscous
damper, was found to be the most adequate approach for computational implementation,
given its balance between simplicity and accuracy, particularly for computationally-intense
applications [34,43–45]. Among the research studies developed so far, a number of them
involved realistic building configurations and were conducted to address the pounding
effect on the global structural response during seismic actions (e.g., see [19,32] among
others). Overall, several of these studies have found that pounding influences the response
of adjacent buildings in terms of displacements [32,37], as well as in terms of acceleration,
namely during the impacts [33,38]. Nevertheless, the majority of studies addressing the
pounding phenomenon do not consider it from a probabilistic point of view [13,19,21,37,46].
As such, only a few studies have dealt with the development of fragility functions for build-
ings that undergo pounding [19,47,48]. Although these studies have found that different
pounding configurations may have different impacts on the resulting fragility functions,
their results are not fully generalised. Therefore, further research addressing a larger
number of pounding configurations and building sizes is needed to better understand
these effects, particularly for existing buildings constructed without seismic design con-
siderations. Furthermore, such research will also provide important results to understand
if fragility functions developed for buildings without considering pounding can also be
used for buildings likely to undergo pounding, with negligible errors in the performance
assessment of those buildings.
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To address some of the referred research needs, a comprehensive study of rein-
forced concrete (RC) buildings undergoing pounding was performed using probabilistic
performance-based analysis in order to derive fragility functions associated with different
pounding configurations. The presented research involves several case studies representing
a large number of pounding configurations of adjacent non-seismically designed RC frames.
These include configurations exhibiting floor-to-floor pounding, floor-to-column pounding,
pounding between structures with a significant height difference, and pounding between
structures with a significant mass difference. The selected pounding configurations were
analysed using incremental dynamic analysis (IDA) [49] for a large group of real ground
motion records, and fragility functions associated with several limit states were then de-
rived for the critical structure of each configuration. The results that are obtained were also
used to analyse the effect of the pounding configuration on the overall performance of the
critical structure of each configuration, particularly regarding the mechanisms that lead to
collapse. Moreover, the effect of the separation distance is specifically addressed, given
its impact on the global performance of the referred critical structures. Finally, the results
of the study provide insights about the possibility of using fragility functions that do not
consider the effect of pounding for building typologies that may experience pounding.

2. Methodology

As referred before, the variability of buildings in urban areas leads to the occurrence
of different pounding configurations, where some might be more vulnerable than others.
In order to analyse the impact of pounding on the seismic performance of RC buildings
with different configurations, four building systems with a different number of storeys
were selected herein. These systems were first analysed separately to establish control
cases and were then used to generate several configurations of adjacent buildings. For the
control cases, linear time history analyses were performed, using a set of ground motions
compatible with the design response spectrum, to obtain the elastic lateral response and
quantify a reference value for the seismic separation distance. The seismic performance
of these control cases was then also determined using IDA. Several adjacent building
configurations involving pairs of building with different floor alignments were then defined
(with and without a separation distance whose value is based on the reference value),
and also analysed using IDA. The results obtained provide the basis for discussing the
likelihood of a given collapse mechanism as a function of the buildings involved in a
pounding configuration. Furthermore, the overall performance of the critical structure of
each pounding configuration was analysed and compared with that of the corresponding
control case for several limit states. This analysis was performed in probabilistic terms by
deriving fragility functions for those limit states and particular attention was given to the
influence of the separation distance. To summarise the adopted methodology, Figure 1.
illustrates the main steps involved in the proposed analysis.
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3. Characterisation of the Selected Building Systems

The analysed building systems are based on four residential RC buildings designed
for gravity loads only. The building configurations range from low- to mid-rise buildings
regular in plan and over the height that are representative of Egyptian practice. All
buildings have a storey height equal to 3.0 m, as well as a concrete strength and a yield
strength of the steel reinforcement equal to 25 MPa and 400 MPa, respectively. The plan
view of a typical storey of these buildings is presented in Figure 2. Although these buildings
are non-seismically designed, they are seen to be representative of older buildings found
in the seismic zones of the Egyptian territory, since the current seismic design provisions
have only been enforced after the 1992 Cairo earthquake [50]. Furthermore, according to
the current Egyptian design code, seismic design is not mandatory for buildings with a
height up to 10 m in Zone 1 (which corresponds to a peak ground acceleration (PGA) of
0.1 g) and a height up to 8 m in Zone 2 (which corresponds to a PGA of 0.125 g) [18], and it
is not clear if seismic design is commonly considered for other buildings.
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Figure 2. (a) Plan view of a typical storey of the considered buildings and (b) representation of the
considered reference frames (frames of the A-axis in the plan view) (all dimensions are in m).

The selected case study structures are also represented in Figure 2 and correspond to
the exterior frame of each building identified as the A-axis (Figure 2a), hereon termed as
the reference frame. The designations F2I, F4I, F6I, and F8I are used hereafter to refer to
the individual two-, four-, six-, and eight-storey reference frames, respectively (Figure 2b).
All the columns of the frames are 30 × 30 cm2 except the internal columns of F8I, which
are 40 × 40 cm2. The longitudinal reinforcement of all the columns is made of eight evenly
distributed ∅12 mm bars, while the transversal reinforcement is made of a two-leg hoop
and a crosstie made of ∅6 mm bars and with a spacing of 15 cm. All the beams of the frames
have a cross-section of 25 × 40 cm2. The upper and lower longitudinal reinforcement of all
the beams is made of 4 ∅12 mm bars, while the shear reinforcement is made of two-leg
6 mm stirrups with a 15 cm spacing. The fundamental period of the reference frames was
found to be 0.39 s, 0.76 s, 1.14 s, and 1.50 s for the F2I, F4I, F6I, and F8I frames, respectively.
Different arrangements of these frames were considered to simulate different scenarios of
adjacent buildings (i.e., in terms of number of bays and number of storeys). To simulate
different scenarios regarding the type of contact between adjacent buildings, two different
floor alignments were also considered: buildings with aligned floor levels, leading to a
floor-to-floor pounding configuration, and buildings with non-aligned floor levels, leading
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to a floor-to-column pounding configuration. Further details about the characteristics of the
different frame arrangements and the considered pounding configurations are provided in
the next section.

