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ABSTRACT 

Large displacement of structures observed during seismic excitations may lead to collisions between two adjacent, 

insufficiently-separated buildings and may result in major damages of both of them. In many building codes, 

appropriate equations or approximately recommended distances between structures in order to avoid pounding 

hazard have been introduced. Unfortunately, further, more detailed considerations show that safety situation or 

economic aspects are not always satisfied due to the collisions between buildings and the cost of land, respectively. 

Hence, researchers have studied other approaches of reducing the negative pounding effects. Such methods include 

the use of tuned mass or liquid dampers. Moreover the increase in stiffness of building or reduction of mass of the 

structure are still considered. In this paper, another approach is considered by the application of rubber bumpers 

placed between buildings. The bumpers are attached at each story to absorb energy during impact. Several different 

shapes and dimensions of bumper elements were numerically investigated so as to find the most effective ones most 

effective in reducing structural pounding negative effects. For this purpose, two MDOF models of 3-story and 4-

story buildings were firstly considered. Such parameters as lateral displacement, damage index, dissipated energy 

and impact forces were calculated and depicted as the results of numerical study. Then, different shapes and 

dimensions of bumpers were parametrically investigated. 
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1. INTRODUTION

Seismic excitations may cause unpredictable and dangerous situations for structures [1,2]. One of 

the threats is related to collisions between neighbouring buildings or bridge segments [3-5,6]. 

Such collisions, often referred as structural pounding, are observed when adjacent structures, or 

structural elements, are constructed very close to each other without the adequate in-between 

distance. In order to avoid impact incidents during seismic excitations, or reduce their negative 

effects, different approaches can be applied. In the case of buildings, the most natural solution is 

to provide sufficiently large separation distance between structures [7,8]. However, this approach 

may not be always accepted due to the cost of land in the case of many metropolitan cities. 

Therefore, other solutions focused on reducing the gap distance between buildings and still 

preventing pounding during earthquakes, were studied. Anagnostopolos and Karamaneas [3], as 

well as Barros and Khatami [9] numerically investigated the effectiveness of concrete shear wall 

to increase stiffness of buildings and control their lateral displacements. Dogrul [10], Barros and 
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Braz [11] and Garcia [12,13] focused on nonlinear behavior of structures to decrease lateral 

displacement by using passive dampers and also presented the genetic algorithms for optimal 

seismic design of passively damped structures. Zhang and Xu [14], as well as Matsagar and 

Jangid [15] investigated the linkage of adjacent structures with spring and dashpot to decline 

relative displacement of structures. Connection between adjacent buildings by using additional 

stiff beams in order to absorb energy was evaluated by Westermo [16]. Kasai et al [17] 

eliminated pounding effects by applying viscoelastic dampers between buildings [18]. Different 

approaches to control structural deformations are related to the use of base isolation, which is 

considered to be one of the most effective methods of improving the seismic response of 

structures (see, for example, Kelly [19], Falborski et al [20,21], Jankowski [22] and Liu et al 

[23,24]). It should be underlined, however, that the approach results in the increased absolute 

structural displacements with relation to the ground, increasing also the probability of pounding 

between buildings during earthquakes [25]. The excessive displacements can be somehow 

controlled by additional dampers (see, for example, Naderpour et al [26] and Zhao et al [27]) but 

still it may not be enough to prevent collisions between isolated structures. 

Another method to reduce negative effects of collisions is to use rubber bumpers, 

attached at the level of each story so as to dissipate energy during impact (see Panayiotis et al 

[28], Anagnostopolos [29], Polycarpou et al [30] and Raheem [31], Khatami et all [32], Al-

Fahdawi et al [33,34] and Matsagar et all [35], Sołtysik and Jankowski [36]). The aim of current 

study is to consider the most effective shape, plan dimensions and thickness of a rubber bumper 

to absorb energy between adjacent structures during collision when displacements of them are 

exceeded from their limitations. For this purpose, one 3-story and one 4-story dynamic models 

have been created and analysed. Both models have been described by the same mass, stiffness 

and damping ratio of each story. Moreover, rubber bumpers have been attached in the place of 

contact zone in order to investigate the effect of different shapes, plan dimensions and 

thicknesses. 

