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a b s t r a c t

Severe damages of adjacent structures due to structural pounding during earthquakes have
emphasized the need to use some seismic retrofit strategy to enhance the structural per-
formance. The purpose of this paper is to study the influence of using linear and nonlinear
Fluid Viscous Dampers (FVDs) on the seismic collapse capacities of adjacent structures
prone to pounding and proposing modification factors to modify the median collapse
capacity of structures considering the effects of pounding. The factors can be used to pre-
dict the collapse capacity of structures in pounding condition. A seismic retrofit strategy
employs FVDs installed in 3-, 6- and 9-story Special Moment Resisting Frames (SMRFs).
The SMRFs were assumed to have different values of separation distance according to
the seismic code. To model pounding phenomenon, linear viscoelastic contact elements
were used in the OpenSees software. Furthermore, to determine the seismic collapse
capacities of each structure, the proposed algorithm was applied to remove the collapsed
structure during the incremental dynamic analysis. The results of the analyses illustrate
that the existence of FVDs can substantially improve the seismic behavior of structures
having a significant influence on the collapse capacities of colliding structures. Moreover,
considering the adjacent SMRFs in one or two sides of the main structure can significantly
affect the median collapse capacity of the main structure itself. Finally, the proposed mod-
ification factors can be successfully used to estimate the effects of pounding on the collapse
capacities of adjacent structures.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Different investigations show that adjacent structures with inappropriate separation distance between themmay interact
one with another during earthquakes, resulting in significant damage [1]. Although nowadays it is a usual procedure to con-
sider a minimum separation distance during the design of concrete or steel structures, many existing structures were con-
structed with insufficient in-between gap size since it was allowed due to old seismic codes. This insufficient separation
distance, which may lead to impacts between adjacent structures during earthquakes, can significantly influence the seismic
structural behavior as well as the collapse capacity. Therefore, improving the seismic performance of existing structures is
often challenging because such external circumstances can affect the structural behavior. In this respect, there are two
strategies: first, increasing the capacity of structural members, for instance using friction devices into beam to column joints,
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and second, installing passive energy dissipation devices such as dampers or adding dissipative metal shear panels (see for
instance [2–12]). The first approach is more convenient for low-rise buildings, whereas the second one can be more effective
and affordable for all types of structures. Furthermore, the strengthening option for structures may interfere with the archi-
tectural plans, while the installation of seismic dampers can play a positive role. Although previous studies were mainly
focused on the strengthening option, the idea of using linear and nonlinear Fluid Viscous Dampers (FVDs) for retrofitting
structures is not new. Among different passive energy dissipation systems, FVDs have some performance advantages for
their ability to reduce both displacements and accelerations, which can be very important for the structures with sensitive
components. Moreover, their velocity-dependent behavior makes them capable of dissipating more energy at small defor-
mations [13,14]]. The response of FVDs can be linear or nonlinear, depending on the velocity exponent value, a, which usu-
ally varies from 0.15 to 1.0. Bigdeli et al. [15] investigated the optimal arrangement of a limited number of dampers that
minimize the inter-story drifts. They showed that increasing the number of dampers would not necessarily improve effi-
ciency. Martinez-Rodrigo and Romero [16] considered the FVDs mounted on the chevron-braced frames with different val-
ues of the velocity exponent in order to compare linear and nonlinear FVD devices. They achieved larger reductions in the
peak accelerations by using the linear FVDs, whereas increasing the FVDs nonlinearity resulted in smaller damping forces.
Moreover, Dall’Asta et al. [17] accomplished a similar trend of results using a probabilistic methodology. Tubaldi et al.
[18,19] proposed probabilistic performance-based procedures to quantify the risk reduction, obtained by using viscous
and viscoelastic dampers, and to assess the seismic risk associated with pounding between adjacent structures.

Recently, many retrofitting techniques have been introduced to improve the seismic performance of existing structures.
Mansoori and Moghadam [20] investigated the possibility of controlling both accelerations and displacements of asymmetric
structures. They concluded that the distribution of linear FVDs had a significant effect on structural modal properties. Kim
et al. [21] considered a seismic retrofitting scheme to enhance the seismic performance of the special truss moment frame
using linear FVDs. They indicated that the seismic performance of the special truss moment frame increased by adding linear
FVDs in the case of slight to moderate damage state. Landi et al. [22] proposed a procedure in order to direct the determi-
nation of FVDs required for the seismic retrofit of structures without performing several iterations. Furthermore, Landi et al.
[23] proposed a simplified probabilistic method for the seismic assessment of nonlinear structures equipped with nonlinear
FVDs. Dall’Asta et al. [24] studied the influence of FVD properties on the probabilistic seismic performance and risk assess-
ment. Karavasilis [25] investigated the design capacity assessment of columns in steel moment-resisting frames with linear
FVDs. The results of the study indicated that steel moment-resisting frames with linear FVDs were more prone to column
plastic hinging, as compared to steel moment-resisting frames. Seismic design and assessment of the steel self-centering
moment-resisting frames with FVDs were also investigated by Tzimas et al. [26]. They showed that using FVDs was effective
in improving the residual drift performance of steel self-centering moment-resisting frames. Kandemir-Mazanoglu and
Mazanoglu [27] as well as Kazemi et al. [28] investigated the effects of using viscous dampers between two adjacent struc-
tures. They showed that this approach could be used to substantially improve structural behavior during seismic excitations
and to prevent earthquake-induced structural pounding.