4. Numerical Modelling
4.1. Modelling of the RC Elements

The considered structures were simulated in the OpenSees computer software (version
3.0.3) [51]. Figure 3 provides a visual description of the modelling strategy that was
implemented for the RC frame elements. As can be seen, a lumped plasticity approach was
adopted to simulate the nonlinear behaviour of all the structural elements using rotational
springs at the end of each element [52–57]. A shear failure model was also coupled with
the flexural springs of columns given that pounding can lead to excessive shear forces. The
beam-column joints were considered as rigid elements. The behaviour of the rotational
springs was defined using the trilinear moment-rotation curve proposed in [54], including a
monotonic moment-rotation backbone defined as shown in Figure 4a. The properties of the
backbone curve of all columns were determined considering an axial force corresponding
to the seismic load combination (G + 0.3Q), where G and Q stand for the permanent loads
and the quasi-permanent live load, respectively. The yielding moment My and the yielding
rotation capacity θy were determined according to [58] while the remaining parameters
(i.e., the capping rotation θcap, the ultimate rotation θu, the capping moment Mc, and the
residual moment Mr) were obtained based on the proposal of [54].

The shear failure model adopted herein follows the main principles proposed in [56,59].
As such, a trilinear limit curve was defined to identify the shear force degradation surface.
The definition of this surface is based on the proposal by [60] where the authors established
the shear failure zone as a limit curve with three branches limited by the maximum shear
capacity Vn of the element and by a lower limit of 0.70Vn, with a transition zone between
shear deformation levels that corresponds to flexural ductility levels of 2 to 6, as shown
in Figure 4b. The shear capacity Vn is computed based on the expression proposed in
ASCE/SEI 41-17 [61]. The initial stiffness Kini and the degraded stiffness Kt

deg (after shear
failure is detected, see Figure 5) are defined based on the expressions proposed in [62]
and [57], respectively. Since the flexural and the shear springs at a given member end are
modelled in series [60], the degraded stiffness Kdeg assigned to the shear spring definition is
obtained by subtracting the stiffness of the flexural spring Kflex from the degraded stiffness
Kt

deg. By considering this modelling strategy, all the relevant failure mechanisms can
be simulated. As can be seen in Figure 5, the shear spring coupled with the flexural
rotational spring can represent the different types of expected failure mechanisms such
as flexure failure (in which the member is able to reach a shear capacity Vf governed by
the maximum moment in flexure), flexure-shear failure, or shear failure. Furthermore,
the adopted modelling strategy can be adapted to account for the different pounding
configurations since the elastic element of each member can be divided into multiple
segments to introduce extra nodes needed for simulating the different floor alignments
without leading to numerical instability.

The hysteretic behaviour of the moment-rotation curves was modelled using the
hysteretic material of OpenSees as suggested in [63]. Stiffness, strength, and unloading
stiffness degradation were considered in the hysteresis curves as illustrated in Figure 6.
The unloading stiffness degradation was implemented using the beta factor of the hysteretic
material. A beta factor of 0.75 was used for the columns and of 0.85 for the beams in
order to introduce higher degradation for the latter [64]. The hysteretic material parameters
related to pinching and to damage due to ductility and dissipated energy were all set equal
to zero.
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4.2. Modelling of the Impact Forces

The numerical simulation of the pounding effect in RC buildings involves dealing with
two highly nonlinear aspects: the plastic deformations and the contact mechanism. The
combination of these two aspects makes finding the analytical solution for the behaviour of
pounding systems a highly complex problem. Modelling approaches found in the literature
for analysing this type of behaviour can be categorised into two main approaches: the
restitution-based stereomechanical approach and the force-based approach. The former is
based on laws of energy conservation and momentum [44,65–67], while the latter directly
simulates the interaction between colliding structures by introducing an impact force Fp
during the impact stage [68,69]. Given the limitations of integrating the first approach with
multi-degree of freedom systems, and its inability to consider non-simultaneous impacts, as
well as the transient forces and deformations that are developed during the impact [44,70],
the vast majority of the conducted research has been found to use the force-based approach
(e.g., see [19,32,44], among others).

In the force-based approach, the two colliding structural systems x and y are consid-
ered as shown in Figure 7. The equation of motion of the two-structure system (x and y)
under an earthquake excitation

..
ug can be expressed as:[

mx 0
0 my

]{ ..
ux..
uy

}
+

[
cx 0
0 cy

]{ .
ux.
uy

}
+

[
kx 0
0 ky

]{
ux
uy

}
+

{
Fp
−Fp

}
= −

[
mx 0
0 my

]{ ..
ug..
ug

}
(1)
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where ui,
.
ui, and

..
ui are the response in terms of displacement, velocity, and acceleration,

respectively, of the ith system (x or y, according to the suffix) along the excitation direction,
while mi, ci, and ki are the mass, damping, and stiffness matrices, respectively, of the ith
system (x or y, according to the suffix). The vector

{
Fp,−Fp

}
contains the pounding forces

representing the interaction between the two systems during the collision. Several models
have been proposed to express Fp as a function of the relative displacement between the
colliding systems, either considering a linear or a nonlinear force relation, and with or
without a viscous damper [34,43,44]. Still, even though the nonlinear force-based approach
is more accurate in terms of simulating the real behaviour, the linear viscous model has been
found to be more efficient for computationally-intense applications such as performance-
based studies due to its balance between simplicity and accuracy [34,43,70]. Therefore, the
model used herein to simulate the pounding behaviour between the considered structures
combines a viscous damper and a linear spring with a stiffness defined according to the
characteristics of the interacting structures, as proposed by [71] and shown in Figure 8.
According to this model, which is also known as the Kelvin–Voigt model, the pounding
force Fp is expressed as:

Fp =

{
k
(
ux − uy − G

)
+ c
( .
ux −

.
uy
)

at ux − uy > G
0 at ux − uy ≤ G

(2)

where G is the separation distance between the colliding structures, and k and c are the
impact stiffness and damping, respectively.
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Figure 8. Representation of the contact element model illustrated for a scenario of floor-to-floor impact.

