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Chapter 1
Introduction

It has been observed during earthquakes that adjacent building, or bridge segments,
might come into contact if the separation distance between them is not sufficient so
as to accommodate their relative movements. This phenomenon, known as the
earthquake-induced structural pounding, may lead to local damage at the contact
locations during moderate seismic excitations or may result in significant damage or
even total collapse of colliding structures in the case of severe ground motions.

The report after the Kaliningrad earthquake (21.09.2004), for example, shows
that interaction between adjacent parts of the apartment building led to spalling of
plaster at the contact locations, as can be seen in Fig. 1.1 (Zembaty et al. 2005).
Local damage at the interaction points was also observed in a number of buildings
after the Darfield earthquake of September 2, 2010 (Cole et al. 2011). Vasiliadis
and Elenas (2002) reported considerable damage at the locations of impacts due to
pounding between two different parts of a school building during the Athens
earthquake (7.09.1999). The SSK Hospital in Izmit suffered major damage during
the Kocaeli earthquake (17.08.1999) due to interactions between different parts of
the structure (Gillies et al. 2001). Extensive pounding damage was also observed in
low-rise unreinforced masonry buildings after the Christchurch earthquake of 2011
(Cole et al. 2012). It was observed after the Mexico City earthquake (19.09.1985)
that about 40 % of the damaged structures experienced some level of pounding and,
in the case of 15 % of them, pounding was identified as one of the reasons of
structural collapse (Rosenblueth and Meli 1986). During the San Fernando earth-
quake (09.02.1971), structural interactions between the main building of the Olive
View Hospital and one of its independently standing stairway towers resulted in
substantial damage and permanent tilting of the weaker stairway tower (Bertero and
Collins 1973). Over 200 pounding occurrences, involving more than 500 buildings,
were observed at locations within the distance of 90 km from the epicentre after the
Loma Prieta earthquake (17.10.1989). Structural pounding during that earthquake
was identified as the reason for collapses of some of buildings (see, for example,
Fig. 1.2) (Kasai and Maison 1997).
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The negative effects of earthquake-induced structural interactions were also
observed in the case of bridge structures. Priestley et al. (1996) reported that
impacts between the lower roadway and columns supporting the upper-level deck
of the Southern viaduct section of the China Basin during the Loma Prieta earth-
quake of 1989 resulted in significant structural damage. After the Northridge
earthquake of January 17, 1994, substantial pounding damage was observed at
expansion hinges and abutments of standing portions of bridges at the Interstate 5
and State Road 14 interchange (EERI 1995). The report after the Kobe earthquake
(17.01.1995) identifies pounding, due to fracture of bearing supports, as a reason
leading to considerable local damage at the contact points (see Fig. 1.3) and a
contribution to falling down of superstructure segments, as can be seen in Fig. 1.4
(Otsuka et al. 1996). Severe damage due to pounding between adjacent segments of
the New Surajbadi Highway Bridge was also observed during the January 26, 2001
Gujarat (India) earthquake (Singh et al. 2002).

In the case of buildings, the major factor recognised as the reason of structural
pounding is the difference in natural periods of vibrations (see Anagnostopoulos
1988; Anagnostopoulos and Spiliopoulos 1992; Maison and Kasai 1990, 1992;
Tena-Colunga et al. 1996; Karayannis and Favvata 2005a, b; Jankowski 2005, 2007,
2008; Komodromos 2008; Mahmoud and Jankowski 2009, 2011; Polycarpou and

Fig. 1.1 Local damage at the
contact locations (Kaliningrad
earthquake, 2004)
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Fig. 1.2 Collapse of a building (Loma Prieta earthquake, 1989) (reprinted from Kasai and Maison
1997 with permission from Elsevier)

Fig. 1.3 Local damage at the ends of superstructure segments (Kobe earthquake 1995)
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Komodromos 2010; Mahmoud et al. 2012, 2013; Falborski and Jankowski 2013;
Sołtysik and Jankowski 2013; Polycarpou et al. 2014). The difference in mass or
stiffness makes the adjacent buildings to vibrate out-of-phase during the earthquake
and increases the probability of structural interactions (see Fig. 1.5). In contrast to
buildings, pounding in bridges is usually caused by the spatial seismic effects related
to the propagation of the seismic wave (see, for example, Jankowski et al. 1998, 2000;
Kim et al. 2000; Zanardo et al. 2002; Chouw andHao 2005). These effects, whichmay
include time lag and lack of coherence of seismic wave as well as spatially varying
local soil conditions (see Der Kiureghian 1996), lead to different earthquake excita-
tions acting at different structural supports (see Fig. 1.6) resulting in the out-of-phase
vibrations of adjacent superstructure segments (Jeng and Kasai 1996; Hao and Liu
1998). Spatial seismic effects may also be responsible for earthquake-induced
pounding between buildings with spatially extended foundations (Jankowski 2009,
2012) or buildings in a row (Athanassiadou et al. 1994; Hao and Zhang 1999).