Pounding between two adjacent structures is a source of considerable amplification of accelerations in structures. In addi-
tion, this phenomenon can substantially modify the structural response [1]. Previous studies reveal that structural charac-
teristics, such as mass and fundamental natural period of the adjacent structure, and the fact of having the single- or double-
sided pounding may both increase or decrease the structural response [29–31]. Crozet et al. [32] performed a sensitivity
analysis to provide a consistent measure of the relative importance of parameters, such as the coefficient of restitution as
well as mass and frequency ratios of the colliding structures, using the Monte Carlo simulations of single-degree-of-
freedom (SDOF) systems. It is important to utilize more precise structural models to evaluate pounding phenomenon. There-
fore, some researchers used multi-degree-of-freedom (MDOF) models, with the mass of each story concentrated at the floor
level [31,33]. Favvata [34] correlated the seismic performance of 3- and 8-story structures with the minimum required sep-
aration distance for three intensity levels of seismic hazard. The most important issue in the case of the inter-story pounding
conducted in that study was the local performance of exterior columns, which had a critical condition due to impact force.
Also, the minimum required separation distance was found to be dependent on the level of the seismic hazard. It is also clear
that considering the P-Delta effect can influence the stability of the structure. Moreover, including or excluding the P-Delta
effect can result in the increase or decrease in the structural response under ground motions. Therefore, many studies inves-
tigated the influence of P-Delta effect on the seismic collapse capacity of structures [35–39]. Masroor and Mosqueda [40]
examined the collapse probability of pounding between a base-isolated steel structure and moat wall. They concluded that
the collapse margin ratio could be reduced significantly as the result of pounding. Moreover, Elwardany et al. [41,42] studied
the effect of the infill panels on the seismic response of adjacent structures prone to collisions. The results showed that the
existence of infill panels could significantly affect the pounding-involved structural response during earthquakes.

Nevertheless, despite considerable research in the field of earthquake-induced structural pounding, the results of studies
concerning the effectiveness of different methods of modification of collapse capacities of structures, so as to improve their
seismic resistance, are very limited. Therefore, the aim of this paper is to study the influence of using linear and nonlinear
FVDs on the seismic collapse capacities of adjacent Special Moment Resisting Frames (SMRFs) prone to pounding. Further-
more, to extend the results of the study, comprehensive sensitivity analyses of the earthquake-induced pounding between
three adjacent SMRFs are performed to investigate the effect of considering two adjacent structures on collapse capacities of
the main structure. Then, the modification factors, intended to estimate the median collapse capacity, are proposed.
2
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Moreover, this paper is focused on the influence of using the linear and nonlinear FVDs on the seismic collapse fragility
curves of colliding structures.
2. Description of theoretical aspects

2.1. Nonlinear modeling of structures

3-, and 6-story SMRFs, considered by Kitayama and Constantinou [43], as well as 9-story SMRFs designed according to
ASCE/SEI 7-10 [44], were used in the study (see also [28]). Seismic design parameters of SDS = 1.25 g and SD1 = 0.6 g were
assumed for a site of latitude 37.88�N, longitude 122.08�W, and soil class D. Besides, the response modification factor of
R = 8, the deflection amplification factor of Cd = 5.5 and the system over-strength factor of X = 3 were selected for SMRFs
according to ASCE/SEI 7-10 [44]. The design dead and live loads of roof, taken as equal to 1.68 kN/m2 and 0.96 kN/m2,
and the floor dead and live loads of 3.35 kN/m2 and 1.68 kN/m2 were applied to structures. Also, a cladding load of 1.68
kN/m2 was considered. Fig. 1 presents a rectangular plane configuration, i.e. a perimeter frame system of the considered
building and a concentrated plasticity model for 6-story SMRF. All columns, except for those in the SMRF, were modeled
as leaning columns considering the P-Delta effect (see [45–47] for details). At both ends of each beam, a nonlinear rotational
spring was considered using zero-length elements, according to the Modified Ibarra–Krawinkler bilinear-hysteretic model
[48]. Therefore, based on this approach, each beam in SMRFs was modeled by elastic beam-column element and two
zero-length elements located at both ends.