Most of the existing research on the simulation of pounding effects in buildings relates
the contact stiffness either with the axial stiffness or the lateral stiffness of the colliding
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buildings, with or without using a dynamic amplification factor γ [69,70,72]. Due to the
absence of relevant large-scale experimental data, the variability of values that have been
assigned to the impact stiffness in past research is large [19,32,70]. Nevertheless, it has been
observed that, within a given range, using different impact stiffness values has either a
minor or no effect on the results, e.g., see [15,73]. This fact was confirmed in the current
study following preliminary analyses carried out using different impact stiffness values
defined as an amplified value of the lateral stiffness of the structures. It was concluded that,
for the considered buildings, using an amplification factor γ based on a lateral stiffness with
a value of 10 or higher allows simulating the interaction between the structures without
excessive penetration between the contact nodes. However, given the high nonlinearity
effects involved in the contact problem, along with the fact that shear springs are included
in the structural models, using a large impact stiffness (larger than 20 times the lateral
stiffness) can lead to numerical instability and increases the computational cost since it
requires infinitesimal time steps. Therefore, a value of γ equal to 10 was used herein.
In terms of the damping coefficient c, its value is estimated based on the coefficient of
restitution (e) and its relation with the energy dissipation during the impact [71,74] using:

c = 2ζ

√
k
(

mxmy

mx + my

)
whereζ = − ln e√

π2 + (ln e)2
(3)

A value of 0.65 was found to be the most recommended value for the coefficient of
restitution (e) [75–78], which corresponds to a value of ζ equal to 0.135.

Finally, it should be noted that, given the complexity of the pounding phenomenon,
the formulations that are used to compute the impact stiffness and the damping coefficient
for defining the pounding forces can be considered to be simplified models. For example,
the formulations do not account for factors that may have an influence on the pounding
forces such as the effect of damage concentration at the contact area, uncertainty about
the geometry of the contact area, or uncertainty about the masses that contribute to the
impact [79]. However, since previous research has shown that using different impact
stiffness and damping coefficient values has a minor influence on the global response of the
structure (e.g., see [19,73,77]), the referred formulations are expected to provide adequate
values for the analyses that were performed.

4.3. Incremental Dynamic Analysis and Ground Motion Selection

The seismic behaviour of the considered structures was analysed using IDA [49].
IDA considers the response variability due to record-to-record variability by analysing
a structural model subjected to n ground motions, each one scaled to multiple levels of
intensity. As an output, IDA produces n curves representing the evolution of a selected
structural response parameter as a function of the ground motion intensity levels measured
by a given intensity measure (IM). In order to use a uniform IM across all the structures
and pounding configurations analysed herein, the considered IM is the mean of the log
of the 5%-damped spectral acceleration at periods between 0.15s and 1.5s (AvgSa) [80].
Using this IM ensures increased efficiency and (relative) sufficiency in estimating a given
structural response parameter when using a scalar IM [81,82].

The IDAs of each structure were carried out using fifty real ground motion records
selected to match a target response spectrum. The selected target response spectrum that
defines the reference seismic scenario corresponds to that of Zone 3 of the Egyptian territory,
considering the Type 2 elastic response spectrum and a soil of type B according to the
Egyptian design code [18]. The peak ground acceleration associated with this scenario is
0.15 g, which corresponds to a return period of 475 years. The ground motion records were
selected from the NGA-WEST2 database [83] in order to be compatible with the referred
scenario. The records are characterised by magnitudes higher than 5.5 and epicentral
distances larger than 10 km. The selected ground motion records were scaled to match the
target response spectrum of Zone 3 of the Egyptian territory according to the procedures
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described in [84] in the range of periods between 0.15 s and 1.5 s, which covers all the
fundamental periods of the selected structures [85]. The scaling factors that were used for
the spectral matching range from 0.3 to 2.4. Figure 9 shows the elastic response spectra of
the fifty ground motion records along with their mean response spectrum and the target
response spectrum. A list of the selected ground motions, along with their characteristics,
is provided as a Supplementary File (Table S1).

The structural parameter selected herein to measure the response of the structures
is the maximum interstorey drift over the height θmax. Moreover, structural performance
was analysed for different limit states describing the state of the structure according to
predefined levels of damage, e.g., the onset of cracking, yielding, collapse. Although a
significant amount of research has been carried out over the years addressing the definition
of drift-related limit states for RC buildings (e.g., see [86–90] among several others), the
values proposed by FEMA-356 [89] are considered herein given their wide acceptance.
These values are 1%, 2%, and 4%, which correspond to limit states of immediate occupation
(IO), life safety (LS), and collapse prevention (CP), respectively. Additionally, a limit state
representing the initiation of cracks (CI) was also considered and for which a drift limit
of 0.50% was assigned. The expected (i.e., desired) damage for the latter limit state (i.e.,
CI) assumes that hairline cracks have developed in RC elements due to excessive tensile
stress and that no elements have yielded. The expected damage for the remaining limits
states considers the assumptions of FEMA-356 [89]. For the immediate occupation (IO)
limit state, the physical damage corresponds to hairline cracking in RC elements and
the yielding of a few elements without concrete crushing. For the life safety (LS) limit
state, the physical damage is expected to involve extensive damage to RC elements with
concrete spalling, shear cracking, and joint cracking. Globally, the structure still has some
reserve of lateral strength and stiffness, and a ductile collapse mechanism may not be fully
developed. Finally, collapse prevention (CP) represents a damage state where a global
collapse mechanism is expected to be fully formed and the structure is likely to have a
low residual lateral strength and stiffness, meaning that extensive damage has spread
across all the critical RC elements and joints and that the structure is near collapse. To
trace the performance of the considered structures for increasing levels of demand using
IDA, the input ground motions were incrementally scaled up to levels where the global
failure of the structures is reached. The global failure of a given structure is assumed to
happen when dynamic instability (nonconvergence) of the numerical model occurs [63].
This nonconvergence occurs when interstorey drifts increase without bound due to either
the occurrence of large flexural deformations or a significant number of shear failures. In
addition, when the value of θmax reached by a structure exceeds the value of 4% (the limit
value for CP), a state of global failure is also assumed for the structure.
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Figure 9. Scaled response spectra for the fifty ground motions with their mean response spectrum
and the target elastic response spectrum for Zone 3 of the Egyptian territory according to the Egyptian
code for loads EC201 (Type 2 design response spectrum and Soil B).
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4.4. Probabilistic Definition of the Separation Distance between the Buildings

As mentioned before, design codes and specifications recommend the implementation
of a separation distance between adjacent buildings as a measure to mitigate pounding
effects [37]. Still, these recommendations vary in the way the separation distance should be
determined. For example, some standards estimate the separation distance G by combining
the elastic response of the adjacent buildings using different combination rules (e.g., the
square root sum rule is used in [91] while the square root of the sum of the squares
(SRSS) rule is used in [18,92]). Others correlate the separation distance using the buildings’
height [93], in which adjacent buildings need to be separated by a distance corresponding
to 1% of the adjacent buildings’ height. These various definitions lead to a wide range of
possible separation distance values. This variety can be interpreted as being related to the
underlying uncertainty associated with the earthquake excitation.