2. SIMULATION OF BUMPERS  

Rubber bumpers are those type of elements, that are attached at the contact area of two adjacent 

building to control impact and dissipated energy during seismic excitations. Special type of 

material, shape, plan dimension and thickness are the most important parameters in the field of 

impact when rubber bumpers are used.  Since the behaviour of rubber bumpers significantly 

depends on their dimensions and shape, Jankowski et al [37] have basically presented a linear 

spring to perform as rubber bumper which shows a stiffness value as the below: 
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where A, Er  and t are contact area, Young modulus and the thickness of bumper, respectively. 

When buildings show nonlinear behaviour during earthquake, linear model is not able to present 

complete response when bumpers are activated. Consequently, stiffness of spring is expressed 

by: 
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In here, kr denotes the material stiffness and n is the exponent to show nonlinear behaviour of 

bumpers. In order to simulate impact and calibrate the results of numerical analyses, an impact 

relation is used based on two different approaches, which are defined as: 
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where impk ,  and   are the the initial impact stiffness, deformation of colliding structural 

members and relative velocity between them; while imp and rebound  denote the prior-impact and 

post-impact relative velocities. Based on equation (3) and for the first phase when 0 , a value 

of 80% of the thickness of rubber bumper is estimated to be the ultimate value of indentation, 

which are expressed by: 
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where u  is ultimate relative deformation and wk  stands for the linear post yield impact 

stiffness.   

The CRVK program has been used to perform dynamic model of buildings with different 

number of stories, mass, stiffness and other building parameters, earthquake record and the 

properties of rubber bumpers, and also analyse, solve and show impact during seismic excitation. 

The CRVK program was designed and written by Khatami et al at [38] together with Faculty of 

Engineering of the University of Porto (FEUP) for modelling various buildings with different 

properties and makes several matrixes to solve mathematical relations for getting responses 

based on input data. Numerical model has been calibrated based on the previously conducted 

experimental study by Katija et al [39], where impact test between two steel rods by using a 300 

kg mass for each bodies have been conducted.  One rubber bumper with square shape, plan 

dimensions 4x4 cm and thickness of about 1 cm was modelled. An impact velocity was assumed 

to be 0.68 m/s based on the results of experiment test conducted by Katija et al [39]. Using 

equation (3) and artificial neural network (applying CRVK program), the analyses were carried 

out and all inputs from experimental test were collected, including mass, dimensions and the 

results of the test (displacements, impact forces, test time). Then program conducts an iterative 

process between input and output, saves the data and trains all inputs to receive the optimum 

results. The effectiveness of the training, testing and validation of the solution is larger than 97% 

which shows the accuracy of the approach. The results of the model calibration are presented in 

Figure 1a and 1b. 
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(a) (b) 

  
(c) (d) 

Figure 1. The results of model calibration: a) results of validation test; b) details of artificial neural network 

analyses; c) hysteresis curve; d) static analyses. 
 

As it can be seen in Figure 1d, maximum impact force determined from experimental test was 25 

kN, while in the case of numerical analysis it was equal to 21.9 kN,  which shows 13% of error 

in static analysis. On the other hand, CRVK program has demonstrated calibrated response in 

zone of hysteresis curve by showing 30 kN impact force, which is equal to the results of 

experimental test with same final displacement of about 5 mm (see Figure 1c). The value of 

dissipated energy is calculated to be 43.23 kN∙mm and 39.85 kN.mm for experimental and 

numerical responses, respectively. The results of calibration have obviously shown an accepted 

accuracy of using CRVK program. 