According to Newell and Uang [49], cyclic deterioration does not play a key role in the seismic performance of W14 col-
umns. Therefore, in this study, the nonlinear beam-column element, and Steel02 material available in OpenSees software,
were employed to model all columns. Similar to the studies carried out by Seo et al. [50], as well as by Kitayama and
Fig. 1. Structural modeling of the 6-story SMRF, (a) floor plan of building, (b) lumped plasticity model of SMRF.
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Constantinou [51], a ratio of elastic to post-elastic stiffness equal to 0.002 was assumed for modeling the uniaxial behavior of
columns. Moreover, Fig. 2 depicts the elevation and arrangement of the linear and nonlinear FVDs on 3-, 6-, and 9-story
SMRFs, which were placed diagonally.

2.2. Equipping structures with supplemental FVDs

FVDs are velocity-dependent passive energy dissipation devices that can behave as linear or nonlinear elements. The
force, Fd, produced by an FVD, depends on the relative velocity between two ends of the damper and is given as follows:
Fd ¼ C að Þ � vj ja � sgnðvÞ ð1Þ

where C að Þ is the damping coefficient, v is the relative velocity between two ends of the FVD, a is the velocity exponent, and
sgn is the signum function. The device behaves as a linear FVD for a = 1, and behaves as a nonlinear FVD for the values of
lower than one. Landi et al. [22,52] introduced a method based on the comparison between the demand spectrum and capac-
ity spectrum. The capability of the structure to dissipate the seismic input energy is presented with the effective damping of
a structure equipped with the FVDs and can be determined as follows:
neff ¼ nh þ nD þ ni ð2Þ

where nh represents the hysteretic damping ratio of the structural elements, nD is the supplemental damping ratio provided
by the FVDs with nonlinear structural behavior and ni is the inherent damping ratio. To compute the effective damping, neff ,
the demand spectrum should be compared with the capacity spectrum of the structure, as derived from the base shear-roof
displacement curve using nonlinear static pushover analysis. Therefore, for the transformation of the base shear-roof dis-
placement curve into the capacity spectrum, the relations proposed by Landi et al. [22,52] were used. The supplemental vis-
cous damping ratio for the first mode of vibration, nD, can be calculated as follows:
nD ¼
PNd

i¼1 2pð Þa � T2�a
1 � ki � Ci � f 1þai � Da�1

roof � u1þa
ri1

8p3 �PNs
j¼1mj �u2

j1

ð3Þ
where Nd is the number of the FVD devices, T1 is the fundamental period of the first mode of vibration, ki is a constant value
depending on the exponent of velocity a, Ci is the damping coefficient of ith FVD, f i ¼ coshi is the amplification factor related
to the geometrical arrangement of the FVDs, hi is the angle of FVD direction with the horizontal axis, Droof is the amplitude of
the roof displacement, uri1 is the relative deformation between the horizontal degrees of freedom at the ends of the ith dam-
per corresponding to the first mode shape, Ns is the number of stories, and mj and uj1 are the mass of the jth story and the
first mode component at the top of the jth story. It is clear that a suitable FVDs distribution can lead to better seismic per-
formance of structures. In this study, a uniform vertical distribution of damping coefficients were selected to enhance the
seismic performance of structures [52,53]. The values of n equal to 0.109, 0.094 and 0.128, obtained from Eq. (3), were con-
sidered for the 3-, 6-, and 9-story SMRFs, respectively, assuming a maximum inter-story drift ratio of 0.015, as for the design
Fig. 2. Elevation and arrangement of the linear and nonlinear FVDs on the 3-, 6-, and 9-story SMRFs.

4

http://mostwiedzy.pl


Table 1
Models considered in the analysis and the separation distance (SD) between adjacent structures.

Structures considered in model SD = 0.0 (m) SD = 0.5D (m) SD = 1.0D (m)

3-story reference – – –
6-story reference – – –
9-story reference – – –
3-story reference and 6-story reference 0.0 0.149 0.298
3-story reference and 9-story reference 0.0 0.173 0.345
6-story reference and 9-story reference 0.0 0.216 0.431
3-story-FVD and 6-story reference 0.0 0.149 0.298
3-story-FVD and 9-story reference 0.0 0.173 0.345
6-story-FVD and 3-story reference 0.0 0.149 0.298
6-story-FVD and 9-story reference 0.0 0.216 0.431
9-story-FVD and 3-story reference 0.0 0.173 0.345
9-story-FVD and 6-story reference 0.0 0.216 0.431
3-story-FVD and 6-story-FVD 0.0 0.149 0.298
3-story-FVD and 9-story-FVD 0.0 0.173 0.345
6-story-FVD and 9-story-FVD 0.0 0.216 0.431
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earthquake according to ASCE/SEI 7-10 [44]. Moreover, it was assumed that the supporting brace member is rigid during
seismic loads and the FVDs do not reach their stroke limits [54].