To address this issue, the proposed study uses a probabilistic approach that accounts
for the record-to-record variability for defining reference values of the separation distance.
The primary purpose of these reference values is not to avoid the occurrence of pounding.
Instead, different ratios of these values are used in the analyses to understand their effect
on the probabilistic performance of the structures for different limit states. The selected
separation distance values are estimated based on the elastic response of the structures
subjected to the set of ground motions compatible with the elastic response spectrum.
Although the selected ground motions were previously scaled to match the target response
spectrum across a period range of 0.15–1.5s, the linear dynamic analyses performed for
each structure considered the ground motions scaled to match the target spectrum at
the fundamental period of the structure, as shown in Figure 10. This different scaling
approach was used to minimise the record-to-record variability of the response of each
individual structure.
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and the target elastic response spectrum for Zone 3 of the Egyptian territory according to the Egyptian
code for loads EC201 (Type 2 design response spectrum and Soil B) at four different periods.
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Histograms representing the distribution of the maximum elastic displacements (δ) of
several storeys of the considered buildings are plotted in Figure 11 (diagonal and lower
diagonal plots). In addition, scatter plots are also presented in Figure 11 (upper diagonal
plots) showing the maximum top displacement obtained for a given structure along with
the corresponding maximum displacement obtained at that same level in taller structures.
The results show that, even when scaling the records to match the target response spectrum
at the fundamental period of each structure, their elastic response exhibits a non-negligible
dispersion characterised by a coefficient of variation (CoV) which ranges from 12.5% to
14.9%. Moreover, Figure 11 (upper diagonal plots) shows that, as expected, the correlation
between the lateral displacement of structures with different heights but measured at
common levels is imperfect (due to several factors, namely the frequency content of the
different ground motions). In this comparison, the response of structures with a higher
number of storeys tends to be larger, but the differences tend to be smaller when comparing
displacements of structures with a number of storeys that is closer. For example, when
comparing the displacement of the 8-storey structure at the second and sixth levels with the
top displacements of the 2-storey and 6-storey structures, respectively, the latter comparison
exhibits a smaller difference than the former. Based on these results, the reference value
of the separation distance considered for each pair of adjacent buildings analysed herein
was estimated from the SRSS of the mean values of the maximum displacements of the
two buildings at the level corresponding to the height of the shorter building. Table 1
provides the matrix of the mean µ and CoV values of the lateral displacement of each
structure at the levels relevant for the pounding analyses, along with the reference value of
the separation distance (G) computed for each pair of adjacent buildings using the referred
SRSS rule. In addition, Table 1 also presents the spectral displacement Sd obtained for each
structure based on the elastic target response spectrum. As can be seen, Sd is close to the
corresponding mean value of the lateral displacements obtained from the selected ground
motions, which reflects the adequacy of the ground motion selection process.
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Table 1. Statistics of the lateral displacement of the structures at different levels obtained from dynamic analyses, spectral
displacement of the structures, and reference values G of the separation distance for pairs of adjacent buildings.

Main Building Sd (m)
2-Storey 4-Storey 6-Storey 8-Storey G=

√
µx2+µy2

µ CoV
(%)

µ (m) CoV
(%)

µ (m) CoV
(%)

µ (m) CoV
(%)

Adjacent Building
N2 N4 N6 N8

N2 0.020 0.029 13.1 0.041 0.053 0.055 0.058
N4 0.067 0.044 14.9 0.071 14.6 0.11 0.12
N6 0.11 0.047 13.6 0.087 13.8 0.11 13.5
N8 0.15 0.050 13.6 0.096 13.1 0.13 12.9 0.15 12.5

4.5. Considered Pounding Configurations

Among the more vulnerable building configurations previously referred to (see
also [9,13,15,21]), the present study analyses several scenarios that are relevant for regional
or city-scale seismic risk assessment studies. These scenarios involve floor-to-column
pounding, floor-to-floor pounding, pounding between buildings with a significant height
difference, and pounding between buildings with a significant mass difference. The sce-
nario involving adjacent buildings with different heights is simulated by analysing the
pounding effects between two reference frames with a different number of storeys. On the
other hand, the scenario involving adjacent buildings with different masses is simulated by
analysing the pounding effects between one reference frame and a second frame with a
much larger number of bays with characteristics similar to those of a reference frame with
the same height. Figure 12 shows representative examples of the considered pounding con-
figurations along with the parameters that define them. Table 2 details all the considered
pounding configurations and their corresponding characteristics, including the different
values of the separation distance and shift distance (see Figure 12a) that were considered.
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Figure 12. Example of a pounding configuration involving structures with significantly different
heights (a) and a pounding configuration involving structures with significantly different masses (b).
(a) Pounding configuration involving an 8-storey frame adjacent to a 2-storey frame with floor-to-
column contact (F8PS2G0). (b) Pounding configuration involving a 2-storey frame adjacent to an
extended version (with nine bays) of the 2-storey frame (F2PE2G0).
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Table 2. Characteristics of the considered adjacent structures representing the different critical pounding configurations
(� marks the selected characteristics of a given pounding configuration).

No. Left Side Frame ‡ Right Side Frame Shift Distance S
(m) (Figure 12a) Separation Distance Acronym *

Pounding Configurations

Type of Pounding
Adjacent Buildings

with Signifi-
cantly Different

Floor-to-Floor Floor-to-Column Masses Heights

1 4-Storey 2-Storey 0.0 G0.0 F4P2G0.0 �
2 6-Storey 2-Storey 0.0 G0.0 F6P2G0.0 �
3 8-Storey 2-Storey 0.0 G0.0 F8P2G0.0 � �
4 6-Storey 4-Storey 0.0 G0.0 F6P4G0.0 � �
5 8-Storey 4-Storey 0.0 G0.0 F8P4G0.0 � �
6 4-Storey 2-Storey 0.50 G0.0 F4PS2G0.0 �
7 6-Storey 2-Storey 0.50 G0.0 F6PS2G0.0 � �
8 8-Storey 2-Storey 0.50 G0.0 F8PS2G0.0 � �
9 6-Storey 4-Storey 0.50 G0.0 F6PS4G0.0 �

10 8-Storey 4-Storey 0.50 G0.0 F8PS4G0.0 � �
11 2-Storey 2-Storey (extended 3x) 0.0 G0.0 F2PE2G0.0 � �
12 4-Storey 2-Storey (extended 3x) 0.0 G0.0 F4PE2G0.0 � �
13 6-Storey 2-Storey (extended 3x) 0.0 G0.0 F6PE2G0.0 � � �
14 8-Storey 2-Storey (extended 3x) 0.0 G0.0 F8PE2G0.0 � � �
15 4-Storey 2-Storey 0.50 G0.5 F4PS2G0.5 �
16 6-Storey 2-Storey 0.50 G0.5 F6PS2G0.5 � �
17 8-Storey 2-Storey 0.50 G0.5 F8PS2G0.5 � �
18 6-Storey 4-Storey 0.50 G0.5 F6PS4G0.5 �
19 8-Storey 4-Storey 0.50 G0.5 F8PS4G0.5 � �
20 4-Storey 2-Storey 0.50 G1.0 F4PS2G1.0 �
21 6-Storey 2-Storey 0.50 G1.0 F6PS2G1.0 � �
22 8-Storey 2-Storey 0.50 G1.0 F8PS2G1.0 � �
23 6-Storey 4-Storey 0.50 G1.0 F6PS4G1.0 �
24 8-Storey 4-Storey 0.50 G1.0 F8PS4G1.0 � �
25 6-Storey 4-Storey 0.0 G0.5 F6P4G0.5 � �
26 8-Storey 4-Storey 0.0 G0.5 F8P4G0.5 � �
27 4-Storey 2-Storey 0.0 G1.0 F4P2G1.0 �
28 6-Storey 2-Storey 0.0 G1.0 F6P2G1.0 �
29 8-Storey 2-Storey 0.0 G1.0 F8P2G1.0 � �
30 6-Storey 4-Storey 0.0 G1.0 F6P4G1.0 � �
31 8-Storey 4-Storey 0.0 G1.0 F8P4G1.0 � �
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5. Behaviour of the Analysed Structures
5.1. Capacity Curves and IDA Curves of the Control Cases

To better understand the overall performance of the structures selected as control
cases, the corresponding capacity curves obtained from pushover analyses [94] using a
first-mode-proportional lateral load pattern are presented in Figure 13. The base shear
values presented for each structure are normalised by the weight of the corresponding
structure and the lateral deformation is represented by the top storey drift. Given the
gravity design of the considered structures, buildings with a lower number of storeys tend
to have higher normalised shear capacity and ductile behaviour when compared to those
with a higher number of storeys. By considering the location of the considered structures
(see Section 4.3), it is noted that designing these structures for earthquake loading would
lead to a ratio between the base shear and the weight of the structures (i.e., the lateral load
coefficient discussed in [95]) of 0.11~0.12g. By comparing these values with the capacities
represented in Figure 13, it can be seen that only the 2- and 4-storey structures are able to
reach that level of seismic demand. This is mostly due to the minimum conditions enforced
by the design code for gravity design [18], namely those addressing the size of the member
cross sections and the longitudinal reinforcement ratio, which are particularly conservative.

In addition to these results, the IDA curves of the control case structures obtained
for the previously referred fifty ground motions are also presented in Figure 14. Each
curve represents the evolution of θmax (the maximum inter-storey drift over the height of
the structure) for increasing values of the IM (AvgSa). Each IDA plot also presents the
corresponding median IDA curve along with the 16th and 84th percentile curves. These IDA
curves can then be compared with the IDA curves obtained for the different arrangements
of adjacent buildings. Figure 15 presents pairs of IDA curve plots for some of the selected
pounding configurations (the full 31 pairs of IDA curve plots are provided in Figure S1 of
the Supplementary file). The 68% confidence interval of the IDA curves obtained for the
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corresponding control case of each structure involved in a given pounding configuration is
also represented in the background of the IDA curves to facilitate the qualitative comparison
between the different configurations i.e., structures with/without pounding effects. In
addition, the first shear failure occurring in a column of a certain structure for a given
ground motion is also identified in the corresponding IDA curve by a red star-shaped
marker, while the global failure of the adjacent structure is identified by a blue dot marker.
From these results, it can be seen that when the shear failure of a column occurs, it triggers
the subsequent failure of other columns, which then rapidly leads to the global failure of
the structure for that IM value or one involving an infinitesimal IM increment.
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Figure 13. Capacity curves of the different control case structures obtained from pushover analyses.
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Figure 14. IDA curves obtained for the control case structures: (a) structure F2I, (b) F4I, (c) F6I and (d) F8I.

The results of the cases shown in Figure 15 also highlight that the several pounding
configurations involving floor-to-floor contact between the buildings, either with or without
a separation distance, do not exhibit a significantly different performance. On the other
hand, when compared to these configurations, those involving floor-to-column contact
exhibit a significant number of shear failures. For these configurations, having a larger
separation distance between the adjacent structures provides better performance, but the
occurrence of shear failures is inevitable for the considered configurations. Since all the
structures were only designed for gravity loads, the global failure of a given pounding
configuration can be seen to be mostly driven by the failure of the taller structure involved
in the configuration. Furthermore, for the range of IM values involved in the analyses,
structures with a lower number of storeys generally exhibit a similar behaviour across the
different pounding configurations.
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5.2. Failure Mechanisms Observed for Different Pounding Configurations