3. NUMERICAL STUDY 

In order to investigate the effect of rubber bumper and introduce the optimum plan dimensions, 

thickness and also the best shape so as to absorb energy, two concrete buildings (one 3-story and 

one 4-story), located with 10 cm distance from each other, were analysed. The following 

dimensions (length x width x height) of the buildings were specified: 6.5x6.5x9 m and 6.5x5x12 

m, for the 3-story and 4-story structure, respectively. Columns and beams were considered as the 

0 10 20 30 40 50 60 70
10

-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

Best Validation Performance is 0.00017837 at epoch 73

M
e

a
n

 S
q

u
a

re
d

 E
rr

o
r 

 (
m

s
e

)

79 Epochs

 

 

Train

Validation

Test

Best

-4 -2 0 2 4

-4

-3

-2

-1

0

1

2

3

4

Target

O
u

tp
u

t 
~

=
 0

.9
7

*T
a

rg
e

t 
+

 0
.0

3
9

Training: R=0.9868

 

 

Data

Fit

Y = T

-4 -2 0 2 4
-4

-3

-2

-1

0

1

2

3

4

Target

O
u

tp
u

t 
~

=
 1

*T
a

rg
e

t 
+

 -
0

.2
9

Validation: R=0.97541

 

 

Data

Fit

Y = T

-4 -2 0 2
-4

-3

-2

-1

0

1

2

3

Target

O
u

tp
u

t 
~

=
 0

.9
2

*T
a

rg
e

t 
+

 0
.0

1
6

Test: R=0.95713

 

 

Data

Fit

Y = T

-4 -2 0 2 4

-4

-3

-2

-1

0

1

2

3

4

Target

O
u

tp
u

t 
~

=
 0

.9
7

*T
a

rg
e

t 
+

 -
0

.0
1

5

All: R=0.97871

 

 

Data

Fit

Y = T

0 1 2 3 4 5 6 7
0

5

10

15

20

25

30

35

Displacement (mm)

Im
p

a
c
t 
fo

rc
e

 (
k
N

)

 

 

Numerical

Experimental

Vimp=0.68 m/s

0 1 2 3 4 5 6 7
0

5

10

15

20

25

Displacement (mm)

Im
p
a
c
t 

fo
rc

e
 (

k
N

)

 

 

Experimental

Numerical

k=6000kN/mm

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


major structural elements of both buildings. In the case of 3-story structure, the columns’ cross-

section was taken to be 30x30 cm, while, in the case of 4-story building, it was 35x35 cm. 

Moreover, the square cross-section of beams (30x30 cm) was considered in both structures. Soil 

parameters were taken to be the same for both buildings. The lumped-mass model of 3-story 

building had the story mass of 44700 kg, the story lateral stiffness of 450 MN/m, the natural 

vibration period of 1.4 s (frequency of 1/1.4 = 0.71 Hz), the damping ratio of 5%. On the other 

hand, the lumped-mass model of 4-story building was described by the following parameters: the 

story mass of 26500 kg, the story lateral stiffness of 350 MN/m, the natural vibration period of 

1.22 s (frequency of 1/1.22 = 0.82 Hz), the damping ratio of 5%. Initial stiffness and post yield 

stiffness of isolation system were assumed to be 40 MN/m and 5 MN/m, what described the 

bilinear characteristics of the isolation system. First model was assumed to be 4-story model with 

previously mentioned properties while second model is 3- story model. The 3-story structure was 

additionally equipped with three square bumpers. Those elements were placed at the contact 

zone of each story of the building and the scheme of their arrangement is presented in Figure 2. 

Rubber bumpers were used to control impact force and absorb energy during collisions. They 

were modelled based on a square plan section with 25x25 cm plan dimensions and 5 cm of 

thickness. The stiffness of bumpers was assumed to be equal to 0.12 kN/mm, while the post yield 

impact stiffness was considered to be 500 kN/mm. The cross-sectional area of the bumper was 

equal to 625 cm2 and also the volume of each bumper was calculated to be 3125 cm3. In this 

study a rubber bumper described by such dimensions was assumed to be the reference one. 

Secondly, different plan dimensions and thicknesses of bumpers were investigated keeping the 

same volume. It should be underlined that thickness that significantly depends on gap size 

between models (10 cm) had to be limited to this value. 