2.3. Procedure for modeling pounding phenomenon

During decades, experimental and numerical studies on earthquake-induced structural pounding have been performed
using different structural models and various models of collisions [55–57]. It has been shown that a nonlinear gap element,
composed of spring in parallel with a viscous damper, can be successfully used to simulate pounding with acceptable accu-
racy [58]. According to these studies, the linear viscoelastic model (Kelvin-Voigt model), which is only active in compression,
was developed and implemented in the OpenSees software [59] to model the structural pounding phenomenon. The general
formula for the pounding force during structural impact is expressed as:
FðtÞ ¼ KkdðtÞ þ Ck
_dðtÞ ð4Þ
where Kk, dðtÞ, Ck and d
_

ðtÞ denote the impact stiffness coefficient between colliding structures, the relative deformation of
pounding element, the impact damping coefficient, and the relative velocity of pounding element, respectively. The damping
coefficient of impact element, which accounts for the energy dissipation during pounding, can be obtained as follows
[50,60,61]:
Ck ¼ 2n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kk

mimj

mi þmj

r
ð5Þ

n ¼ �ln ðeÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ ðln ðeÞÞ2

q ð6Þ
where mi, mj are masses of structures and n is the impact damping ratio correlated with a well-known coefficient of
restitution, e [58]. The coefficient of restitution is equal to the ratio between the post-impact and the prior-impact relative
Fig. 3. IDA curves of the 3-, and 6-story reference colliding structures with separation distance of 0.0.
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Fig. 4. Median collapse capacities of the 3-, 6-, and 9-story reference structures without any adjacent structure equipped linear or nonlinear FVDs.
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velocities of colliding structures. According to previous studies, for concrete-to-concrete impact, the coefficient of restitution
is usually taken to be equal to 0.65 [58,62].

Simple modeling and accounting for the energy dissipation during pounding make the linear viscoelastic contact element
attractive to simulate the pounding phenomenon. Therefore, several studies were performed to calculate the impact stiffness
of pounding models which can be affected by the material properties. For example, Polycarpou et al. [63] considered a simple
approximation to determine the stiffness value of impact element, which depends on the material characteristics and the
plan geometry in the vicinity of impact. Thus, using the area of the overlapping region in the impacted vicinity, the normal
impact stiffness, Kimp, can be approximated as follows:
Table 2
Median

Struc

3-sto
6-sto
9-sto
Kimp ¼ 1� m21
EDynamic;1

þ 1� m21
EDynamic;2

� ��1

ð7Þ
EDynamic; i ¼ 5:82 EStatic; i
� �0:63

; in GPa ð8Þ
where mi is the Poisson’s ratio for the i-th structure, and EDynamic,i is the dynamic modulus of elasticity of normal strength
concrete that is calculated based on the static modulus of elasticity, EStatic,i, according to the results of an experimental work
performed by Salman and Al-Amawee [64]. Assuming EStatic = 21 GPa and m = 0.2, based on [63,65], the normal impact stiff-
ness was calculated from Equation (7) to be equal to Kimp = 20.96 � 106 kN/m2. Therefore, the impact stiffness, Kk, was deter-
mined to be 4.31 � 1011 kN/m by multiplying the normal impact stiffness, Kimp, by half of the length of the pounding side of
collapse capacities of the 3-, 6-, and 9-story reference structures without any adjacent structure.

ture Reference a ¼ 0:4 a ¼ 0:7 a ¼ 1:0

ry 2.25 2.33 2.50 2.81
ry 0.95 0.98 1.08 1.39
ry 0.61 0.62 0.66 0.77
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Fig. 5. Median collapse capacities of the 3-, and 6-story colliding structures with and without considering FVDs, (a) and (b) for the separation distance equal
to 0.0, (c) and (d) for the separation distance equal to 1.0D.
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the plan, L/2 = 20.575 m. Also, the impact damping coefficient of Ck = 6798.84 kNs/m was obtained from Equation (5), con-
sidering the coefficient of restitution equal to e = 0.65.

