
applied  
sciences

Article

Effective Gap Size Index for Determination of Optimum
Separation Distance Preventing Pounding between Buildings
during Earthquakes

Seyed Mohammad Khatami 1, Hosein Naderpour 2 , Alireza Mortezaei 3, Seyed Mohammad Nazem Razavi 4,
Natalia Lasowicz 5,* and Robert Jankowski 5

����������
�������

Citation: Khatami, S.M.; Naderpour,

H.; Mortezaei, A.; Nazem Razavi,

S.M.; Lasowicz, N.; Jankowski, R.

Effective Gap Size Index for

Determination of Optimum

Separation Distance Preventing

Pounding between Buildings during

Earthquakes. Appl. Sci. 2021, 11, 2322.

https://doi.org/10.3390/app1105

2322

Academic Editor:

Amadeo Benavent-Climent

Received: 2 February 2021

Accepted: 28 February 2021

Published: 5 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center of Semnan Municipality, University of Applied Science and Technology, Semnan 3514953741, Iran;
m61.khatami@gmail.com

2 Faculty of Civil Engineering, Semnan University, Semnan 3513119111, Iran; naderpour@semnan.ac.ir
3 Seismic Geotechnical and High Performance Concrete Research Centre, Civil Engineering Department,

Semnan Branch, Islamic Azad University, Semnan 3513137111, Iran; a.mortezaei@semnan.ac.ir
4 Faculty of Civil Engineering, Isfahan University, Isfahan 8155139998, Iran; smn.razavi@gmail.com
5 Faculty of Civil and Environmental Engineering, Gdańsk University of Technology, 80-283 Gdańsk, Poland;
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Abstract: Seismic excitations may lead to collisions between adjacent civil engineering structures,
causing major damage. In this paper, an effective equation for calculating the gap size index is
proposed so as to provide the optimum separation distance preventing structural pounding during
different earthquakes. Evaluation of the best prediction of the required separation distance between
two adjacent buildings was carried out by using the lumped mass multi-degrees of freedom models
of structures. A special computer program was used to perform dynamic analyses in order to confirm
the accuracy of the proposed formula. For this purpose, several different models of buildings with
various properties under different earthquake excitations were analyzed. The results of the study
clearly show that the proposed formula for the gap size index (based on vibration periods and
damping ratios of buildings) is effective and it allows us to calculate the optimum separation between
adjacent structures preventing their pounding during different earthquakes.

Keywords: earthquakes; structural pounding; separation distance; buildings; gap size index

1. Introduction

Seismic excitations are often considered as the most dangerous and, at the same
time, the most unpredictable loads that can act on civil engineering structures [1–4]. It is
a common situation that collisions between two adjacent structures occur during earth-
quakes [5–7]. This phenomenon, called structural pounding, appears when the relative
structural displacement exceeds the separation distance between two adjacent buildings
or bridge segments [8–13]. Earthquake-induced structural pounding may lead to serious
structural damages and may enlarge the number of casualties [14–18]. One of the methods
that can be used to avoid such situations is filling the in-between gap by using viscoelastic
materials (see [19–21]). Another approach is to increase the gap size so as to avoid struc-
tural interactions during earthquakes. A number of scientists have focused their studies
on different methods devoted to estimation of the sufficient gap that provides the safety
zone [22].

In order to investigate building pounding, experimental investigations concerning
collisions between models of structures, with real and unreal scales, were conducted. Fur-
ther, extensive numerical analyses were carried out so as to verify different effects related
to the phenomenon [9,10,23]. Naderpour et al. [24] estimated impact velocity based on the
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coefficient of restitution and, subsequently, suggested an equation for the impact damp-
ing ratio to be used for modeling purposes. Lopez-Garcia [25,26] focused deeply on the
analysis of the separation distance and suggested some parameters to prevent pounding
between structures. Kiureghian [27] suggested a formula to calculate the minimum separa-
tion distance. Jeng et al. [28] proposed the spectral difference method based on random
vibration theory that considers the first mode approximation for displacements of elastic
multi-story buildings. Filatrault et al. [29] improved the equation of the separation distance
by adding the effect of the damping ratio. Penzien et al. [30] recommended calculating
the effective building vibration period to be used in calculations. Rahman et al. [31] stud-
ied different mitigation measures so as to reduce negative effects of earthquake-induced
structural pounding.