A number of different earthquake records were applied in the analysis. The acceleration time 

histories measured during the real seismic events, as well as the spectrum-matched ground 

motions (see [40, 41], for example), were considered. However, in this paper, the most 

representative results are presented, which were obtained for the well-known El Centro 1940 

earthquake (peak ground acceleration of 307 cm/s2, magnitude of 6.9 in the Richter scale). This 

earthquake record is characterized by a wide range of dominant frequencies and it is often used 

in earthquake engineering [42]. 

The effect of using different values of thickness was evaluated keeping the same pounding 

involved response impact and dissipated energy. It was also mentioned that the effect of 

thickness was considered based on the same contact area. Finally, the main assumption was to 

keep the same volume with different value of plan dimensions and thickness. The final 

evaluation was focused on determining the optimum shape of rubber bumper.  
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Figure 2. Arrangement scheme of rubber bumpers placed on 3-story model of building.  

 

In order to investigate the effect of plan dimensions of bumpers, the reference model was 

numerically analysed and lateral displacements of both models of buildings were separately 

depicted in order to compare them with each other. In Figure 3, the lateral displacement time 

histories of each story of 4-story model (Figure 3a) and 3-story model (Figure 3b) are presented. 

It can be seen from the figure that the peak value of displacement for the 3rd story is equal to 19.1 

cm and 16.3 cm for 4-story and 3-story model, respectively. Since the 3rd story is the top one in 

the case of the lower building, further results for this story of both models are presented in Figure 

4.  

  
(a) (b) 

Figure 3. Lateral displacement time histories determined for all stories of: a) 4-story model of building; b) 3-story 

model of building. 

 

As it can be seen from Figure 4a, some collisions during seismic excitation were observed. The 

maximum values of relative lateral displacement between models significantly exceeded initial 

in-between distance of 10 cm what means that it is an insufficient gap size and cannot protect 

buildings against impacts. Consequently, rubber bumpers were automatically activated to 

dissipate energy in order to decrease destructive effect of earthquake. In Figure 4b a hysteresis 
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curve of rubber bumper is presented. The maximum value of impact force was demonstrated to 

be 3.88∙1011 kN for story no.3, while the maximum calculated value of absorb energy was equal 

to 28.26∙1011 kN∙cm.  

  
(a) (b) 

 
(c) 

Figure 4. a) Lateral displacement time history of story no.3 of both models; b) hysteresis curve of rubber bumper; 

c) peak lateral displacement of both models under El Centro earthquake record.  
 

 
As it can be seen in Figure 4c, increasing the value of stiffness of bumpers, peak lateral 

displacements determined at story no. 3 of both models are slightly decreased for 4-story model 

and also sharply declined for 3-story model. It shows that rubber bumpers are able to control and 

reduce the peak lateral displacement of buildings that are equipped with them and also they are 

able to indicate normal behaviour (increase or decrease) for the adjacent building without rubber 

bumpers.      

 

3.1 Rubber bumpers characterized by the same volume but different plan dimensions 

 

Further step of investigation was focused on bumpers that were characterized by the same 

volume but different plan dimensions and thicknesses. They were selected in order to obtain 

hysteresis loops and then were compared with the results determined for reference model. 

Similar response in zone of impact force and energy dissipation was considered as main 

assumption to find optimum dimension of bumpers. For this challenge, five following different 
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dimensions of square bumpers with the same volume were considered: 17.7x17.7x10 cm, 

20x20x7.8 cm, 25x25x5 cm, 30x30x3.45 cm and 35x35x2.55 cm. The hysteresis loop of 

different value of dimension of bumpers characterized by the same volume but different plan 

dimensions are presented in Figure 5. 

 
Figure 5. Hysteresis loop of bumpers with the same volume but different plan dimensions. 