2.4. Structural models

In crowded cities, where the land space is expensive and limited, the seismic pounding between adjacent buildings is an
important issue. So, to minimize the seismic pounding risk, seismic codes provide analytical rules and numerical procedures
to estimate the minimum separation distance required for adjacent structures to prevent seismic pounding between them.
According to ASCE/SEI 7-10 [44], the minimum separation distance, dMT, is given as follows:
dMT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cd:dmax

I

� �2

1
þ Cd:dmax

I

� �2

2

s
ð9Þ
where dMT is the maximum inelastic displacement, Cd is the deflection amplification factor (as in Table 12-2-1 of ASCE/SEI 7-
10), dmax is the maximum elastic displacement (section 12.8.4.3 of ASCE/SEI 7-10), I is the importance factor. Therefore, the
required separation distance, D, should be at least equal to dMT.

Table 1 presents all the cases studied and the separation distance between them. To evaluate the seismic collapse capac-
ities of colliding structures, three values of separation distance, equal to 0.0, 0.5D, and 1.0D, and three values of velocity
exponent, a, equal to 0.4, 0.7, and 1.0, were assumed. In other words, 9 models without supplemental FVDs and 27 models
with supplemental FVDs were considered for the analysis of pounding between two structures.
3. Results of analysis

3.1. Evaluating results of using FVDs in BOTH colliding structures

In the study, the Incremental Dynamic Analysis (IDA) was carried out to assess the seismic collapse capacities of colliding
structures using MATLAB [66] and OpenSees [59] software, considering the Hunt and Fill algorithm to capture the seismic
7
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collapse of structures [67]. IDA is a technique to assess the seismic collapse capacities of structures utilizing a series of non-
linear dynamic analyses. Using appropriate intensity parameters is an important aspect of a study which was considered by
Kita et al. [68] who applied Intensity Measures (IMs) computed from seismic data. Recently, three advanced scalar IMs,
which include information about the spectral shape and ground motion duration, have been proposed by Jamshidiha
et al. [54]. These IMs had better performance in predicting the collapse capacity of SMRFs equipped with FVDs, as compared
to other well-known IMs. In this study, the scalar intensity measure, Sa(T1), selected as IM, was increased until the occurrence
of the total seismic collapse and the maximum inter-story drift ratio used to measure the structural response. A set of 48
near-field ground motion records were used to perform IDAs (see also [69]). The seismic structural collapse was displayed
by the flat part of each IDA curves. In the real world, it does not resist deformations of the adjacent structures when one of
them reaches its collapse capacity. Therefore, in the numerical modeling, the collapsed structure should be removed to con-
sider this effect. Due to the seismic collapse of one structure in the pounding models, it is difficult to assess seismic collapse
capacities of both colliding structures in the analysis. Thus, an algorithm was developed for the automated removal of the
first collapsed structure during the analysis to assess the seismic collapse capacities of both colliding structures. Then, the
analysis continued until the seismic collapse of the second structure. This algorithm reduced the time of analysis and con-
sidered the effects of collapsed structure in pounding phenomenon. Fig. 3(a)–(b) presents the IDA curves of the 3-, and 6-
story reference colliding structures, respectively, with separation distance equal to 0.0.

Fig. 4 presents the median collapse capacities of the 3-, 6-, and 9-story reference structures without any adjacent struc-
ture equipped with linear or nonlinear FVDs. It can be seen that the median collapse capacity shows an increasing trend
using linear or nonlinear FVDs.

In other words, adding FVDs with values of velocity exponent equal to 0.4, 0.7 and 1.0 to the 3-story reference structure
leads to the increase in the median collapse capacity by 4%, 11%, and 24%, respectively. Furthermore, in this case, the median
collapse capacity of the 6-story reference structure increases by 3%, 14%, and 46%, and the median collapse capacity of the 9-
story reference structure increases by 2%, 8%, and 26%, respectively. Table 2 compares the median collapse capacities of the
3-, 6-, and 9-story reference structures without any adjacent one.

Fig. 5(a)–(b) presents the median collapse capacities of the 3-, and 6-story colliding structures equipped with linear and
nonlinear FVDs for the separation distance of 0.0, and Fig. 5(c)–(d) present s these structures for the separation distance
Fig. 6. Median collapse capacities of the 3-, and 9-story colliding structures with and without considering FVDs, (a) and (b) for the separation distance equal
to 0.0, (c) and (d) for the separation distance equal to 1.0D.
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Fig. 7. Median collapse capacities of the 6-, and 9-story colliding structures with and without considering FVDs, (a) and (b) for the separation distance equal
to 0.0, (c) and (d) for the separation distance equal to 1.0D.

Table 3
Median collapse capacities of the 3-, 6-, and 9-story colliding structures with two separation distances equal to 0.0 and 1.0D.
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Fig. 8. Seismic collapse fragility curves for the 3-, and 6-story colliding structures, (a) and (b) for the separation distance equal to 0.0, (c) and (d) for the
separation distance equal to 1.0D.
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 equal to 1.0D. It can be seen that for the increase in the values of velocity exponent from 0.4 to 1.0, the median collapse
capacity of the 3-, and 6-story colliding structures also increases. A similar conclusion can also be drawn from Figs. 6(a)–
(d) and 7(a)–(d), which show the median collapse capacities of the 3-, and 9-story colliding structures and the 6-, and 9-
story colliding structures, respectively.