As referred to before, pounding leads to different dynamic responses of the structures
that are involved and, therefore, to different failure mechanisms. Moreover, when pounding
occurs, the impact force created by the collision is the parameter that governs the structural
behaviour. The impact force exerts a stress pulse that travels from the impact point to the
different elements of the impacted structure. Therefore, this stress pulse plays a key role in
the overall behaviour of the impacted structure and on its failure mechanism. Furthermore,
the ability of the structure to sustain such a level of force over a short time interval depends
on the load path this force will travel through the structure starting from the impact point.
As such, the floor alignment plays a key role in the overall structural performance of the
impacted buildings and, eventually, on their failure mechanism. As shown in Figure 16,
when the impact occurs between structures with aligned floors leading to floor-to-floor
contact, the load path of the impact force starts from an element with a large axial stiffness
(i.e., the floor), which is able to distribute the impact force across the connected columns.
On the other hand, when floor-to-column pounding is involved, the impact force needs
to first pass through the pounded columns before reaching the floor (see Figure 16). As
such, this type of pounding mechanism is more likely to lead to a global failure mechanism
governed by the shear failure of columns, as confirmed by the results discussed in the
previous section. Nevertheless, both types of pounding mechanisms can lead to global
failure driven by the shear failure of columns. In the case of floor-to-column configurations,
shear failure is likely to occur at the level of impact, while in the case of floor-to-floor
pounding configurations, it is likely to occur above the contact level.
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Despite the greater possibility of occurrence of shear failure when pounding is in-
volved, the number of cases in which failure is driven by flexural failure of columns is still
significant for certain pounding configurations. Overall, examining the analysis results at
the structural element level when global failure of a given structure occurs highlights that
one of the following two categories of failure are more likely to happen: flexural failure
of columns at a level above the pounding-level columns, or shear failure of columns at
the level of impact or above. In terms of the shear failure, depending on the state of the
spring elements simulating the inelastic behaviour in flexure, this failure can be classified
as a flexural-shear failure (when the column has yielded) or a pure shear failure (when
the column has not yielded) (see Figure 5). To illustrate these findings, Figure 17 shows
the percentage of each type of failure mechanism found for some of the considered struc-
tures by analysing the state of all the columns that are involved in the global failure of
each structure for each IDA. As can be seen, for the cases involving floor-to-floor contact,
the dominant failure mechanism of columns is still the pure flexural failure mechanism,
followed by the ductile shear failure mechanism, and pure shear failure. The occurrence
of cases where global failure is caused by the shear failure of columns can be interpreted
as a direct impact of pounding, since the global failure of the control case structures is
always governed by the pure flexural failure of columns. Furthermore, when floor-to-floor
pounding is involved, considering larger values of the separation distance can also be seen
to have a limited effect in reducing the occurrence of shear failure cases. On the contrary,
when floor-to-column pounding is involved, a much larger number of cases of global
failure governed by pure shear failure can be seen to occur, and the value of the separation
distance has a larger effect on the type of column failure. This conclusion confirms the
findings of Karayannis and Favvata [24], where floor-to-column pounding was shown to
lead to a significant increase in shear demand and to premature shear failure. As can be
seen, when considering larger values of the separation distance, the number of pure shear
failure cases is greatly reduced and the dominant failure mechanism becomes flexure-shear,
followed by pure flexure.
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Even though the pure flexural failure mechanism governs the behaviour when floor-
to-floor pounding is involved, the failure patterns that are identified are different from
those found for the corresponding control case. Given that the adjacent structure can be
thought of as a flexible support for the taller building at the time of impact, the failure of
the taller structure is then shifted to a level over the pounding level or above, as shown
in Figure 16. To illustrate these findings, Figure 18 shows the percentage of global failure
types that occur at pairs of storeys along the height of a structure for different pounding
configurations and control cases. For structures involving pounding, the likelihood of
having a critical storey (the storey that governs the global failure mechanism) above the
pounding level increases, while the control case structures are more likely to have a critical
storey at one of the bottom storeys. Furthermore, the number of cases in which the critical
storey is located above the pounding level is also greater when the stiffness of the adjacent
structure is larger, as can be seen from the first pounding configuration in each plot that
corresponds to a case that simulates pounding between buildings with a significant mass
difference. Globally, it can be seen that a larger difference between the heights of adjacent
buildings increases the chance of failure of the taller building at a level above the height of
the shorter building.Buildings 2021, 11, x FOR PEER REVIEW 19 of 31 
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6. Probabilistic Performance of the Analysed Structures 
The probabilistic performance of the analysed structures was examined by develop-

ing fragility functions for different limit states. For a given value of the earthquake IM, the 
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6. Probabilistic Performance of the Analysed Structures

The probabilistic performance of the analysed structures was examined by developing
fragility functions for different limit states. For a given value of the earthquake IM, the
fragility function of a given limit state represents the probability of demand D not exceeding
the capacity of the structure C, i.e., P[D ≤ C|IM]. As referred to before, C and D are
expressed in terms of the maximum inter-storey drift along the height of the structure θmax,
and four thresholds were considered to define limit states representing increasing levels
of expected physical damage (see Section 4.3). The fragility functions were developed
using an IM-based approach and the necessary IM datasets were obtained by interpolating
the IDA curves at the limit state thresholds. For a given limit state, the corresponding
fragility function was obtained by fitting a theoretical distribution model to the IM dataset.
Even though the lognormal distribution is usually seen as an adequate model to express
the distribution of structural demand from individual RC buildings [96,97], no particular
results have been found for datasets obtained from analyses involving pounding. Given
the larger complexity and variety of behaviour exhibited by the selected structures (i.e.,
due to the interaction between adjacent structures that gives rise to different types of failure
mechanism), the adequacy of the lognormal distribution was first examined.

The goodness-of-fit of the lognormal distribution was analysed for the log of the IM
datasets using the Shapiro–Wilk normality test [98,99] for a 5% significance level. The
results obtained indicate that the lognormal distribution hypothesis cannot be rejected
for the majority of the cases. However, around 6% of the datasets involve one or two
data points that depart from the bulk of the data for which the lognormal distribution
hypothesis is rejected. In order to illustrate the type of datasets that are involved, Figure 19
presents q–q plots of two groups of datasets and illustrates the corresponding goodness-of-
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fit obtained with the lognormal distribution (the red line represents the perfect fit). The
first group involves datasets representative of cases for which the lognormal distribution
hypothesis cannot be rejected according to the Shapiro–Wilk test, while the second group
involves datasets representative of cases for which the opposite conclusion was obtained.
As can be seen, the level of departure from the distribution hypothesis exhibited by the
second group of datasets is not significantly different from that of the first group, except
for one or two data points in the upper tail of the data. Since for most of these datasets,
the upper tail data (the larger IM values) are expected to have a smaller contribution to
the overall risk and losses of a structure (i.e., the corresponding seismic hazard values are
expected to be much lower than those of lower IM values) [100], the lognormal distribution
was found to be adequate to represent the fragility functions of all the datasets. Still, to
minimise the influence of the larger data points and obtain fitted distributions that are
governed by the bulk of the datasets, the parameters of the lognormal distributions were
determined using robust statistical estimation methods. Therefore, the fragility functions
are represented by a lognormal distribution expressed by:

P(D ≤ C|IM) = Φ

[
ln(IM)− ln(θ̂)

β̂

]
(4)

where Φ[] is the standard normal cumulative distribution, ln(θ̂) is the mean of the log of
the dataset (i.e., the median) determined using the logistic M-estimator [101] (a robust
estimator of the central value), and β̂ is the standard deviation of the log of the dataset
determined using the τ-scale estimator [102] (a robust estimator of dispersion). Since the
global failure of a given pounding configuration was found to be governed by one of the
structures (the taller structure in most cases), the IDA curves of the second structure (the
shorter structure in most cases) are incomplete (i.e., they do not represent the performance
of the structure up to failure), as can be seen from Figure 15. Therefore, the fragility
functions presented herein are only those of the structure that governs the performance of
a given pounding configuration.