 

The maximum impact forces determined from the analysis were equal to: 1.23∙1010 kN, 4.17∙1010 

kN, 3.88 ∙1011 kN, 2.4 ∙1012 kN and finally, 1.12 ∙1012 kN for the following dimensions of 

bumpers: 17.7x17.7x10 cm, 20x20x7.8 cm, 25x25x5 cm, 30x30x3.45 cm, 35x35x2.55 cm, 

respectively. The maximum dissipated energies obtained from the study were equal to: 9.08∙1010 

kN.cm, 30.87 ∙ 1010 kN.cm, 8.26 ∙ 1011 kN.cm, 17.72 ∙ 1012 kN.cm and 8.29 ∙ 1013 kN.cm, 

respectively.  

It seems that by increasing the value of bumper thickness, impact force and dissipated energy 

basically decrease. In fact, the same volume of bumpers has specifically shown various 

responses in field of impact force and energy dissipation. For instance, when the thickness is 

declined by about 75%, impact force and dissipated energy suddenly grown about 910 times 

compared to reference model.  

 

3.2 Rubber bumpers characterized by the same responses but different dimensions 

 

Second round of investigation was focused on determining such dimension and shape of rubber 

bumpers so as to estimate similar responses in zone of impact force and also dissipated energy.  

In here, plan dimensions of square shape of bumpers analysed in a previous part (see section 3.1) 

were introduced, only value of thicknesses were changed in order to calibrate hysteresis 

responses with reference model. Following plan dimensions of square shape of bumpers have 

been analysed: 17.7x17.7 cm, 20x20 cm, 25x28 cm, 30x30 cm and finally, 35x35 cm of 

thickness 3.15 cm, 3.7 cm, 5 cm, 6.4 cm and finally, 7.8 cm, respectively. The hysteresis loop of 

bumpers characterized by the same response during impact but different plan dimensions and 

thicknesses are presented in Figure 6. The results of investigation demonstrate that by increasing 

the value of plan dimensions of square shape bumpers, the value of thickness is increased to 

obtain similar responses during impact between models.  
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Figure 6. Hysteresis loop of bumpers with different plan dimensions and thicknesses but the same response during 

impact. 
   

3.3 Rubber bumpers characterized by the same cross-sectional area but different thickness 

 

Third part was performed to evaluate the influence of thickness on dissipate energy and impact 

force. For this purpose, reference model that was previously assumed with plan dimension 25x25 

cm was analysed with different value of thicknesses such as 1 cm, 2.5 cm, 5 cm, 7.5 cm and 10 

cm. The area of all considered bumpers was equal to 625 cm2 and then their volumes were 

calculated and were equal to 625 cm3, 1562 cm3, 3125 cm3, 4687 cm3 and 6250 cm3 for bumper 

of thickness 1 cm, 2.5 cm, 5 cm, 7.5 cm and 10 cm respectively. In Figure 7 hysteresis loop of 

rubber bumpers characterized by the same cross-sectional area but different volume are 

presented. 

 

 
Figure 7. Hysteresis loop of rubber bumpers with the same cross-sectional area (25*25 cm) but different volume.  
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As it can be seen from Figure 7, the maximum impact forces were equal to: 4.85∙1010 kN, 

1.10∙1011 kN, 3.44∙1011 kN and finally, 3.14∙1012 kN for bumper of thickness 10 cm, 7.5 cm, 5 

cm and finally, 2.5 cm, respectively. It shows, that by decreasing the thickness of bumpers, 

impact force and dissipated energy significantly increased.   

 

3.4 Rubber bumpers characterized by the same plan dimensions but different shapes 

 

Another consideration was focused on different shapes of rubber bumper. Firstly, a bumper of a 

circle shape and the same dimension as reference model (with square shape) was selected. That’s 

why bumper of circle shape with diameter equal to r=12.5 cm (d=25 cm) was assumed so as to 

keep the same response with reference model. The thickness of circle model was assumed 1.65 

cm in order to provide similar response with square model. It can be calculated that the volume 

of square and circle model is 3125 cm3 and 810 cm3, respectively. 

 
Figure 8. Hysteresis loop of bumper with same dimensions but different shapes.  

 

As it can be seen in Figure 8 square model has shown similar response compared to circle one 

when the volume of bumper is 4 times greater than circle model. It seems that using circle shape 

of bumper has an effective role in zone of economy situation as the used material is suddenly 

declined about 75%.   