Various researchers studied different methods of evaluating the separation distance
for preventing structural collisions during seismic excitations. The sum of the squares of
the modal response (SRSS) was often considered for these purposes [32]:

S =
√

δi
2 + δj

2 (1)

where S is the separation distance between buildings, and δi and δj denote the peak lateral
displacement of buildings i and j, respectively. Jeng et al. [28] introduced a new equation,
based on the SRRS formula, that can be presented as

S =
√

δi
2 + δj

2 − 2ρopδiδj (2)

where ρop is the gap size index (cross-correlation coefficient). It should be noted that the
influence of the seismic excitation is defined in Equation (2) in the form of the peak lateral
displacements δi and δj of both buildings, as obtained for a given earthquake. On the other
hand, the gap size index, ρop, is assumed to depend only on the dynamic properties of
adjacent structures.

The aim of this study is to propose an effective equation that can be used to calculate
the gap size index ρop based on the building vibration period and damping ratio so as
to provide the optimum separation distance that allows us to avoid structural pounding
under different earthquakes.

2. Methodology of Proposed Formula

Different models of buildings with various properties (values of mass and stiffness of
each story) were analyzed in the study under different earthquakes. The CRVK (Coefficient
of Restitution, Velocity and Stiffness) program was used so as to perform dynamic analyses
and solve impact problems (see [33] for details). The CRVK program is a computer program
based on MATLAB software. It is mainly focused on calculating lateral displacements,
velocities and accelerations of pounding-involved responses of buildings, with a different
number of stories and various values of mass and stiffness of each story, under different
earthquake excitations. The program is also able to determine the critical distance between
colliding structures exposed to ground motions, impact force during collisions, dissipated
energy, etc. It allows us to depict all figures and curves, calibrate the models and compare
the results. For some cases, special functions are also possible, including neural network
analysis (see [33] for details).

In order to create an algorithm predicting the maximum lateral structural displace-
ments, a logical algorithm was also created. The process of such creation was divided into
three basic steps: learning, validation and testing. The first step was devoted to obtaining a
database that is necessary to build up the algorithm. Then, a numerical analysis, focused
on collecting samples for the program, was conducted. In the last step, the created pro-
grams were presented. The maximum lateral displacements were calculated and listed for
different earthquake records. The building vibration period of models (BVP), damping
ratio of buildings (DR), lumped mass (LM), stiffness of each story (SS), maximum lateral
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displacements (MLD) and peak ground accelerations (PGA) were optimally defined as
inputs and an iterative procedure was conducted by the CRVK program [33].

All inputs were listed and approximately analyzed so as to calculate the maximum
lateral displacements in order to design and estimate different trends based on internal
weights, R1 and R2. These two internal weights depend on two parameters of each building,
i.e., on the structural vibration period and on the structural damping ratio. Since they have
different meanings, they should be collected in two various packages. In other words, each
parameter is collected in a separate package, and then a rational weight is proportionally
calculated for all parameters in each package. The total sum of all weights in each package
is equal to one. For example, if there are three buildings with vibration periods equal to
0.25, 0.65 and 1.2 s (parameters collected in the first package), the internal weights, R1, are
calculated as equal to 0.119, 0.310 and 0.571, respectively. On the other hand, if these three
buildings have the same structural damping ratios (parameters collected in the second
package) which are equal to 0.05, for example, the internal weights, R2, are identical and
equal to 0.333. The CRVK program considers both packages in the analysis. The calibration
continues until the moment when the optimum sample is found, and it is repeated so as to
find the best match between all parameters.

Applying the CRVK program, a new equation, based on the vibration periods and
damping ratios of buildings, was suggested in order to calculate the gap size index and,
consequently, the optimum separation distance between buildings during the whole time
of an earthquake. The schematic architecture of the CRVK program model is presented in
Figure 1.
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Figure 1. Schematic architecture of the CRVK program model.

3. Properties of Structural Models

Evaluation of the best prediction of the required separation distance between two
adjacent buildings during ground motion was carried out by using the lumped mass
multi-degrees of freedom models of structures (see Figure 2). The structural bases were
considered to be fully fixed to the ground and the soil–structure interaction effects were
not taken into consideration. The damping ratio of the analyzed three-story buildings was
assumed to be equal to 5% and modeled using Rayleigh’s damping. It was assumed that
each model is able to capture vibrations in all directions under seismic excitation. However,
the longitudinal direction was considered to be the main one and the results estimated for
different cases were directly compared with each other for this direction. In the study, the
height of each story of the buildings was assumed to be equal to 3.00 m and the plan of the
structure was considered to be square. Table 1 shows the properties of different models
used in the analyses.
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Figure 2. Schematic models of two adjacent three-story buildings.