Table 3 illustrates the values of the median collapse capacities of the aforementioned colliding structures. The blue and
red arrows show an increasing and decreasing trend, respectively. According to the results, adding FVDs leads to the increase
in the median collapse capacities of all colliding structures. For example, in the case of pounding between the 3-, and 6-
story-FVD structures with a ¼ 1:0, for the separation distance of 0.0, the median collapse capacity of the 3-story-FVD struc-
ture is 1.21 and 1.17 times larger than the values obtained from the case assuming a ¼ 0:4 and 0.7, respectively, while the
median collapse capacity of the 6-story-FVD structure is 1.20 and 1.13 times larger than the values obtained from the case
assuming a ¼ 0:4 and 0.7, respectively. Besides, for the separation distance equal to 1.0D, the median collapse capacity of the
3-story-FVD structures is 1.40 and 1.26 times larger than the values obtained from the case assuming a ¼ 0:4 and 0.7,
respectively, whereas the median collapse capacity of the 6-story-FVD structures is 1.36 and 1.24 times larger than the val-
ues obtained from the case assuming a ¼ 0:4 and 0.7, respectively. Furthermore, the results indicate that the median collapse
capacity of the shorter structure decreases in the case of pounding between a short structure and a taller one (i.e. the 3-story
and 9-story colliding structures), as the separation distance between structures rises from 0.0 to 1.0D; while, the median
collapse capacity of the taller one increases correspondingly. This result can be observed by following the color and direction
of arrows.

Fig. 8(a)–(b) present the seismic collapse fragility curves of the 3-, and 6-story colliding structures equipped with FVDs for
the separation distance of 0.0, and Fig. 8(c)–(d) show the seismic collapse fragility curves of the 3-, and 6-story colliding
structures for the separation distance equal to 1.0D. In comparison between colliding structures with and without FVDs,
the seismic collapse probabilities of structures with FVDs are lower than those for structures without FVDs. It is worth men-
tioning that the colliding structures with nonlinear FVDs have higher seismic collapse probabilities than those of the collid-
ing structures with linear FVDs. Therefore, in the case of colliding structures, linear FVDs have better seismic performance.
The same conclusion can be drawn from Figs. 9(a)–(d) and 10(a)–(d), which present the seismic collapse fragility curves of
the 3-, and 9-story colliding structures and the 6-, and 9-story colliding structures equipped with FVDs, respectively.
10
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3.2. Evaluating results of using FVDs in one colliding structure

Fig. 11 presents the median collapse capacities of the 3-, and 6-story colliding structures for the case when the taller
structure is equipped with linear FVDs and a separation distance is equal to 0.0. The results show that using linear FVDs
in the taller structure increases the median collapse capacities of both structures.

A similar pattern is seen in Figs. 12 and 13, which illustrate the 3-, and 9-story colliding structures and the 6-, and 9-story
colliding structures equipped with linear FVDs for the separation distance of 0.0, respectively. In other words, in the case of
pounding between 3-, and 6-story structures, the median collapse capacities are 1.13 and 1.47 times larger than those with-
out considering linear FVDs, respectively; while in the case of pounding between 3-, and 9-story structures, the median col-
lapse capacities are 1.07 and 1.18 times larger than those without considering linear FVDs, respectively. Also, in the case for
6-, and 9-story colliding structures, the median collapse capacities are 1.08 and 1.17 times larger than those without con-
sidering linear FVDs, respectively.

Fig. 14 presents the median collapse capacities of the 3-, and 6-story colliding structures for the case when the shorter
structure is equipped with linear FVDs given the separation distance of 0.0. It can be seen that adding linear FVDs to the
3-story structure increases the median collapse capacity of the shorter structure. However, the median collapse capacity
of the 6-story structure remains unchanged. Moreover, a similar pattern can be seen in Fig. 15 for the case of pounding
between the 3-, and 9-story structures.

Table 4 summarizes the results derived from Figs. 11–15 showing the median collapse capacities of the 3, 6-, and 9-story
colliding structures for the case when one structure is equipped with linear FVDs given the separation distance of 0.0.