 

3.5 Rubber bumpers characterized by the same cross-sectional area but different shapes 

 

On the other hand, same contact area was assumed to compare the results of investigation. In 

here, square shape model with cross-sectional area equal to 625 cm2, which in the case of circle 

one results in radius around r=14.1 cm. In order to perform dynamic analyses and similar 

response, circle model should be considered of at thickness of about 1.95 cm. Figure 9 shows 

hysteresis loop of bumper with the same contact area, similar responses but different shapes. The 

volume of the newly created model was 1217 cm3, that was 61% less than square one.   
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Figure 9. Hysteresis loop of bumper with the same contact area but different shapes.  

 

The analyses of rubber bumpers indicate that the increase of the thickness of bumpers with the 

same volume significantly decreases impact force and also dissipated energy. It should be also 

underlined that circle shape of bumper provide an economy benefit (usage of material sharply 

decreased compared to square model). As it can be seen in Figure 10a, value of peak impact 

forces determined for square shape model are much more greater than in the case of circle one. 

For example, keeping the same plan dimensions of the models: b=6 cm (b- width of square 

model) and r=3 cm (r - radius of circle model), the value of peak impact force is 12.87*1012 kN 

and 6.54*1012 kN, respectively. On the other hand, using circle model with the volume of 3125 

cm3, the peak impact force when r=3 cm is shown about 4.39∙1013 kN, which is 3.3∙1013 kN, 

2.54 ∙ 1013 kN and 1.76 ∙ 1013 kN for the volume of 3437 cm3, 3750 cm3 and 4375 cm3, 

respectively.  Consequently, increasing the volume of circle bumper leads to a decline of peak 

impact force during seismic excitation which can be observed in Figure 10b. 

  
(a) (b) 

Figure10. Peak impact force of a) different value of thickness with same dimension and b) different volume of 

circle model 
 

3.6 Determination of structural damage 
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Final investigation was devoted to determination of structural damage based on two equations 

for calculating damage index. This index is one of the most important parameter describing the 

effect of kinematic and cyclic ductility and also dissipated energy during seismic excitation. 

Increasing value of damage index, confirmed that the building can be destroyed or collapsed.   

The first evaluated damage index depends significantly on the dissipated energy, DE , yield 

strength, yF , peak lateral displacement, y , and also ductility,  , and can be expressed by the 

following formula [43]: 

)1.(. −
=−

 yy

D
FIndex

F

E
D                                                                                                                  (5) 

Another equation describing determination of damage was suggested by Park et al [44]. It 

demonstrates structural damage in zone of peak dynamic response which can calculated by: 

+=− dE
F

D
uyu

PIndex






max                                                                                                           (6) 

Where max and u are the peak displacement and ultimate displacement, respectively.   is also 

an index parameter, which is recommended to be 0.05 to 0.35. In order to describe the value of 

capture damage, it can be assumed that 2.0IndexD  is a negligible damage, 4.0IndexD denotes a 

repairable damage, 1IndexD explains an irreparable damage without collapse and finally, 

1IndexD  demonstrates irreversible failure with a failure collapse. 

In here, using the reference model, the peak lateral displacements for 3-story and 4-story 

buildings were considered (see Figure 4a and 4b) with   equal to 0.2 as well as taking 
51023.1 =yF  N and 71038.1 =yF N for 4-story and 3-story model, respectively. All inputs 

collected for both models under El Centro earthquake record were analysed using previously 

mentioned structural damage equations. Damage index time histories for 3-story (with bumpers) 

and 4-story (without bumpers) model of buildings according to Fajfar and Park’s formulas are 

presented in Figure 11a and 11b, respectively.  