Figure 20 shows the fragility functions that were obtained for the structures that gov-
erned the behaviour of the different pounding configurations when the separation distance
was zero. The presentation of the figures is organised based on the number of storeys of
the taller structure in the different pounding configurations. In addition, each figure also
shows the fragility function of the corresponding control structure. As can be seen, the
fragility functions involving the extended structures (that simulate the pounding between
buildings with a significant mass difference), i.e., F2P2EG0.0, F4P2EG0.0, F6P2EG0.0, and
F8P2EG0.0, show larger fragility values when compared to those of the corresponding
control cases. Moreover, the difference between the fragility functions increases as the
difference in the height of the buildings of a given pounding configuration also increases.
When comparing the performance of the different pounding configurations, it can be seen
that configurations involving floor-to-floor pounding exhibit a performance close to that
of the control cases, in particular, for the limit states of CI and IO. However, for higher
intensity limit states, these structures show a higher fragility than the corresponding control
case, which is often governed by the lower level of dispersion that the fragility function
exhibits. When analysing the results for the floor-to-column pounding configurations, on
the other hand, their fragility is seen to be higher, particularly for the LS and CP limit states,
due to the occurrence of shear failures. As shown by the IDA curves (see Figure 15 and the
Supplemental file), the vulnerability of these configurations is larger when the adjacent
structures have a closer number of storeys. On the other hand, in configurations involving
floor-to-floor pounding, larger fragility values are found for the CP limit state when the dif-
ference in the number of storeys of the structures involved is greater. Overall, as expected,
configurations with no separation distance involving floor-to-column pounding exhibit the
worst performance among all the considered configurations due to the significant number
of global failure cases governed by the shear failure of columns. Furthermore, it can be



Buildings 2021, 11, 665 21 of 29

seen that when floor-to-floor pounding is involved, the performance of the structures is
worse when the difference in the number of storeys of the structures involved is larger,
while the opposite is seen when floor-to-column pounding is involved.

Figures 21 and 22 present the fragility functions of different buildings involving floor-
to-floor and floor-to-column pounding, respectively, considering different values of the
separation distance ratio (see Table 2) to examine its influence. Additionally, the fragility
functions of the corresponding control cases are also presented. As a complement, Figure 23
also shows the evolution of the median of the fragility functions of all the structures and
for the four limit states. For structures involving floor-to-floor pounding, since their
performance is already close to that of the control case when there is no separation distance
(see Figure 21), considering a separation distance does not lead to noticeable differences in
performance. On the contrary, for configurations involving floor-to-column pounding, the
value of the separation distance is crucial and has a large impact on the global behaviour.
For the first limit state (CI), the 4-storey structure shows a similar performance for cases
with or without a separation distance. However, for higher limit states, shear demand
increases significantly and brittle failure is inevitable. As a consequence, the fragility
functions of higher limit states (LS and CP) are almost identical. Still, as shown by the
corresponding IDA curves, using a separation distance delays the occurrence of brittle
failure and leads to a better performance when compared to the case with no separation
distance. Similar conclusions can be drawn for the 6-and 8-storey structures, where it can
be seen that, by increasing the separation distance between the pounding buildings, the
corresponding fragility functions approach that of the control case. Overall, even though
the effect of having an adequate seismic separation distance is more prominent in floor-
to-column pounding configurations than in floor-to-floor pounding configurations, both
configurations benefit, since it ensures better performance for the structures and reduces
the likelihood of their premature failure. To allow a more comprehensive and quantitative
analysis of the fragility functions presented herein, Table 3 presents the fragility function
parameters for all the considered cases. When analysing the fragility functions obtained for
the CP limit state, a comparison between the median of the fragility functions obtained for
a given control case and those obtained for the different pounding configurations involving
this structure shows that, because of pounding, the median decreases between 5% and
13% when floor-to-floor pounding is involved (with an average reduction of 12%). When
floor-to-column pounding is involved, the median decreases between 58% and 80% (with
an average reduction of 70%) instead. These reduction rates can be seen to be consistent
with the results presented by Flenga and Favvata [47] for this limit state and for the case
where the building performance is expressed in terms of interstorey drift, when factoring
the fact that the pounding configuration involved in this study is different (the study
considers that the adjacent building is fully rigid). Finally, based on the results that were
obtained, a recommendation is also established for regional- or city-level seismic risk
assessment studies. In situations involving building portfolios for which the possibility
of pounding is not negligible, fragility functions accounting for the different pounding
configurations should be considered, except in cases involving floor-to-floor pounding. For
cases involving this pounding configuration, the results of the current study indicate that
the fragility functions developed for buildings without considering pounding are likely to
be adequate.
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Figure 20. Fragility functions obtained for the different pounding configurations without using a seismic separation distance:
cases where the left-hand side structure is a 2-storey structure (a), a 4-storey structure (b), a 6-storey structure (c) and an
8-storey structure (d).
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Figure 21. Fragility functions for different structures involving floor-to-floor pounding and different values of the seismic
separation distance ratio when the left-hand side structure is a 4-storey (a), 6-storey (b) and an 8-storey (c) building.
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Figure 22. Fragility functions for different structures involving floor-to-column pounding and different values of the seismic
separation distance ratio when the left-hand side structure is a 4-storey (a), 6-storey (b) and an 8-storey (c) building.
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Figure 23. Median of the fragility functions for all the structures and the four limit states: 4-storey
(a), 6-storey (b) and 8-storey (c) structures.

Table 3. Parameters of the fragility functions obtained for the different structures.