Earthquake-induced structural pounding is a complex phenomenon, often
involving plastic deformations, local cracking or crushing at the points of contact,
fracturing due to impact, friction, etc. Impact induces forces which are applied and
removed during a very short time, what initiates stress waves travelling away from
the impact location. The process of energy transfer during collision is much
complicated making the analysis of this type of problem to be highly difficult.

In spite of its complexity, the phenomenon of structural pounding during
earthquakes has recently been intensively studied applying various structural

Fig. 1.4 Pounding as one of the reasons for falling down of superstructure segments (Kobe
earthquake, 1995)
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models and using different models of impacts. The aim of the present book is to
analyse different approaches to modelling the earthquake-induced structural
pounding as well as to show major results of the studies on collisions between
buildings and between bridge segments during ground motions. The aspects related
to mitigation of pounding effects as well as the design of structures prone to
pounding are also discussed. The book consists of the following chapters:

This chapter introduces the subject of earthquake-induced structural pounding.
The examples of damages due to collisions during previous ground motions are also
described.

Different approaches to modelling the earthquake-induced structural pounding
are described in Chap. 2. The classical theory of impact as well as the methods of
modelling the pounding force directly are considered. The results of the experi-
mental verification of the effectiveness of different pounding force models are also
presented.

Chapter 3 deals with pounding between insufficiently separated buildings. The
pounding-involved response of buildings under seismic excitation is analysed by
using different structural models. The aspects of collisions between base-isolated
buildings as well as the influence of incorporation the soil-structure interaction are
also discussed.

The studies on pounding between adjacent superstructure segments of a bridge
during earthquake are described in Chap. 4. The analyses are conducted using
various structural models as well as incorporating the spatial seismic effects related
to the propagation of seismic wave.

Fig. 1.5 Difference in mass
or stiffness as the major
reason of pounding between
buildings
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Chapter 5 deals with the methods of mitigation the negative pounding effects.
First, the most natural solution of assuring the sufficiently large gap size to prevent
collisions is analysed. Then, the efficiency of other methods, such as incorporation
of link elements or bumpers, increasing stiffness of structures or using the sup-
plemental energy dissipation devices, is investigated.

Finally, the aspects of design of structures prone to pounding during earthquakes
are discussed in Chap. 6. Procedures specified in the building codes related to the
minimum seismic gap are first described. Then, the idea of pounding force response
spectrum is presented. The aspects of assessment of structural damage are also
discussed.
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Chapter 2
Modelling of Structural Pounding

Modelling of earthquake-induced pounding between buildings, or bridge segments,
requires the use of accurate structural models as well as appropriate models of the
effects of collisions. Two different approaches can be found in the literature, which
are usually used to simulate structural pounding during ground motions. The first
approach considers the classical theory of impact, which is based on the laws of
conservation of energy and momentum and does not consider stresses and defor-
mations in the colliding structural elements during impact. Since this is not a force-
based approach, the effect of collisions is accounted through updating the velocities
of the considered bodies or structural elements. In the second approach, the
earthquake-induced structural pounding is simulated using the direct model of
impact force during collision.

