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Abstract: The methods for preventing earthquake-induced structural pounding between two adjacent
buildings include ensuring a sufficient separation distance between them or decreasing their relative
displacement during seismic excitation. Some equations or even specific values of such gap sizes
between two buildings have been introduced so as to avoid collisions. Increasing the stiffness of
buildings, using tuned mass dampers, applying liquid dampers, or decreasing the mass of the
structures may reduce lateral displacements, and therefore pounding can be prevented. On the other
hand, the application of base isolation systems may result in the elongation of the natural period of
the building, thus increasing the probability of structural pounding. The aim of the present paper
is to verify the effectiveness of using rubber bumpers to reduce the negative effects of earthquake-
induced pounding between base-isolated buildings. The analysis was conducted for different gap
sizes between buildings, as well as for various values of the thickness, number and stiffness of rubber
bumpers. The results of the study show that the peak impact force decreases with increasing thickness,
stiffness, and number of bumpers. Moreover, the peak impact forces are reduced with increasing gap
size. The results of the investigation clearly indicate that the use of additional rubber bumpers can be
considered an effective method for reducing the negative effects of earthquake-induced pounding
between base-isolated buildings.

Keywords: buildings; structural pounding; earthquakes; seismic isolation; rubber bumpers

1. Introduction

The phenomenon of earthquake-induced structural pounding is described on the basis
of impacts between bridge segments, or buildings, when they are located close to each other
without any critical distance [1-6]. The presence of large relative displacements between
neighboring structures during ground motions may result in dangerous collisions leading
to serious damage [7-11]. To avoid such situations, consideration should be directed to-
wards ensuring an appropriate minimum distance between adjacent structures as well as
to adjusting the properties of the buildings. The most natural approach (the easiest from an
engineering point of view) is to increase the size of the gap between the buildings, or to
fill it using viscoelastic materials (see [12,13]). Several studies have focused on different
methods for estimating gap sizes that will be sufficient to prevent earthquake-induced
structural pounding [14-16]. However, providing a sufficient separation distance is not
always possible due to the cost of land, which results in the use of the maximum possible
area in metropolitan cities. Therefore, methods for controlling structural displacement are
often considered as an alternative solution for preventing collisions between buildings
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during earthquakes. However, from the engineering point of view, these methods can be
difficult to be implemented in practice. Anagnostopolos and Karamaneas [17] and Barros
and Khatami [18] considered the effectiveness of concrete shear walls for increasing the
stiffness of the structures, thereby minimizing the gap size between adjacent buildings.
Zhang and Xu [19] and Matsagar and Jangid [20] studied different types of links between
neighboring buildings by using spring and dashpot elements in order to improve the
structural dynamic behavior. Connections between adjacent structures with the use of
stiff additional beams were also considered by Westermo [21]. He used a special link
element that was able to dissipate energy and prevent collisions during ground motions.
Kasai et al. [22] eliminated pounding effects by applying viscoelastic dampers installed
between two adjacent buildings. Another work in which the application of viscoelastic
dampers was analyzed was performed by Kazemi et al. [23]. The effect of rubber bumpers
was also studied by Panayiotis et al. [24], Polycarpou et al. [25] and Abdel Raheem [26].
Soltysik et al. [27] used polymer elements to reduce negative pounding effects during earth-
quakes. Dogrul [28], Braz and Barros [29], and Garcia [30,31] investigated the nonlinear
behavior of structures with the aim of decreasing lateral structural displacements using
passive dampers.

On the other hand, the application of base isolation systems, which are considered to
be a very effective seismic protection method (see, for example, Kelly [32] and Falborski
et al. [33,34]), results in elongation of the natural period of the building and an increase in
subsequent structural displacements during earthquakes, thus increasing the probability of
structural pounding. Therefore, Khatami et al. [35] and Naji et al. [36] investigated methods
for reducing the lateral displacement of isolated buildings using tuned mass dampers.