 

  
(a) (b) 

0 2 4 6 8 10 12 14 16 18 20
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Time (s)

D
a
m

a
g
e
 i
n
d
e
x

 

 

4- Story

3- Story

0 2 4 6 8 10 12 14 16 18 20
0.42

0.44

0.46

0.48

0.5

0.52

0.54

Time (s)

D
a
m

a
g
e
 i
n
d
e
x

 

 

4- Story

3- Story

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
(c) 

Figure 11. Damage index time histories for 3-story (with bumpers) and 4-story (without bumpers) model of 

buildings under El Centro earthquake record according to a) Fajfar; b) Park et al; c) with different shapes of 

bumpers. 
 
Damage indexes of 3-story model determined using Fajfar formula is equal to 0.254 while in the 

case of Park’s equation it is 0.462 (compare Figure 11a and 11b).Considering the 4-story model 

the following values of damage indexes are observed: 0.594 and 0.519 using Fajfar and Park et al 

formulas, respectively. In fact, the results of damage index illustrates that rubber bumper is able 

to decline the failure risk as have been depicted for both structural damages. All damage indexes 

for both models are 14.0  IndexD , which shows an irreparable damage range for models during 

collisions. In Figure 11c the difference in value of damage indexes in the case of application 

rubber bumpers with the square and circle shape is shown. Calculating this value for 3-story 

model, using Fajfar formula they indicate 0.254 and 0.342 for circle and square shapes, 

respectively.  

In order to confirm the effectiveness of application of rubber bumpers in controlling buildings 

during seismic excitations, one 3- story and one 4- story model of building without any bumpers 

were modelled and analysed using previously described parameters of models and earthquake 

record. Damage index time histories for both models without bumpers calculated according to 

Fajfar and Park’s equations are presented in Figure 12a and 12b, respectively. 

 
(a) (b) 

Figure 12. Damage index time histories for 3- and 4- story model of buildings without rubber bumpers under El 

Centro earthquake record base on a) Fajfar; b) Park et al. 
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As it is obviously seen, removing rubber bumpers have normally increased value of damage 

indexes. It confirmed that application of rubber bumpers has a significant influence on 

structure’s response under earthquake excitations. The final damage index determined using 

Fajfar formula was equal to 0.254 for 3-story model equipped with rubber bumpers and it 

significantly increased to 0.521 (more than two times) while those elements were removed.   

 

3.7 Application of circle shape rubber bumpers under different earthquake records 

 

Due to the huge economic aspects of using circle shape of rubber bumpers, dynamic response of 

these type of elements under earthquake excitations have been considered in the last part of the 

study. Four different earthquake records were taken into account: Tabas (1975), Parkfield 

(1966), Kobe (1995) and San Fernando (1971) with peak ground accelerations equal to 817 

cm/s2, 462 cm/s2, 344 cm/s2 and 1202 cm/s2, respectively. The reference model (for 3 and 4- 

story building) was investigated using different parameters. In Figure 12 lateral displacement 

time histories obtained under Tabas, Parkfield, Kobe and San Fernando earthquakes are 

presented. 

  

(a) (b) 

  

(c) (d 
Figure 13. Lateral displacement time history of story no.3 during earthquake records: a) Tabas; b) Parkfield; c) 

Kobe; d) San Fernando. 
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In can be seen from Figure 13 that peak lateral displacement of top story of 3-story model of 

building is equal to 47.21 cm, 29.8 cm, 15.07 cm and 20.95 cm under Tabas, Parkfield, Kobe and 

San Fernando earthquake records, respectively. In Figure 14 lateral hysteresis loop of rubber 

bumper obtained under Tabas, Parkfield, Kobe and San Fernando earthquakes are presented. 

 

  

(a) (b) 

  

(c) (d) 
Figure 14. Hysteresis loop of rubber bumper under different earthquake records a) Tabas, b) Parkfield c) Kobe and 

d) San Fernando 

 

The maximum impact force of top story determined in 3-story model when both models were 

collided with each other is calculated to be 4.52∙1010 kN.cm, 2.25∙1010 kN.cm, 1.42∙1010 kN.cm 

and 1.48 ∙ 1010 kN.cm for Tabas, Parkfield, Kobe and San Fernando earthquake records, 

respectively.  