2.1 Classical Theory of Impact

The classical theory of impact, called stereomechanics, is focuses on determination
of velocities of colliding elements after collision without tracing structural response
during impact (Goldsmith 1960). The analysis is based on the values of velocities of
structural elements before collision with the use of the coefficient of restitution,
which accounts for the energy dissipation during impact due to such effects as, for
example, plastic deformations, local cracking and friction (see Leibovich et al.
1996; Ruangrassamee and Kawashima 2001; DesRoches and Muthukumar 2002).
The formulae for the final (after impact) velocities _xf1, _x

f
2 of two colliding elements

with masses m1 and m2 (see Fig. 2.1) can be expressed as (Goldsmith 1960):

_x f
1 ¼ _x01 � ð1þ eÞm2 _x01 � m2 _x02

m1 þ m2
ð2:1aÞ

_x f
2 ¼ _x02 þ ð1þ eÞm1 _x01 � m1 _x02

m1 þ m2
ð2:1bÞ
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where _x01, _x02 are the initial (before impact) velocities and e is a coefficient of
restitution, which can be obtained from the equation:

e ¼ _xf2 � _xf1
_x01 � _x02

ð2:2Þ

The value of e ¼ 1 is related to the case of a fully elastic collision, while the value
of e ¼ 0 deals with a fully plastic impact. The basic value of the coefficient of
restitution can be determined experimentally by dropping a sphere, made of the
specific material, on a massive plane plate of the same material from a height
h. Then, after recording the rebound height h�, the following formula can be used
(see Goldsmith 1960):

e2 ¼ h�

h
ð2:3Þ

It has been confirmed through experimental studies that the value of the coef-
ficient of restitution usually ranges from 0.4 up to about 0.8 in the case of collisions
between structural elements made of building materials (see Anagnostopoulos and
Spiliopoulos 1992; Zhu et al. 2002; Jankowski 2010). Azevedo and Bento (1996)
suggested that e ¼ 0:65 should be used for typical concrete structures. In fact, this
value has been used by a number of researchers in the analyses of pounding
between different types of structures (see, for example, Anagnostopoulos 1988;
Papadrakakis et al. 1991; Anagnostopoulos and Spiliopoulos 1992; Jankowski et al.
1998; Jankowski 2006b, 2008; Mahmoud et al. 2013). However, the results of the
impact experiments indicate that the value of the coefficient of restitution might
substantially depend on the prior-impact velocity as well as on the material of
colliding elements (Jankowski 2010). The general trend for the typical building
materials, such as: steel, concrete, timber and ceramic, shows a decrease in the
coefficient of restitution as the prior impact velocity increases (see Fig. 2.2).

The value of the coefficient of restitution for colliding elements made of two
different materials can be determined from the following formula (Goldsmith 1960):

1m 2m 1m 2m

0
1x& 0

2x& f
1x& f

2x&

Fig. 2.1 Initial (before impact) and final (after impact) velocities of colliding bodies
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e ¼ e1E2 þ e2E1

E1 þ E2
ð2:4Þ

where ei, Ei are the coefficient of restitution and modulus of elasticity for material
i ði ¼ 1; 2Þ, respectively.

The use of the classical theory of impact is recommended for predicting the
global effects on colliding bodies (Goldsmith 1960). However, its use in the
analysis of earthquake-induced structural pounding is actually limited to the cases
of collisions between only two structures which are modelled as lumped mass
single-degree-of-freedom (SDOF) systems (see, for example, Ruangrassamee and
Kawashima 2001). This limitation results from the fact that the approach does not
consider stresses and deformations in the colliding structural elements during
impact (it is assumed that contact lasts negligibly short time) and the behaviour of
structures during impact is not obtained. Therefore, the approach is not recom-
mended when structures are modelled as multi-degree-of freedom systems or when
the study on pounding of buildings in series, or between several segments of a
bridge, is conducted. In such cases, the structural response during the whole time of
contact is important, since collision between other structural elements might take
place at the same time. It is also possible that when two structural elements rebound
after collision they might come into contact with other elements.

2.2 Models of Pounding Force During Collision
Between Structures

The second approach, which has been applied to model structural pounding dur-
ing earthquakes, is to use directly the model of impact force during contact (force-
based models). The experimental results (see Goland 1955; Goldsmith 1960;
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Fig. 2.2 Coefficient of restitution with respect to the prior-impact velocity (Jankowski 2010)
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Van Mier et al. 1991; Jankowski 2010) show that the impact force history depends
substantially on a number of factors, such as masses of colliding structures, contact
surface geometry, material properties, relative prior-impact velocity, structural
material properties and even history of previous impacts.