Table 1. Properties of five different models.

Name Stiffness of Stories
(N/m)

Mass of Stories
(kg)

Building Vibration Period
(s)

B1 4.5 × 106 65,000 1.69
B2 3.46 × 106 25,000 1.20
B3 1.1 × 108 315,000 0.75
B4 5.2 × 107 130,000 0.70
B5 8.5 × 107 114,000 0.52

4. Numerical Study

Numerical analysis was conducted for five different earthquake records, i.e., for
the El Centro (1940), Parkfield (1966), San Fernando (1971), Kobe (1995) and Kocaeli
(1999) earthquakes—see Table 2. It was assumed in the analysis that the direction of
ground vibrations during each earthquake (see components in Table 2) is convergent with
the longitudinal direction defined for adjacent buildings. It should be added that the
influence of the direction of ground vibrations can be taken into account by considering
two horizontal components of each earthquake (usually NS and EW) and defining different
layout angles for adjacent structures in relation to these horizontal directions. In the first
stage of the investigation, all five structural models were analyzed individually. As the
result of this analysis, the top story maximum lateral displacement for each model was
determined under various ground motions (see Table 3). It can be seen from Table 3 that
the largest maximum lateral displacement (equal to 36.18 cm) was observed for model
B1 under the Kocaeli earthquake record, while the lowest value (equal to 2.95 cm) was
determined in the case of model B4 under the San Fernando earthquake.
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Table 2. Ground motion records used in the analysis.

Earthquake Date Magnitude Station Component PGA
(cm/s2)

Kocaeli 17.08.1999 7.6 Sakarya EW 369.28
Kobe 17.01.1995 7.2 JMA (Kobe) NS 817.82

Parkfield 28.06.1966 6.2 Jennings (CG) NS 462.00
El Centro 18.05.1940 6.9 El Centro NS 307.00

San Fernando 09.02.1971 6.6 Pacoima Dam N16oW 1202.62

Table 3. Maximum lateral displacement for different models under various ground motions (cm).

Model Kocaeli Kobe Parkfield El Centro San Fernando

B1 36.18 9.16 30.78 13.94 16.84
B2 31.27 10.4 14.45 11.43 13.03
B3 20.70 6.35 13.73 7.40 4.17
B4 19.71 6.34 15.22 7.87 2.95
B5 9.94 6.79 8.39 6.48 3.54

Then, Equation (1) was used to calculate the required separation distance between two
models. The results of these calculations are presented in Table 4. As it can be seen from
the table, the largest required separation distance (equal to 51.17 cm) was obtained for two
adjacent buildings B1 exposed to the Kocaeli earthquake, while the lowest value (equal to
4.17 cm) was calculated for two adjacent buildings B4 under the San Fernando earthquake.
It is quite obvious, however, that the optimal separation distance between two identical
structures should be equal to zero, since they will always vibrate in-phase during the same
ground motion. Therefore, in the next stage of the investigation, all combinations between
two adjacent Bi and Bj models were analyzed under different earthquakes using the CRVK
program, and the separation distance between them was slowly decreased by 0.01 cm.
When the first impact was observed, the previous separation distance was automatically
selected as the lowest possible value of the distance between buildings so as to avoid
pounding during a particular ground motion. The separation distance values estimated
in this way are summarized in Table 5. Moreover, for better interpretation, the results of
the analysis are also presented in Figure 3. The results clearly indicate that Equation (1)
may substantially overestimate the in-between gap size in some cases, since it does not
take into account the relation between vibration periods of adjacent buildings. Therefore,
Equation (2), with an appropriately defined gap size index, ρop, should be used instead.

Table 4. Calculated separation distance for different models under various ground motions (cm).