3.3. Evaluating results of pounding between three structures

This section evaluates the effects of considering pounding between one structure (the main one) and two adjacent struc-
tures at one or two sides. The seismic collapse capacities of the main structure were compared with the case of the single
structure without any interactions with other structures. An automated algorithm was used to assess the seismic collapse
capacities of each of the structures by removing the collapsed structure during the analysis. Therefore, in each model includ-
ing pounding between three adjacent structures, the algorithm was used to obtain three IDA curves corresponding to the
specific ground motion record. Fig. 16 presents the median collapse capacity and the seismic collapse fragility curve of
Fig. 9. Seismic collapse fragility curves for the 3-, and 9-story colliding structures, (a) and (b) for the separation distance equal to 0.0, (c) and (d) for the
separation distance equal to 1.0D.
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Fig. 10. Seismic collapse fragility curves for the 6-, and 9-story colliding structures, (a) and (b) for the separation distance equal to 0.0, (c) and (d) for the
separation distance equal to 1.0D.

Fig. 11. Median collapse capacities of the 3-, and 6-story colliding structures considering linear FVDs for taller structure given the separation distance of 0.0.
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the main 6-story reference structure colliding with two adjacent 3-story structures given the separation distance of 1.0D.
Comparing to the single 6-story reference structure, considering two adjacent 3-story structures at both sides of the main
6-story reference structure increases (up to 8%) the median collapse capacity of the main structure. Moreover, the seismic
collapse probability of the main 6-story reference structure was considerably smaller in comparison with the main 6-
story reference structure without any adjacent structure. So, considering two adjacent structures at both sides can increase
the median collapse capacity of the main structure, and can decrease the probability of its collapse.

According to the results shown in Figs. 17–19, which present different combinations between three adjacent structures,
considering two adjacent structures on both sides of the main structure can improve the seismic performance of the main
structure, apart from the fact that the main structure is shorter or taller than the adjacent structures. For example, the med-
12
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Fig. 12. Median collapse capacities of the 3-, and 9-story colliding structures considering linear FVDs for taller structure given the separation distance of 0.0.

Fig. 13. Median collapse capacities of the 6-, and 9-story colliding structures considering linear FVDs for taller structure given the separation distance of 0.0.

Fig. 14. Median collapse capacities of the 3-, and 6-story colliding structures considering linear FVDs for shorter structure given the separation distance of
0.0.
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ian collapse capacity of the main 9-story reference structure colliding with two adjacent 3-story structures at both sides is
1.08 times larger than the value for the single main 9-story-reference structure. Also, the median collapse capacity of the
main 3-story reference structure colliding with two adjacent 9-story structures at both sides is 1.17 times larger than the
value for the single main 3-story reference structure.

Fig. 20 presents the median collapse capacity and the seismic collapse fragility curve of the main 9-story reference struc-
ture colliding with two adjacent 3-story structures at one side of the main structure. It can be seen that considering two adja-
cent structures at one side of the main structure significantly decreases the median collapse capacity of the 9-story reference
13
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Fig. 15. Median collapse capacities of the 3-, and 9-story colliding structures considering linear FVDs for shorter structure given the separation distance of
0.0.

Table 4
Median collapse capacities of the 3, 6-, and 9-story colliding structures for the case when one structure is equipped with linear FVDs given the separation
distance of 0.0.

Structure 3-story-Reference 6-story-Reference 9-story-Reference 3-story-FVD 6-story-FVD 9-story-FVD

3-story-Reference – 2.687 2.249 – 2.702 2.417
6-story-Reference 0.954 – 1.157 0.964 – 1.230
9-story-Reference 0.607 0.566 – 0.622 0.589 –

3-story-FVD – 3.737 3.309 – 3.693 3.309
6-story-FVD 1.412 – 1.713 1.339 – 1.767
9-story-FVD 0.722 0.668 – 0.738 0.695 –

Fig. 16. Comparing median collapse capacity and seismic collapse fragility curve for the 6-story reference structure colliding with two adjacent 3-story
structures for the separation distance of 1.0D.
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structure. In addition, in this situation, the 9-story reference colliding structure has a higher seismic probability of collapse
than the single 9-story reference structure. Thus, it can be concluded that the existence of two structures at one side of the
main structure can decrease the seismic performance of the main structure itself.

Table 5 summarizes the results derived from Figs. 16–20 showing the median collapse capacity and seismic collapse fra-
gility (50% probability) for the main structure having different adjacent structures at both sides given the separation distance
of 0.0 and 1.0D.
4. Modification factors

In this section, the modification factors of all colliding structures are presented. It should be underlined that the modifi-
cation factors can be used to modify the collapse capacity of structures due to pounding. In other words, having the amount
of collapse capacity of the structure without pounding, the effect of pounding can be considered to assess the collapse capac-
14
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Fig. 17. Comparing median collapse capacity and seismic collapse fragility curve for the 9-story reference structure pounding with two adjacent 3-story
reference structures for the separation distance of 0.0.