The pounding force time history during impact consists of two phases (periods).
The approach period starts at the beginning of contact and lasts till the peak
deformation. It is followed by a restitution period which is finished at the moment
of separation. The results of experiments indicate (see Goldsmith 1960; Jankowski
2010) that, at the beginning of the approach period, colliding elements are within
the elastic range but, later on, plastic deformations, local cracking or crushing
usually take place. On the other hand, the accumulated elastic strain energy is
released without major plastic effects in the second phase of impact, i.e. during the
restitution period. It has been observed that majority of the energy dissipated during
impact is lost during the approach period of collision, while relatively small amount
of energy is dissipated during the restitution period (Goldsmith 1960). Moreover,
the experimental results show that during the approach period, a rapid increase in
the pounding force is usually observed, whereas, during the restitution period, the
force decreases with a lower rate, which is often reduced even further just before the
separation (see Fig. 2.3a). It has also been observed that the relation between
pounding force and deformation is non-linear with larger increase in values of
pounding force for larger deformations (see Fig. 2.3b).

Fig. 2.3 Example of pounding force diagrams obtained from experiments: a pounding force time
history; b relation between pounding force and deformation (after Crook 1952 and Goldsmith
1960)
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The pounding force between structures is usually simulated by the use of elastic
or viscoelastic impact elements, which become active when contact starts, i.e. when
the gap between elements is reduced to zero (see Fig. 2.4). Several types of such
elements have been employed by researchers to model the phenomenon.

2.2.1 Linear Elastic Model

The basic impact element consists of a simple linear elastic spring (see Maison and
Kasai 1990, 1992; Filiatrault et al. 1995; Zanardo et al. 2002; Kim and Shinozuka
2003; Karayannis and Favvata 2005). The pounding force during impact, FðtÞ, for
this model is expressed as:

FðtÞ ¼ kdðtÞ ð2:5Þ

where dðtÞ is the deformation of colliding structural elements and k denotes the
impact element’s stiffness which accounts for the local stiffness at the contact
location. The major drawback of the linear elastic model is that it does not account
for the energy dissipation during collision.

2.2.2 Linear Viscoelastic Model

The lack of energy dissipation properties is overcame in the linear viscoelastic
model (Kelvin-Voigt model), in which the impact element consists of a linear
spring with addition of linear damper (Wolf and Skrikerud 1980; Anagnostopoulos
1988, 1995, 1996; Anagnostopoulos and Spiliopoulos 1992; Jankowski et al. 1998;
Zhu et al. 2002; Pekau and Zhu 2006; Komodromos et al. 2007; Polycarpou and

1m 2m
spring

1m 2mspring

damper

gap

gap

(a)

(b)

Fig. 2.4 Equivalent force-
based models of pounding:
a with only spring; b with
spring and damper
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Komodromos 2010). The pounding force during impact, FðtÞ, for the linear vis-
coelastic model is expressed as:

FðtÞ ¼ kdðtÞ þ c _dðtÞ ð2:6Þ

where _dðtÞ describes the relative velocity between colliding structural elements and
c is the impact element’s damping, which can be calculated based on the formula
(Anagnostopoulos 1988, 2004):

c ¼ 2n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

m1m2

m1 þ m2

r
ð2:7Þ

in which n denotes the damping ratio related to the coefficient of restitution, e, by
the following relation (Anagnostopoulos 2004):

n ¼ � ln effiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þ ðln eÞ2

q ð2:8Þ

A shortcoming of the linear spring-damper element is a negative impact force
observed just before separation which does not have a physical explanation
(Goldsmith 1960; Hunt and Crossley 1975; Marhefka and Orin 1999). This effect is
related to the fact that the viscous component is active during the whole time of the
restitution period [see Eq. (2.6)]. Moreover, the activation of the viscous component
with the same damping coefficient during the approach and restitution period results
in a uniform dissipation of energy during the whole time of collision, which is also
not fully consistent with the reality (Goldsmith 1960; Valles and Reinhorn 1996,
1997). As described before, most of the energy is lost during the approach period
and in the second phase of impact, i.e. in the restitution period, the accumulated
elastic strain energy is released with only minor energy dissipation. Nevertheless,
due to its simplicity, the linear viscoelastic model has been widely and successfully
used in a number of analyses of earthquake-induced structural pounding.