Adjacent Models Kocaeli Kobe Parkfield El Centro San Fernando

B1

B1 51.17 12.95 43.58 19.71 23.82
B2 47.82 13.86 34.00 18.03 21.29
B3 41.68 11.15 33.70 15.78 17.35
B4 41.20 11.14 34.34 16.01 17.10
B5 37.52 11.40 31.90 15.37 17.21

B2

B1 47.82 13.86 34.00 18.03 21.29
B2 44.22 14.71 20.44 16.16 18.43
B3 37.50 12.19 19.93 13.62 13.68
B4 36.96 12.18 20.99 13.88 13.36
B5 32.81 12.42 16.71 13.14 13.50
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Table 4. Cont.

Adjacent Models Kocaeli Kobe Parkfield El Centro San Fernando

B3

B1 41.68 11.15 33.70 15.78 17.35
B2 37.50 12.19 19.93 13.62 13.68
B3 29.27 8.98 19.42 10.47 5.90
B4 28.58 8.97 20.50 10.80 5.11
B5 22.96 9.30 16.09 9.84 5.47

B4

B1 41.20 11.14 34.34 16.01 17.10
B2 36.96 12.18 20.99 13.88 13.36
B3 28.58 8.97 20.50 10.80 5.11
B4 27.87 8.97 21.52 11.13 4.17
B5 22.07 9.29 17.38 10.19 4.61

B5

B1 37.52 11.40 31.90 15.37 17.21
B2 32.81 12.42 16.71 13.14 13.50
B3 22.96 9.30 16.09 9.84 5.47
B4 22.07 9.29 17.38 10.19 4.61
B5 14.06 9.60 11.87 9.16 5.01

Table 5. Estimated separation distance using the CRVK program for different models under various
ground motions (cm).

Adjacent Models Kocaeli Kobe Parkfield El Centro San Fernando

B1

B1 0 0 0 0 0
B2 46.40 13.20 33.40 17.45 21.03
B3 41.05 10.86 33.25 15.34 16.97
B4 40.98 10.87 33.97 15.45 16.56
B5 36.93 11.02 31.35 14.89 16.68

B2

B1 46.40 13.20 33.40 17.45 21.03
B2 0 0 0 0 0
B3 36.95 11.68 19.35 12.35 12.57
B4 35.80 11.23 19.87 12.97 12.54
B5 31.95 11.54 15.87 12.18 12.74

B3

B1 41.05 10.86 33.25 15.34 16.97
B2 36.95 11.68 19.35 12.35 12.57
B3 0 0 0 0 0
B4 27.40 7.85 19.57 10.05 4.75
B5 21.85 8.35 14.56 8.95 4.58

B4

B1 40.98 10.87 33.97 15.45 16.56
B2 35.80 11.23 19.87 12.97 12.54
B3 27.40 7.85 19.57 10.05 4.75
B4 0 0 0 0 0
B5 21.25 8.36 16.45 10.01 4.40

B5

B1 36.93 11.02 31.35 14.89 16.68
B2 31.95 11.54 15.87 12.18 12.74
B3 21.85 8.35 14.56 8.95 4.58
B4 21.25 8.36 16.45 10.01 4.40
B5 0 0 0 0 0D
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5. Proposed Formula

In order to suggest an effective equation to calculate the gap size index, ρop, let us
firstly consider the dynamic response of the n-degrees of freedom system in mode i [27]:

R(t) = ∑
i

ΨiSi(t) (3)
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where Ψi is the effective participation factor for mode i and Si(t) denotes the i-th normal
coordinate. Then, the power spectral density of R(t) can be expressed by the formula [27]

GR(w) = ∑
i

∑
j

ΨiΨjGF(w)Hi(w)H∗j (w) (4)

where GF(w), Hi(w) and H∗j (w) are the power spectral density of a stationary input F(t),
the complex frequency response function of the displacement response of mode i and
the complex conjugate of Hi(w), respectively. According to Equation (4), moments of the
response power spectral density about the frequency origin are obtained as [27]

λm =

∞∫
0

wmGR(w)dw = ∑
i

∑
j

ΨiΨjλm,ij (5)

where λm,ij is defined as [27]

λm,ij = ρm,ij

√
λm,iiλm,jj (6)

where ρm,ij is parametrically illustrated as the gap size index. Substituting Equation (6)
into Equation (5) gives

λm = ∑
i

∑
j

ΨiΨjρm,ij

√
λm,iiλm,jj (7)