Model Name
Limit State

CI IO LS CP
^
θ [g]

^
β [g]

^
θ [g]

^
β [g]

^
θ [g]

^
β [g]

^
θ [g]

^
β [g]

F2I 0.356 0.306 0.599 0.240 0.886 0.205 1.232 0.207
F4I 0.212 0.243 0.414 0.226 0.710 0.248 1.067 0.361
F6I 0.187 0.255 0.385 0.259 0.686 0.396 0.954 0.544
F8I 0.171 0.362 0.332 0.410 0.616 0.543 0.833 0.664

F4P2G0.0 0.222 0.229 0.423 0.230 0.704 0.202 0.955 0.256
F6P2G0.0 0.178 0.228 0.353 0.231 0.656 0.309 0.846 0.395
F8P2G0.0 0.178 0.294 0.325 0.358 0.616 0.465 0.721 0.498
F6P4G0.0 0.193 0.213 0.369 0.222 0.688 0.339 0.841 0.420
F8P4G0.0 0.198 0.254 0.347 0.303 0.634 0.444 0.777 0.548

F4PS2G0.0 0.206 0.276 0.245 0.351 0.248 0.380 0.248 0.380
F6PS2G0.0 0.178 0.233 0.318 0.277 0.384 0.384 0.396 0.429
F8PS2G0.0 0.178 0.300 0.277 0.398 0.323 0.495 0.325 0.501
F6PS4G0.0 0.133 0.321 0.136 0.349 0.136 0.349 0.136 0.349
F8PS4G0.0 0.141 0.370 0.149 0.398 0.149 0.402 0.149 0.402
F2P2EG0.0 0.358 0.317 0.594 0.235 0.872 0.224 1.174 0.224
F4P2EG0.0 0.193 0.225 0.361 0.242 0.649 0.226 0.923 0.240
F6P2EG0.0 0.167 0.206 0.331 0.214 0.639 0.336 0.848 0.371
F8P2EG0.0 0.168 0.289 0.318 0.334 0.566 0.447 0.713 0.472
F4PS2G0.5 0.213 0.260 0.360 0.265 0.389 0.301 0.393 0.313
F6PS2G0.5 0.184 0.243 0.359 0.201 0.491 0.278 0.509 0.295
F8PS2G0.5 0.176 0.351 0.314 0.438 0.450 0.575 0.476 0.591
F6PS4G0.5 0.169 0.348 0.206 0.472 0.209 0.492 0.209 0.492
F8PS4G0.5 0.173 0.372 0.213 0.498 0.220 0.536 0.220 0.536
F4PS2G1.0 0.210 0.245 0.410 0.225 0.573 0.248 0.609 0.286
F6PS2G1.0 0.187 0.255 0.386 0.252 0.640 0.346 0.704 0.390
F8PS2G1.0 0.177 0.341 0.331 0.395 0.578 0.481 0.668 0.509
F6PS4G1.0 0.186 0.257 0.376 0.259 0.551 0.421 0.588 0.449
F8PS4G1.0 0.178 0.347 0.330 0.397 0.524 0.462 0.549 0.477
F6P4G0.50 0.187 0.266 0.387 0.226 0.691 0.357 0.854 0.401
F8P4G0.50 0.180 0.344 0.343 0.352 0.627 0.452 0.770 0.527
F4P2G1.0 0.210 0.245 0.415 0.228 0.737 0.254 1.027 0.277
F6P2G1.0 0.187 0.255 0.388 0.253 0.704 0.369 0.897 0.432
F8P2G1.0 0.177 0.340 0.331 0.396 0.614 0.471 0.749 0.520
F6P4G1.0 0.186 0.258 0.377 0.258 0.670 0.374 0.824 0.418
F8P4G1.0 0.178 0.347 0.329 0.386 0.649 0.497 0.749 0.518
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7. Conclusions

The proposed study presents a comprehensive investigation of the pounding effects
for several case studies representing several critical pounding configurations of adjacent
non-seismically designed RC structures. The selected structures include configurations that
involve different separation distance values and that exhibit floor-to-floor pounding, floor-
to-column pounding, pounding between structures with a significant height difference,
and pounding between buildings with a significant mass difference. The behaviour of these
pounding configurations was analysed for fifty ground motion records using IDA and
compared with that of the corresponding control cases (i.e., individual structures with no
interaction with other structures). The results provided detailed insights about the type of
failure mechanism that contributes to the global collapse of the different configurations and
about the influence of the separation distance value. Fragility functions were also developed
for different limit states based on these results in order to extract further conclusions
regarding the overall influence of certain characteristics of the selected configurations.

Based on the results that were obtained, it can generally be concluded that configu-
rations involving floor-to-column pounding of adjacent buildings are much more likely
to exhibit a fragile behaviour due to the large number of cases where global collapse was
governed by shear failure. This type of collapse was also found to be more frequent in
configurations with structures that have a closer number of storeys. On the contrary, con-
figurations involving floor-to-floor pounding exhibit a better performance. Even though
this performance is still worse than that of the corresponding control cases, particularly for
higher IM values, the global collapse of the worst performing cases involving floor-to-floor
pounding is still mostly governed by ductile mechanisms (flexural failure or flexural-shear
failure). In addition, contrary to what is seen for configurations with floor-to-column
pounding, the performance of the structures with floor-to-floor pounding is worse when
the difference in the number of storeys of the structures involved is larger.

The results that were obtained also indicate that, when floor-to-floor pounding is
involved, the likelihood of having a critical storey (a storey that governs the global failure
mechanism) above the pounding level increases, particularly when the stiffness of the
adjacent structure is larger. Furthermore, the results also show that a larger difference
between the heights of adjacent buildings increases the chance of failure of the taller
building at a level above the height of the shorter building. When floor-to-column pounding
is involved, the critical storey is likely to be that of the pounding level. Regarding the effect
of the separation distance, when floor-to-floor pounding is involved, the performance of
the structures is generally seen to be very similar, irrespective of the value that is considered
for the separation distance. On the contrary, for configurations involving floor-to-column
pounding, the value of the separation distance has a large impact on the global behaviour,
particularly for higher limit states where the occurrence of global collapse governed by
shear failure is inevitable. In these cases, larger values of the separation distance are able to
delay the occurrence of brittle failure (i.e., it will occur for larger IM values) and lead to a
better structural performance.

Finally, the results of the current study indicate that large scale seismic risk assessment
studies should consider fragility functions accounting for different pounding configura-
tions when dealing with building portfolios for which the possibility of pounding is not
negligible. Still, for buildings likely to undergo floor-to-floor pounding, the results of
the current study indicate that the fragility functions developed for buildings without
considering pounding can be used since they are not likely to lead to significant errors.
Nevertheless, further research studies similar to the one presented herein should be carried
out to analyse the behaviour of other adjacent building configurations and consider the
influence of other parameters, such as the presence of infill walls, given their impact on the
global performance of RC structures [103–110], in order to generalise these conclusions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/buildings11120665/s1, Figure S1: IDA curves obtained for all considered pounding configura-
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tions, Table S1: Characteristics of the selected ground motions.
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