2.2.3 Modified Linear Viscoelastic Model

In order to eliminate the sticky tensile force that appears just before separation of
colliding structures in the case of the linear viscoelastic model, a modified version
of the model, in which the damping term is activated only during the approach
period of collision, was proposed (Mahmoud and Jankowski 2011). The pounding
force during impact, FðtÞ, for this model is defined as:

FðtÞ ¼ kdðtÞ þ c _dðtÞ for _dðtÞ[ 0 ðapproach periodÞ
FðtÞ ¼ kdðtÞ for _dðtÞ� 0 ðrestitution periodÞ ð2:9Þ
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where the impact element’s damping, c, is defined by Eq. (2.7). However, the
relation between the impact damping ratio and the coefficient of restitution from
Eq. (2.8) is no longer valid and, in order to satisfy the relation between the post-
impact and the prior-impact relative velocities [see Eq. (2.2)], the following relation
has been determined (see Mahmoud and Jankowski 2011):

n ¼ 1� e2

e e p� 2ð Þ þ 2ð Þ ð2:10Þ

2.2.4 Hertz Non-linear Elastic Model

In order to model the pounding force-deformation relation more realistically (see
Fig. 2.3b), a non-linear elastic spring following the Hertz law of contact (Hertz
1882) has been used in a number of studies (Jing and Young 1991; Davis 1992;
Pantelides and Ma 1998; Chau and Wei 2001). The pounding force during impact,
FðtÞ, for the Hertz non-linear elastic model is expressed as:

F tð Þ ¼ bd
3
2 tð Þ ð2:11Þ

where β is the impact stiffness parameter which depends on material properties and
geometry of colliding bodies. A wide range of impact stiffness parameters for
collisions between concrete elements has been determined by Van Mier et al.
(1991) based on the results of experiments. It has been verified that the impact
stiffness parameters for steel-to-steel collisions take even higher values (Goldsmith
1960; Chau et al. 2003). Goldsmith (1960) described simplified formulae to cal-
culate the impact stiffness parameters for certain shapes of colliding bodies. For
example, the impact stiffness parameter for collisions between two spheres can be
calculated as:

b ¼ 4
3pðh1 þ h2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R1R2

R1 þ R2

r
ð2:12Þ

where Ri, ði ¼ 1; 2Þ is a radius of the colliding body with mass mi, and hi is defined
as (Goldsmith 1960):

hi ¼ 1� v2i
pEi

ð2:13Þ

where vi stands for the Poisson’s ratio and Ei denotes the Young’s modulus of the
material. When R2 ! 1, i.e. when the second body becomes a massive plane
surface, the impact stiffness parameter, b, is defined as (Goldsmith 1960):
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b ¼ 4
3p h1 þ h2ð Þ

ffiffiffiffiffi
R1

p ð2:14Þ

The disadvantage of the Hertz contact law model is that it is fully elastic and
does not account for the energy dissipation during contact due to plastic defor-
mations, local cracking, friction, etc.

2.2.5 Hertzdamp Non-linear Model

Although the non-linear Hertz model effectively captures the relation between
pounding force and deformation, its drawback, related to the fact that it does not
account for the dissipated energy during collisions, causes serious problems.
Therefore, the Hertzdamp model was considered to study the pounding phenomenon
in the field of earthquake engineering (see Muthukumar and DesRoches 2006; Ye
et al. 2009). The energy loss during impact is taken into account by adding non-linear
damping to the Hertz model (see Lankarani and Nikravesh 1990, 1994). The
pounding force during impact, FðtÞ, for the Hertzdamp non-linear model is expressed
as (Lankarani and Nikravesh 1990, 1994; Muthukumar and DesRoches 2006):

F tð Þ ¼ bd
3
2 tð Þ 1þ 3 1� e2ð Þ

4 _x01 � _x02
� � _d tð Þ

" #
ð2:15Þ

2.2.6 Non-linear Viscoelastic Model

Disadvantage of the non-linear Hertz model is also overcome in the non-linear
viscoelastic model (see Jankowski 2005a, b, 2006b, 2007a, 2008; Mahmoud and
Jankowski 2009, 2010; Mahmoud et al. 2012, 2013; Sołtysik and Jankowski 2013),
in which the non-linear spring, following the Hertz law of contact, is applied
together with the non-linear damper activated during the approach period of col-
lision. This approach allows us to simulate more accurately the process of energy
dissipation, which takes place mainly during that period (Goldsmith 1960). The
pounding force during impact, FðtÞ, for the non-linear viscoelastic model is
expressed as (Jankowski 2005b):