According to Kiureghian [34], the power spectral density can be written as

GF(w) =
w4

g + 4ζ2
gw2

gw2

(w2
g − w2)2 + 4ζ2

gw2
gw2

G0 (8)

where G0, wg and ζg are described to be a scale factor, circular frequency and damping ratio,
respectively. Therefore, a normal equation to determine the gap size index is suggested
as [34]

ρop =
2
√

ζiζ j

(
(wi + wj)

2(ζi + ζ j) + (w2
i − w2

j )(ζi − ζ j)
)

4(wi − wj)
2 + (wi + wj)

2(ζi + ζ j)
2 (9)

It should be underlined that the gap size index, ρop, expressed by Equation (9) depends
only on the dynamic properties of adjacent structures (vibration periods of buildings
and structural damping ratios) and it is independent from the seismic excitation used in
the analysis.

In the second stage, by using the CRVK program, all the required separation distances
between two adjacent buildings were listed and the trend to predict the optimum separation
distance was created. The lowest values of the distance, which prevent collisions of different
models under various earthquakes (see Table 5), were used as inputs. Based on all inputs
and the estimated trend of the solution, the effective equation to calculate the gap size
index was determined using the process described in detail in Figure 4. It should be added
that α, β and σ shown in the figure are the parameters of the iterative process which are
considered by the CRVK program during the analysis.D
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The obtained formula for the gap size index, ρop, has the following form:

ρop =
(ζi + ζ jµ

0.118)

µ1.47 + ζi + µ0.097(ζ jµ0.383 − 1)
(10)

where µ is a relation between vibration periods of adjacent buildings, as defined by the

formula µ =
Tj
Ti
→ (Tj ≥ Ti) , and ζi and ζ j denote the damping ratios of structures. It

should be underlined that the gap size index, ρop, expressed by Equation (10) depends only
on the dynamic properties of adjacent structures and it is independent from the seismic
excitation used in the analysis. In addition, Equation (10), as proposed by the authors in
the present paper, shows the originality of the treatment described herein. It should also be
mentioned that the error margins for the exponents in Equation (10) have been reduced to
minimum due to the application of the process described in Figure 4.

An example of the limitation of the gap size index with different damping ratios for
Tj = 1 s, calculated using Equation (10), is presented in Figure 5.
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After substituting Equation (9) or Equation (10) into Equation (2), the formula for the
separation distance between adjacent buildings preventing their pounding during a speci-
fied ground motion is obtained. The comparison between the separation distance based
on Equation (1) and on two variants of Equation (2), calculated for the Kobe earthquake
for Tj = 1 s and different values of Ti, is shown in Figure 6. It can clearly be seen from
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the figure that all three formulas are quite accurate when both buildings have different
(substantially different) natural vibration periods. On the other hand, when two structures
have natural periods close to one another, Equation (1) shows substantially different results.
In particular, for the case when Ti = Tj, the separation distance calculated by Equation (1)
is equal to 1.08 cm, whereas the correct value equal to zero is obtained for both formulas
based on Equation (2).
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Figure 6. Comparison of the separation distance between two adjacent buildings by using three
equations for Tj = 1 s and different values of Ti.

Further analysis was conducted for the case when Tj = 1 s and Tj = 0.5 s, while different
values of Ti were applied, by using Equation (2) together with Equation (10), to calculate the
required separation distance between adjacent buildings exposed to different earthquakes.
The representative results obtained for the Parkfield earthquake are shown in Figure 7 in
the form of the peak lateral displacement (red line) and the required separation distance
between two adjacent buildings (green line) as a function of Ti. These results confirm
the expected zero gap size value in the case when both buildings have identical natural
vibration periods.
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6. Investigation on the Accuracy of Proposed Formula

In order to investigate the accuracy of the proposed formula for the gap size index,
ρop, defined in Equation (10), four different configurations were considered. In the case
of the first one, two specific models of three-story buildings were analyzed: one with a
lumped mass, stiffness and damping ratio of each story equal to 7500 kg, 4.65·106 N/m
and 0.05, respectively; the second one with a lumped mass, stiffness and damping ratio
of each story equal to 15,700 kg, 1.2·108 N/m and 0.05, respectively. Vibration periods
of buildings were calculated as equal to 0.56 and 0.16 s, for the first and second models,
respectively. Both structures have been exposed to different ground motions; however, the
most representative results obtained for the El Centro earthquake excitation are shown
herein. The maximum lateral displacement under this earthquake was determined as equal
to 7.96 cm for the first model and 0.6 cm for the second model. The separation distance was
calculated using Equations (2) and (10) as equal to 7.98 cm. The top story displacement
time histories, separated by this gap size, are shown in Figure 8. It can be seen from the
figure that the structures do not collide during the whole time of the seismic excitation.
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Figure 8. The lateral displacement time histories of buildings separated by the seismic gap of 7.98 cm.