Fig. 18. Comparing median collapse capacity and seismic collapse fragility curve for the 3-story reference structure colliding with two adjacent 9-story
structures for the separation distance of 0.0.

Fig. 19. Comparing median collapse capacity and seismic collapse fragility curve for the 9-story reference structure colliding with two adjacent 6-, and 9-
story structures for the separation distance of 0.0.
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ity of adjacent structures. This can considerably reduce the efforts to capture collapse capacities. Therefore, the modification
factors are proposed to be used as an initial guide to estimate the influence of pounding on the collapse capacity of adjacent
structures. By using the modification factors, we can approximately predict the collapse capacity of the structure due to
changing its conditions, such as constructing new structures in the vicinity of an existing one or retrofitting structures with
linear or nonlinear FVDs. In the case of collisions with the existing adjacent structure having the modification factor greater
than one, no modification factor must be applied because neglecting the pounding effects is a conservative assumption.
15
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Fig. 20. Comparing median collapse capacity and seismic collapse fragility curve for the 9-story reference structure colliding with two adjacent 3-story
structures for the separation distance of 0.0.

Table 5
Median collapse capacity and seismic collapse fragility (50% probability) for the main structure having different adjacent structures at both sides given the
separation distance of 0.0 and 1.0D.

Main Structure Median collapse capacity Seismic collapse fragility (50%)

Left Structure Middle Structure Right Structure Left Structure Middle Structure Right Structure

6-story-Reference 3-story-Reference 0.994 3-story-Reference 3-story-Reference 0.994 3-story-Reference
9-story-Reference 3-story-Reference 0.657 3-story-Reference 3-story-Reference 0.657 3-story-Reference
3-story-Reference 9-story-Reference 2.651 9-story-Reference 9-story-Reference 2.651 9-story-Reference
9-story-Reference 9-story-Reference 0.639 6-story-Reference 9-story-Reference 0.639 6-story-Reference
9-story-Reference 3-story-Reference 3-story-Reference 0.589 3-story-Reference 3-story-Reference 0.589

Table 6
Modification factors of the 3-, 6- and 9-story reference structures colliding with an adjacent structure for the separation
distances equal to 0.0 and 1.0D.
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Table 6 presents the modification factors of all structures considering pounding with the adjacent structure for the dis-
tances equal to 0.0 and 1.0D. According to the table, in the case of pounding between 9-, and 6-story-FVD structures for the
separation distance of 0.0, the median collapse capacity of 9-story-FVD structure should be reduced by using the modifica-
tion factor of 0.931. On the contrary, the median collapse capacity of the 6-story-FVD structure can be increased by applying
the modification factor of 1.297.

5. Conclusions

The effects of using FVDs have been investigated in the present paper focusing on the seismic performance of two and
three adjacent colliding SMRFs considering three different separation distances. The structures were retrofitted with linear
and nonlinear FVDs, with values of velocity exponent from 0.4 to 1.0, in order to enhance their seismic performance. Regard-
ing this purpose, the colliding structures were subjected to near-field ground motion records and the modification factors,
intended to be used to estimate the influence of pounding on the collapse capacity of structures, were proposed. The results
obtained are summarized as follows:

� It is possible to predict the collapse capacity of a structure in pounding condition, when it is retrofitted with linear or non-
linear FVDs, without involving complicated modeling and analytical difficulties. To estimate the effects of pounding on
the collapse capacities of adjacent structures, as a function of separation distance, the proposed modification factors
can be successfully used.

� The median collapse capacities of structures without any adjacent structure shows an increasing trend for either linear or
nonlinear FVDs. Moreover, linear FVDs have a larger influence on the median collapse capacities of structures than the
nonlinear FVDs.

� The increase in values of velocity exponent leads to an increase in the median collapse capacity for all colliding structures.
Moreover, in the case of pounding between a short structure and a taller one, the increase in the separation distance
results in an increase in the median collapse capacity of the taller structure, while the median collapse capacity of the
shorter structure decreases correspondingly.

� The seismic collapse probabilities of structures with FVDs are lower than those for structures without FVDs. Moreover,
structures with linear FVDs have lower seismic collapse probabilities than structures with nonlinear FVDs.

� Using linear FVDs in taller structure increases the median collapse capacities of both structures. In contrast, using linear
FVDs in shorter structure can increase the median collapse capacity of shorter structure alone, but the median collapse
capacity of the taller structure remains unchanged.

� Considering two adjacent structures at both sides of the main taller or shorter structure considerably increases the med-
ian collapse capacity of the main structure itself. Moreover, in such a case, the decrease in the seismic collapse probability
of the main taller or shorter structure can be observed. Also, considering two adjacent structures at one side of the main
structure significantly decreases the median collapse capacity of the main structure itself.
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