The aim of the present paper is to verify the effectiveness of the application of rub-
ber bumpers in reducing the negative effects of earthquake-induced pounding between
base-isolated buildings. To meet this challenge, two three-story structures with different
configurations (one isolated and one non-isolated) were considered, and their dynamic
response under seismic excitation was determined. In further considerations, one of the
buildings was equipped with four bumpers that were square in shape, applied at the base
level of each side of the model. Then, the dynamic response of the two three-story models
of buildings was determined under four different seismic excitations. The analysis was
conducted for various values of gap size and for various values of thickness, number and
stiffness of the rubber bumpers. The effectiveness of the application of rubber bumpers
for reducing the negative effects of earthquake-induced pounding between base-isolated
buildings was verified.

2. Numerical Study

The numerical study was focused on the dynamic response of two three-story models
of concrete adjacent buildings in various configurations under seismic excitation. Each
building model, with lumped mass in each story, possessed the following properties: story
mass of 26,500 kg, story stiffness of 350 MN/m, and building vibration period equal
to 1.22 s. Damping coefficient equal to 6.82 x 10* kg/s and damping ratio of 5% were
assumed in the numerical study. Three different configurations of neighboring buildings
were analyzed. In the first one, two three-story models of non-isolated buildings with the
same properties were considered, while in the second arrangement, two isolated structures
were taken into account (see Figure 1a,b). In the third situation, isolated and non-isolated
buildings were analyzed (see Figure 1c). The initial stiffness and post yield stiffness of the
isolation system was taken to be equal to 40 MN/m and 5 MN/m, which confirmed the
bilinear characteristics of the isolation system. In this model, the structural vibration period
of the base-isolated building was calculated to be 1.57 s.
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Figure 1. Arrangement scheme of two three-story models investigated in the numerical study (where
m is a story mass): (a) two non-isolated; (b) two isolated; (c) one non-isolated and one isolated.

Linear elastic structural behavior was considered in the analysis in the case of fixed-
base building. On the other hand, the base-isolated building was modeled as a nonlinear
structure by defining the initial stiffness and post yield stiffness of the isolation system. The
geometric and material parameters of the presented models were selected in such a way
that they describe the parameters of the real building. Parameters such as building natural
vibration period and damping coefficient, which depend significantly on the mass and
stiffness of the stories, were confirmed numerically, allowing us to verify the accuracy of
the models created (compare [37]). Other assumptions were obtained based on previously
conducted studies (see [35,36,38]).

The CRVK (Coefficient of Restitution, Velocity and Stiffness) program was used to
perform dynamic analyses and solve impact problems (see [39] for details). The CRVK
program is a computer program based on MATLAB software that was written by Khatami
et al. at the FEUP in order to solve different mathematical relations focusing on dynamic
modeling during seismic excitations. Parameters such as number of stories, lumped
masses, story stiffness, damping, building vibration period, height of building and also
characteristics of earthquake records are generally defined as input values. CRVK is able to
collect all of these data, analyze them, and also test them so as to obtain optimal outputs.
It is mainly focused on calculating the lateral displacements, velocities, and accelerations
of pounding-involved responses of buildings, energy absorption and impact force. CRVK
can also suggest the best outputs based on the requested data as optimum responses in
different fields such as the critical distance between adjacent buildings, damping ratio, and
also the number of collisions recorded during earthquakes.
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Several different earthquake records (difference in frequency contents and peak ground
acceleration values) were used in the study to investigate the dynamic response of two
three-story adjacent buildings. In the first part of the paper, the most representative results
are presented, which were those obtained for the El Centro earthquake, characterized by a
peak ground acceleration of 307 cm/s?.

2.1. Two Three-Story Non-Isolated Models of Buildings

In the first considered situation, two three-story non-isolated buildings were analyzed.
As the two models considered had the same dynamic properties, their behavior in the zone
of lateral displacement, when earthquake record was naturally activated, was the same (see
Figure 2). Consequently, no collision took place even without any distance between them.
In fact, one of the methods preventing impacts during seismic excitation is to design and
erect buildings with similar dynamic properties so as to induce their in-phase vibrations.
However, it has to be underlined that such situations only take place when the spatial
variability of ground motion is ignored. If the ground excitations for the two buildings
have a slight difference, a collision might happen. As presented in Figure 2, the peak lateral
displacement of each model was equal to 23.9 cm.
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Figure 2. Top lateral displacement time histories of both non-isolated buildings.