F tð Þ ¼ �bd
3
2 tð Þ þ �c tð Þ _d tð Þ for _d tð Þ[ 0 approach periodð Þ

F tð Þ ¼ �bd
3
2 tð Þ for _d tð Þ� 0 restitution periodð Þ ð2:16Þ

where �b is the impact stiffness parameter and �cðtÞ is the impact element’s damping,
which can be obtained from the formula (Jankowski 2005b):
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�c tð Þ ¼ 2�n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b

ffiffiffiffiffiffiffiffi
d tð Þ

p m1m2

m1 þ m2

r
ð2:17Þ

where �n denotes the damping ratio related to the coefficient of restitution, e
(Jankowski 2006a):

�n ¼ 9
ffiffiffi
5

p

2
1� e2

e eð9p� 16Þ þ 16ð Þ ð2:18Þ

2.3 Experimental Verification of the Effectiveness
of Pounding Force Models

For the purposes of verification the accuracy of different models of structural
pounding, the results of the numerical analyses have been compared with the results
of the experimental studies conducted for various types of colliding elements (see
also Jankowski 2005b; Mahmoud et al. 2008). The values of the impact stiffness
parameters: k, b and �b, defining the models used in the numerical analysis, have
been determined through iterative procedure so as to equalize the peak pounding
force determined from the simulations with the peak pounding force obtained from
the experiment. The difference between the experimental results and the results
from the numerical analysis has been assessed by calculating the normalized root
mean square (RMS) error (see Bendat and Piersol 1971):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNV

i¼1 Hi � �Hið Þ2
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNV
i¼1 H

2
i

q � 100% ð2:19Þ

where Hi, �Hi are the values from the time history record obtained from the
experiment and from the numerical analysis, respectively; and NV denotes a number
of values in these history records. In the numerical analysis concerning examples
presented in this chapter, the time-stepping Newmark method (Newmark 1959),
with the standard parameters: cN ¼ 0:5 and bN ¼ 0:25 assuring the stability and
accuracy of the results (see Bathe 1982; Chopra 1995), has been applied to
determine the structural response.

2.3.1 Impact Between a Ball Falling Onto a Rigid Surface

In this section, the results of the numerical analysis are compared with the results of
impact experiment conducted by dropping steel, concrete and timber balls of dif-
ferent masses onto a rigid surface (compare also Jankowski 2010). Balls have been
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dropped from various height levels in order to obtain different impact velocities.
The properties of balls used in the experiment are specified in Table 2.1. B&K type
4344 accelerometer attached to the ball was used to measure the force time histories
during impacts. System PULSE was applied for measuring and data acquisition
purposes. The experimental setup is shown in Fig. 2.5.

Table 2.1 Properties of balls
used in the impact experiment Material Ball diameter

(mm)
Ball mass
(kg)

Steel (type 18G2A) 21 0.053–0.054

50 0.538–0.541

83 2.013

Concrete (grade
C30/37)

103 1.329–1.350

114 1.763–1.835

128 2.531–2.636

Timber (pinewood) 55 0.065–0.066

71 0.109–0.112

118 0.493–0.497

Fig. 2.5 Setup of the impact experiment
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In the numerical analysis, the model of a ball falling onto a rigid surface, shown
in Fig. 2.6, has been used. The dynamic equation of motion for such a model can be
expressed as (Jankowski 2005b):

m€zðtÞ þ FðtÞ ¼ mg ð2:20Þ

where m is mass of a ball, €zðtÞ its vertical acceleration, g stands for the acceleration
of gravity and FðtÞ is the pounding force, which is equal to zero when zðtÞ� h (h is
a drop height) and is defined by Eqs. (2.5), (2.6), (2.9), (2.11), (2.15) and (2.16)
when zðtÞ[ h, where deformation dðtÞ is expressed as:

dðtÞ ¼ zðtÞ � h ð2:21Þ

2.3.1.1 Impact Between Steel Elements

In the first example, the results of the numerical analysis are compared with the
results of the experiment conducted for a steel ball of mass 2.013 kg impacting the
steel surface with the velocity of 0.92 m/s. The following values of parameters
defining different pounding force models have been used in the numerical analysis:
k ¼ 3:45� 108 N/m for the linear elastic model, k ¼ 4:82� 108 N/m, n ¼ 0:17
ðe ¼ 0:58Þ for the linear viscoelastic model, k ¼ 5:03� 108 N/m, n ¼ 0:43 ðe ¼
0:58Þ for the modified linear viscoelastic model, b ¼ 2:94� 1010 N/m3=2 for the
Hertz non-linear elastic model, b ¼ 3:76� 1010 N/m3=2, e ¼ 0:58 for the Hertz-
damp non-linear model and �b ¼ 6:60� 1010 N/m3=2, �n ¼ 0:49 ðe ¼ 0:58Þ for the
non-linear viscoelastic model. The time-stepping Newmark method with constant
time step Dt ¼ 1� 10�6 s has been used to solve the equation of motion (2.20)
numerically. The pounding force time history measured during the experiment and
the histories received from the numerical analysis, for the considered example of