Then, a five-story building was considered to be located next to another two-story
structure. Both models were analyzed for two different scenarios so as to verify the accuracy
of the proposed Equation (10). Firstly, it was assumed that the properties of each story of
both buildings are the same. The lumped mass, stiffness and damping ratio of all stories for
both models were defined as equal to 25,000 kg, 3.46 × 106 N/m and 0.05, respectively. The
building vibration period was determined as equal to 0.86 s for the two-story model and
1.87 s for the five-story structure. Both structures have been exposed to different ground
motions; however, the most representative results obtained for the Parkfield earthquake
excitation are shown herein. The maximum lateral displacement under this earthquake was
determined as equal to 9.17 cm for the two-story building and 23.45 cm for the five-story
structure. The required separation distance was calculated using Equations (2) and (10) as
equal to 36.14 cm. The story displacement time histories at the level of the second story,
separated by this gap size, are shown in Figure 9. As it can be seen from the figure, an
acceptable safety separation distance is provided between the two buildings analyzed.
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Figure 9. The lateral displacement time histories of buildings separated by the seismic gap of
36.14 cm.

The third stage of the investigation was focused on adjacent two-story and five-story
buildings with substantially different values of the story mass and stiffness. The following
structural properties were considered:

m2s
1 = m2s

2 = 25, 000 kg

k2s
1 = k2s

2 = 3.46× 106 N/m

ζ2s
1 = ζ2s

2 = 0.05

T2s = 0.86 s

m5s
1 = m5s

2 = m5s
3 = m5s

4 = m5s
5 = 1, 000, 000 kg

k5s
1 = k5s

2 = k5s
3 = k5s

4 = k5s
5 = 2.215× 109 N/m

ζ5s
1 = ζ5s

2 = ζ5s
3 = ζ5s

4 = ζ5s
5 = 0.05

T5s = 0.46 s

where mjs
i , kjs

i and ζ
js
i are the lumped mass, stiffness and damping ratio of the i-th story

of a j-story building, respectively, whereas T js denotes the natural vibration period of a
j-story structure. The maximum lateral displacement under the Parkfield earthquake was
determined as equal to 9.17 cm for the two-story building and 7.08 cm for the five-story
structure. The required separation distance was calculated using Equations (2) and (10) as
equal to 11.47 cm. The story displacement time histories at the level of the second story,
separated by this gap size, are shown in Figure 10. It can be seen from the figure that the
structures do not collide during the whole time of the seismic excitation.
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Figure 10. The lateral displacement time histories of two buildings separated by the seismic gap
equal to 11.47 cm.

In the final analysis, in order to compare the obtained results by using Equations (9) and (10),
two five-story models of buildings with different properties were studied: one with a
lumped mass, stiffness and damping ratio of each story equal to 6000 kg, 6.7 × 106 N/m
and 0.05, respectively; the second one with a lumped mass, stiffness and damping ratio
of each story equal to 9700 kg, 4.1 × 106 N/m and 0.05, respectively. Vibration periods
of buildings were calculated as equal to 0.66 and 1.073 s, for the first and second models,
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respectively. Both structures have been exposed to different ground motions; however,
the most representative results obtained for the Parkfield earthquake excitation are shown
herein. The maximum lateral displacement under this earthquake was determined as equal
to 20.18 cm for the first model and 14.73 cm for the second model. The separation distance
was calculated using Equations (2) and (9) as equal to 24.75 cm, while the separation dis-
tance of 23.85 cm was obtained based on Equations (2) and (10). The top story displacement
time histories, separated by these gap sizes, are shown in Figure 11. It can be seen from
the figure that the application of Equation (10) resulted in a smaller separation distance;
however, it is still large enough to prevent earthquake-induced structural pounding.
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Figure 11. The lateral displacement time histories of buildings separated by the seismic gap, calculated by using Equation (2)
and (a) Equation (9) or (b) Equation (10).