2.2. Two Three-Story Models of Buildings: Non-Isolated and Isolated (Gap Size = 10 cm)

In the next stage of the investigation, the dynamic response of two models of buildings
(non-isolated and isolated) was investigated. The results of the analysis are graphically
presented in Figure 3 in the form of time history displacements. As can be seen from the
figure, providing the isolation system in the base level of one of the buildings resulted in
an increase in displacements, and some collisions could be observed. The value of the peak
lateral displacement of the top of the isolated building strictly depends on the value of the
base lateral displacement during seismic excitation. The peak value of lateral displacement
for the isolated building was estimated to be equal to 17.14 cm, which represents a difference
between the top and base levels of the model equal to 6.76 cm.
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Figure 3. Lateral displacement time histories of a non-isolated building and an isolated one: (a) base
level; (b) top level.

2.3. Two Three-Story Isolated Models of Buildings

In the third part of the numerical study, two three-story isolated models of buildings
were considered. Since they were characterized by the same properties, their behavior was
the same, and no collision between them was observed—the results of the numerical study
are shown in Figure 4. As can be seen from the figure, the peak lateral displacement of each
model was equal to 34.2 cm.
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Figure 4. Top lateral displacement time histories of both isolated buildings.

The results obtained from the first and the third configuration of two three-story
models of buildings show that the gap size between them can even be equal to 0, since
the dynamic properties of building models are the same and they vibrate in phase during
the whole duration of the earthquake. On the other hand, in the case where one of the
buildings is a base-isolated one (the second situation) some collisions between the two
models are to be expected.

In further considerations, a seismic gap between the two isolated models of three-story
building was increased to 19 cm.
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2.4. Two Three-Story Models of Buildings: Non-Isolated and Isolated (Gap Size = 19 cm)

To avoid collisions between two adjacent buildings (one non-isolated and one isolated),
it was calculated that the seismic gap size should be increased to 19 cm so as to prevent
collisions. The results of such a configuration are presented in Figure 5.

B0 -
— Non-isolated building
= Isolated building
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0

Figure 5. Lateral displacement time histories of non-isolated and isolated building with a 19 cm gap.

However, it should be underlined that a gap size of 19 cm cannot be justified due to
economic considerations (i.e., the high price of land) and cannot be implemented in reality.
For this reason, in the next step of the investigation, this distance was reduced to 8 cm, and
one of the buildings (the isolated one) was equipped with four bumpers that were square
in shape.

2.5. Two Three-Story Models of Buildings: Non-Isolated and Isolated with Rubber Bumpers

In this analysis, an isolated building was equipped with four bumpers that were
square in shape. Rubber bumpers were modeled as elements with a square cross-section
with dimensions of 40 x 40 cm, and their arrangement is presented in Figure 6. The stiffness
of the bumpers was assumed to be 0.12 kIN/mm, while the post yield impact stiffness was
equal to 500 kN/mm.
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Figure 6. Schematic diagram of two three-story isolated models and the locations of rubber bumpers.



Appl. Sci. 2022,12,4971 7 of 16

The dynamic response of the three-story non-isolated and the isolated buildings
was determined, and the effectiveness of the application of rubber bumpers in reducing
the negative effects of earthquake-induced pounding between base-isolated buildings
was verified.

As can be seen from Figure 7, some collisions between the two models during seismic
excitation were observed. Moreover, the rubber bumpers were activated after impact.
Figure 7 indicates that the first story exhibited an overlap of 1.62 cm, the second story an
overlap of 4.78 cm, and the third story one of 6.52 cm.
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Figure 7. Lateral displacement time histories of non-isolated and the isolated buildings with an 8 cm
size gap: (a) base level; (b) first story; (c) second story; (d) third story.

The maximum impact forces in each story were calculated to be 2.38 x 10° kN,
6.9 x 10° kN and 10.05 x 10° kN for the first, second and the third story, respectively
(see Figure 8). Moreover, time histories for the impact forces are presented in Figure 9.
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Figure 8. Hysteresis loops of rubber bumpers during impact: (a) base level; (b) first story; (c) second
story; (d) third story.