Fig. 2.6 Model of a ball
falling onto a rigid surface
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impact between steel elements, are presented in Fig. 2.7. Using Eq. (2.19), the RMS
errors for pounding force histories have been calculated as equal to: 72.3 % for the
linear elastic model, 18.6 % for the linear viscoelastic model, 26.5 % for the
modified linear viscoelastic model, 93.1 % for the Hertz non-linear elastic model,
39.1 % for the Hertzdamp non-linear model and 21.9 % for the non-linear visco-
elastic model.

2.3.1.2 Impact Between Concrete Elements

The second example concerns the comparison between the results of the numerical
simulations and the experiment conducted for a concrete ball of mass 1.763 kg
impacting the concrete surface with the velocity of 0.13 m/s. In the numerical analysis,
the following values of parameters, defining different pounding force models, have
been used: k ¼ 4:33� 107 N/m for the linear elastic model, k ¼ 4:91� 107 N/m,
n ¼ 0:09 ðe ¼ 0:76Þ for the linear viscoelastic model, k ¼ 5:47� 107 N/m, n ¼
0:19 ðe ¼ 0:76Þ for the modified linear viscoelastic model, b ¼ 5:92� 109 N/m3=2

for the Hertz non-linear elastic model, b ¼ 6:39� 109 N/m3=2, e ¼ 0:76 for the
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Fig. 2.7 Pounding force time histories for impact between steel elements
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Hertzdamp non-linear model and �b ¼ 1:02� 1010 N/m3=2, �n ¼ 0:22 ðe ¼ 0:76Þ for
the non-linear viscoelastic model. The time-stepping Newmark method with constant
time step Dt ¼ 1� 10�5 s has been used to solve the equation of motion (2.20)
numerically. The pounding force time history measured during the experiment and
the histories received from the numerical analysis, for the considered example of
impact between concrete elements, are presented in Fig. 2.8. The RMS errors for
these pounding force time histories have been calculated as equal to: 36.1 % for the
linear elastic model, 12.7 % for the linear viscoelastic model, 15.7 % for the modified
linear viscoelastic model, 59.3 % for the Hertz non-linear elastic model, 49.4 % for
the Hertzdamp non-linear model and 11.9 % for the non-linear viscoelastic model.

2.3.1.3 Impact Between Timber Elements

In the third example, the results of the numerical analysis are compared with the
results of the experiment conducted for a timber ball of mass 0.109 kg impacting
the timber surface with the velocity of 0.39 m/s. The following values of param-
eters, defining different pounding force models, have been used in the numerical
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Fig. 2.8 Pounding force time histories for impact between concrete elements
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analysis: k ¼ 1:83� 106 N/m for the linear elastic model, k ¼ 2:28� 106 N/m,
n ¼ 0:16 ðe ¼ 0:61Þ for the linear viscoelastic model, k ¼ 2:62� 106 N/m, n ¼
0:38 ðe ¼ 0:61Þ for the modified linear viscoelastic model, b ¼ 1:33� 108 N/m3=2

for the Hertz non-linear elastic model, b ¼ 1:66� 108 N/m3=2, e ¼ 0:61 for the
Hertzdamp non-linear model and �b ¼ 3:11� 108 N/m3=2, �n ¼ 0:43 ðe ¼ 0:61Þ for
the non-linear viscoelastic model. The time-stepping Newmark method with con-
stant time step Dt ¼ 1� 10�5 s has been used to solve the equation of motion
(2.20) numerically. The pounding force time history measured during the experi-
ment and the histories received from the numerical analysis, for the considered
example of impact between timber elements, are presented in Fig. 2.9. Using
Eq. (2.19), the RMS errors for pounding force histories have been calculated as
equal to: 64.3 % for the linear elastic model, 20.7 % for the linear viscoelastic
model, 26.6 % for the modified linear viscoelastic model, 85.8 % for the Hertz non-
linear elastic model, 53.6 % for the Hertzdamp non-linear model and 20.8 % for the
non-linear viscoelastic model.
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2.3.2 Pounding Between Models of Tower Structures