7. Conclusions

In this paper, an effective equation for calculating the gap size index was proposed so
as to provide the optimum separation distance between two adjacent buildings preventing
their pounding during different earthquakes. Evaluation of the best prediction of the
required in-between gap size was carried out by using the lumped mass multi-degrees of
freedom models of structures.

Firstly, different models of buildings with various properties were analyzed using
the CRVK program so as to calculate the top story maximum lateral displacement under
different earthquakes. Then, Equation (1) was used to calculate the required separation
distance between two models. The results of the study clearly show that Equation (1) may
substantially overestimate the in-between gap size in some cases, since it does not take into
account the relation between vibration periods of adjacent buildings.

In the next stage of the investigation, the evaluation of the best prediction of the
required separation distance between two adjacent buildings during ground motions was
carried out. Numerical analysis was conducted for five different models of structures.
As the result of this analysis, the required separation distance for each configuration was
determined under different ground motions.

Then, the required distance between models was selected as output and all gap
separations were graphically depicted so as to find a trend for estimating the safe separation
distance. A new equation to calculate the gap size index (based on vibration periods and
damping ratios of buildings) was suggested by the authors in Equation (10). In order
to verify the accuracy of the proposed original formula, several different configurations
were considered. The models of two-, three- and five-story buildings with substantially
different values of story mass and stiffness were analyzed under different ground motions.
The results of the study clearly show that the proposed formula for the gap size index is
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effective and it allows us to calculate the optimum separation between adjacent structures
preventing their pounding during different earthquakes.
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3. Jaroszewicz, L.R.; Kurzych, A.; Krajewski, Z.; Marć, P.; Kowalski, J.K.; Bobra, P.; Zembaty, Z.; Sakowicz, B.; Jankowski, R. Review

of the usefulness of various rotational seismometers with laboratory results of fibre-optic ones tested for engineering applications.
Sensors 2016, 16, 2161. [CrossRef] [PubMed]

4. Chen, W.F.; Scawthorn, C. Earthquake Engineering Handbook; CRC Press: Boca Raton, FL, USA, 2003.
5. Anagnostopoulos, S.A. Pounding of building in series during earthquakes. Earthq. Eng. Struct. Dyn. 1988, 16, 443–456. [CrossRef]
6. Miari, M.; Choong, K.K.; Jankowski, R. Seismic pounding between adjacent buildings: Identification of parameters, soil interaction

issues and mitigation measures. Soil Dyn. Earthq. Eng. 2019, 121, 135–150. [CrossRef]
7. Liu, C.; Fang, D.; Zhao, L. Reflection on earthquake damage of buildings in 2015 Nepal earthquake and seismic measures for

post-earthquake reconstruction. Structures 2021, 30, 647–658. [CrossRef]
8. Polycarpou, P.C.; Komodromos, P. Numerical investigation of potential mitigation measures for pounding of seismically isolated

building. Earthq. Struct. 2011, 2, 1–24. [CrossRef]
9. Jankowski, R. Impact force spectrum for damage assessment of earthquake-induced structural pounding. Key Eng. Mater. 2005,

293–294, 711–718. [CrossRef]
10. Favvata, M.J. Minimum required separation gap for adjacent RC frames with potential inter-story seismic pounding. Eng. Struct.

2017, 152, 643–659. [CrossRef]
11. Jankowski, R. Pounding between superstructure segments in multi-supported elevated bridge with three-span continuous deck

under 3D non-uniform earthquake excitation. J. Earthq. Tsunami 2015, 9, 1550012. [CrossRef]
12. Rezaei, H.; Moayyedi, S.A.; Jankowski, R. Probabilistic seismic assessment of RC box-girder highway bridges with unequal-height

piers subjected to earthquake-induced pounding. Bull. Earthq. Eng. 2020, 18, 1547–1578. [CrossRef]
13. Liu, C.Q.; Yang, W.; Yan, Z.X.; Lu, Z.; Luo, N. Base pounding model and response analysis of base-isolated structures under

earthquake excitation. Appl. Sci. 2017, 7, 1238. [CrossRef]
14. Rosenblueth, E.; Meli, R. The 1985 Mexico earthquake. Concr. Int. 1986, 8, 23–34.
15. Kasai, K.; Maison, B.F. Building pounding damage during the 1989 Loma Prieta earthquake. Eng. Struct. 1997, 19, 195–207.

[CrossRef]
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