Another case was analyzed in which the gap size between the two adjacent buildings
was reduced to 5 cm.

2.6. Two Three-Story Models of Buildings: Non-Isolated and Isolated (Gap Size = 5 cm) Exposed to
Different Earthquakes

To investigate the effectiveness of rubber bumpers during seismic excitation more
intensively, four different earthquake records were considered: Kobe (1995), Parkfield
(1966), San Fernando (1971) and Tabas (1978). Their peak ground accelerations were
817 cm/s?, 462 cm/s?, 1202 cm/s? and 344 cm/s?, respectively. A model of three-story
buildings with a seismic gap of 5 cm was used in the analysis. The lateral displacement time
histories for each story of the buildings during seismic excitation are presented in Figure 10.
As can be seen from Figure 10, the peak values of the lateral displacements of buildings
were equal to 20.99 cm for the Parkfield earthquake, 10.19 cm for the Kobe earthquake,
20.00 cm for the San Fernando earthquake and 37.00 cm for the Tabas earthquake. Moreover,
the peak drifts of all models were calculated to be 0.606 cm, 0.257 cm, 0.577 cm and 0.345 cm
for the Parkfield, Kobe, San Fernando and Tabas earthquakes, respectively.
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Figure 9. Impact force time histories obtained for each story: (a) base level; (b) first story; (c) second
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story; (d) third story.

The hysteresis loops of the rubber bumpers during impact, when the base level exceeds
a relative displacement of 5 cm, are shown in Figure 11. The results indicate that the energy

was absorbed by bumpers in order to control the lateral displacement of all stories. The

peak values of the forces induced in bumpers were equal to: 15.55 x 10% kN, 8.15 x 10% kN,

4.85 x 10% kN and 10.40 x 10% kN for the Parkfield, Kobe, San Fernando and Tabas
earthquakes, respectively. As can be clearly seen, impact occurred after the critical distance

(5 cm) and energy had dissipated, as depicted by the hysteresis loops in Figure 11.
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Figure 10. Lateral displacement time histories of each story in the non-isolated model of a building
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Figure 11. Hysteresis loops determined for the model under different earthquake excitations: (a) Park-
field; (b) Kobe; (¢) San Fernando; (d) Tabas.

3. The Effect of Changes in Rubber Bumper Properties
3.1. Changes in Bumper Thickness

The next stage of the numerical investigation was focused on the effect of different
thicknesses of the rubber bumpers. The analysis was conducted for two different seismic
excitations (the Parkfield, Kobe, San Fernando and Tabas earthquakes) and with various
gap sizes between the buildings. Four different thickness values were analyzed (from
1 cm to 4 cm), and the corresponding peak impact forces were calculated for four different
earthquake records (see Figure 12). As can be seen from Figure 12, the peak impact force
observed during the Parkfield earthquake was equal to 16.05 x 10% kN, while in the case
of the Kobe earthquake, a value of 9.45 x 10% kN was obtained. In the case of the San
Fernando earthquake, the peak impact force was equal to 5.17 x 10% kN, while in the case
of the Tabas earthquake, this value was 10.86 x 10® kN. The results of the analysis indicate
that the peak impact force decreased with increasing bumper thickness, and also with
increasing gap size. For instance, considering the Parkfield earthquake, the peak impact
forces were equal to: 4.95 x 103 kN, 4.68 x 103 kN, 4.42 x 10% kN and 3.97 x 10% kN for
bumper thicknesses of 1 cm, 2 cm, 3 cm and 4 cm when the gap size was 15 cm. On the other
hand, for the Kobe earthquake, the peak impact forces were shown to be 6.90 x 10% kN,
6.10 x 10% kN, 5.95 x 10° kN and 4.85 x 103 kN for bumper thicknesses of 1 cm, 2 cm,
3 cm and 4 cm when the gap size was 4 cm. In the case of the San Fernando earthquake,
the peak impact forces were equal to 5.17 x 10° kN, 5.14 x 10 kN, 5.14 x 103 kN and
5.13 x 103 kN for bumper thicknesses of 1 cm, 2 cm, 3 cm and 4 cm when the gap size was
5 cm. On the other hand, for the Tabas earthquake, the peak impact forces were shown to be
10.86 x 10% kN, 10.68 x 10° kN, 10.35 x 10% kN and 10.11 x 10% kN for bumper thicknesses
of 1 cm, 2 cm, 3 cm and 4 cm when the gap size was 5 cm.
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Figure 12. Peak values of impact force for different gap sizes and rubber bumper thicknesses under
different seismic excitations: (a) Parkfield; (b) Kobe; (c) San Fernando; (d) Tabas.