 

3.7.1 Circle bumper characterized by the same volume but different contact zone 

 

In this part of the investigate different cross-sectional area of circle shaped bumpers with the 

same volume have been considered.  Following values of radiuses r were analysed: 1.35 cm, 

1.38 cm, 1.41 cm and 1.44 cm, which provides a slight increase in the thickness of bumpers. 

Kobe earthquake records have been selected to evaluate the effect of contact zone area in field of 
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impact force and also dissipated energy. The results obtained from this analysis are presented in 

Figure 15.   

 
 

Figure 15. The results for Kobe earthquake record with different area of contact zone  

 

It can be seen from Figure 15 that by increasing the value of radius and also the cross-sectional 

area of contact zone but keeping the same volume of bumpers, the value of thickness is naturally 

decreased. For example, the impact forces equal to 9.45∙109 kN and 1.77∙1010 kN were obtained 

for r=1.35 cm and r=1.44 cm, which confirms increase by about 87%. Consequently, impact 

force and dissipated energy are increasing when cross-sectional area of contact zone increase. In 

fact, decreasing the value of thickness causes significant grown in the value of impact force and 

subsequently, dissipated energy during collision between two model of buildings.   

 

3.7.2 The effect of using different number of circle bumpers 

 

In the next round of the study, the influence of number of bumpers was numerically investigated 

by using one, two, four and eight bumpers. The analysis was still focused on story no. 3 and 

Tabas earthquake record were used. The plan dimensions of the bumper was characterized by 

radius r=1.38 cm. The results of evaluation are shown in Figure 16, which illustrates sharp 

decrease in field of impact force with increasing number of bumpers.   

 
Figure 16. The results for Tabas earthquake record with different number of bumpers. 
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For instance, the peak impact forces were determined and they were equal to 3.73∙109 kN, 

3.58∙109 kN, 3.12∙109 kN and 2.38∙109 kN for the model where one, two, four and eight bumpers 

were used, respectively. The results of investigation demonstrate that increasing the number of 

bumpers decreases impact force so as to increase the compressive strain of the bumpers.  

 

4. Conclusion 

In this paper, the optimum shapes and dimensions of rubber bumpers were investigated in order 

to reduce negative effects of pounding between buildings during seismic excitations. A model of 

3-story building equipped with rubber bumpers and a model of 4-story building were generated. 

Rubber bumpers were attached at each level of story to absorb energy during impact. Several 

different shapes and dimensions of bumper elements were numerically investigated so as to find 

the most effective ones. Firstly, rubber bumpers characterized by the same volume but different 

plan dimensions have been considered. It has been proved that increasing the value of bumper 

thickness basically decreases impact force and dissipated energy. In fact, the same volume of 

bumpers has specifically shown various responses in field of impact force and energy 

dissipation. Additionally, rubber bumpers characterized by the same responses but different 

dimensions have been analysed. The results of such investigation demonstrate that by increasing 

the value of plan dimensions of square shape bumpers, the value of thickness is increased to 

obtain similar responses during impact between models. Next consideration has been focused on 

rubber bumpers with the same cross-sectional area but different thickness. The results of this 

study shows, that by decreasing the thickness of bumpers, impact force and dissipated energy 

significantly increased. Also, circle shape was found to be more effective, comparing to the 

square one, from the point of the level of impact force, energy dissipation. Consequently, 

increasing the volume of circle bumper leads to a decline of peak impact force during seismic 

excitation. Final investigation was devoted to determination of structural damage based on two 

equations for calculating damage index. It was also demonstrated that the building with rubber 

bumper has a much smaller damage index than the structure without bumper elements. It 

confirmed that application of rubber bumpers has a significant influence on structure’s response 

under earthquake excitations.  

The presented paper has been limited to the analysis of pounding between 3-story and 4-

story concrete buildings. The limitation has also concerned the adopted gap distance, mechanical 

properties of rubber bumpers, studied earthquake, etc. Therefore, further research is needed to be 

conducted so as to verify the effectiveness of rubber bumpers in reducing the negative effects of 

earthquake-induced pounding between various types of buildings under different configurations. 
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