3.2. Changes in the Number of Bumpers

In the next stage of the study, the influence of the number of bumpers was numerically
evaluated. For this purpose, different cases were analyzed considering different gap sizes
(4 cm, 8 cm and 12 cm) and various numbers of bumpers (from one to eight). The results of
the investigation are presented in Figure 13. As can be seen from the figure, the peak impact
forces decreased with increasing number of bumpers as well as stiffness. For example,
the peak impact force in the case of the Parkfield earthquake was calculated to be equal
to 8.15 kN when the gap size was 4 cm and six bumpers were used. The results show
that increasing the number of bumpers and the gap size between structures increases the
effectiveness of the maximum compressive strain of the bumpers, thus resulting in a slow
decrease in the peak impact forces.
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Figure 13. Peak values of impact force for different numbers of rubber bumpers and gap sizes under
different seismic excitations: (a) Parkfield; (b) Kobe; (c) San Fernando; (d) Tabas.

3.3. Changes in Bumper Stiffness

Finally, the effect of bumper stiffness was numerically evaluated using different values
of stiffness (from 0.08 kN/mm to 2 kN/mm). The results of the analysis for different gap
sizes are presented in Figure 14. As can be seen from the figure, increasing the bumper
stiffness leads to a decrease in the peak impact forces. For instance, using a gap size of
5 cm, the peak impact forces for the Parkfield earthquake were equal to 15.2 x 103 kN,
15.55 x 10% kN, 16.75 x 10% kN and 17.65 x 10® kN for bumper stiffnesses of 0.08 kN/mm,
1.2 kN/mm, 1.6 kN/mm and 2 kN/mm. At the same time, the values of the peak impact
forces for the Kobe earthquake were equal to 4.35 x 103 kN, 4.55 x 103 kN, 4.65 x 103 kN
and 5.85 x 103 kN for the corresponding values of bumper stiffness. Considering a
20 cm gap size, the peak impact forces for the San Fernando earthquake were equal to
6.45 x 102 kN, 7.20 x 102 kN, 7.90 x 10? kN and 8.10 x 102 kN for bumper stiffnesses of
0.08 kN/mm, 1.2 kN/mm, 1.6 kN/mm and 2 KN/mm. At the same time, the values of the
peak impact forces for the Tabas earthquake were equal to 3.98 x 10% kN, 4.65 x 103 kN,
4.98 x 10% kN and 5.05 x 10% kN for the corresponding values of bumper stiffness.
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Figure 14. Peak values of impact force for different rubber bumper stiffnesses and gap sizes under
different seismic excitations: (a) Parkfield; (b) Kobe; (¢) San Fernando; (d) Tabas.

4. Conclusions

In this paper, the effectiveness of using rubber bumpers in order to reduce the negative
effects of earthquake-induced pounding between base-isolated buildings was investigated.
The analysis was conducted for different gap sizes between buildings as well as for various
values for the thickness, number and stiffness of the rubber bumpers.

The results of the study show that the peak impact force decreases with increasing
thickness, stiffness, and number of bumpers. Moreover, the peak impact forces decrease
with increasing gap size.

The results of the investigation clearly indicate that the use of additional rubber
bumpers can be considered an effective method for improving the behavior of closely
spaced base-isolated buildings. It can be successfully applied in practice to reduce the neg-
ative effects of earthquake-induced pounding between structures. Therefore, the method

can be recommended to designers of pounding-prone base-isolated buildings exposed to
ground motions.
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