In this section, the results of the numerical analysis are compared with the results of
the shaking table experiment focused on pounding between two tower models with
different impacting materials (compare also Jankowski 2007b, 2010). Two 1 m high
tower models (see Fig. 2.10) with different dynamic properties were built to be tested
during the experiment. The columns were arranged in a rectangular pattern with a
spacing of 0.22 m along the shaking direction (longitudinal one) and a spacing of
0.3 m along the orthogonal (transverse) direction (compare also Falborski and
Jankowski 2013). All supporting elements used in the left tower model had a rect-
angular cross section with dimensions: 6 × 6 mm, whereas the model of the right
tower was constructed of members with a section of 8 × 8 mm. The total mass of the
supporting columns with horizontal connections and additional bracings was equal
to mc1 ¼ 2:258 kg for the left tower model and mc2 ¼ 3:864 kg for the right one.
Elements of external dimensions 0:25� 0:25� 0:05 m made of different building
materials, i.e. steel, concrete and timber (see Figs. 2.11 and 2.12), were fixed at the
top of each tower. With the help of additional masses in the form of plates and bolts
(see Figs. 2.11 and 2.12), the top mass of the tower models was kept constant for all
experimental tests, apart from the material used, and was equal tomt1 ¼ 9:485 kg for
the left tower model and mt2 ¼ 18:337 kg for the right one. Based on the free

Fig. 2.10 Setup of the shaking table experiment
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vibration tests, the following dynamic parameters have been determined for both
tower models: f1 ¼ 2:59 Hz, nS1 ¼ 0:004, f2 ¼ 2:99 Hz, nS2 ¼ 0:01, where fi, nSi
ði ¼ 1; 2Þ are the natural frequency and the structural damping ratio, respectively.
The initial gap size of d ¼ 0:04 m between the towers has been considered in the
study. The tower models have been excited in the horizontal direction by the NS
component of the El Centro earthquake (18.05.1940). Two ENDEVCO type 7752
accelerometers, which were attached to the tower models at their top (see Fig. 2.10),
were used to measure the time histories during the ground motion.

In the numerical analysis, a model, in which both towers are simulated as SDOF
systems, as shown in Fig. 2.13, has been used. The dynamic equation of motion for
such a model can be written as (Jankowski 2005b):

m1 0

0 m2

" #
€x1ðtÞ
€x2ðtÞ

" #
þ

C1 0

0 C2

" #
_x1ðtÞ
_x2ðtÞ

" #

þ
K1 0

0 K2

" #
x1ðtÞ
x2ðtÞ

" #
þ

F tð Þ
�F tð Þ

" #
¼ �

m1 0

0 m2

" #
€xgðtÞ
€xgðtÞ

" # ð2:22Þ

Fig. 2.12 Top view of the right tower with impacting elements (made of steel, concrete and
timber) and additional masses

Fig. 2.11 Top view of the left tower with impacting elements (made of steel, concrete and timber)
and additional masses
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where xiðtÞ, _xiðtÞ, €xiðtÞ are the horizontal displacement, velocity and acceleration of
tower i ði ¼ 1; 2Þ, respectively, Ki ¼ 4p2f 2i mi, Ci ¼ 2nSi

ffiffiffiffiffiffiffiffiffi
Kimi

p
denote stiffness and

damping coefficients, €xgðtÞ stands for the acceleration of input ground motion and
FðtÞ is the pounding force, which is equal to zero when dðtÞ� 0 and is defined by
Eqs. (2.5), (2.6), (2.9), (2.11), (2.15) and (2.16) if dðtÞ[ 0, where deformation dðtÞ
is defined as:

dðtÞ ¼ x1ðtÞ � x2ðtÞ � d ð2:23Þ

The following mass values: m1 ¼ 10:004 kg, m2 ¼ 19:226 kg have been applied
in the numerical analysis, as calculated from the formula (Harris and Piersol 2002):

mi ¼ mti þ 0:23mci ði ¼ 1; 2Þ ð2:24Þ

In order to solve the equation of motion (2.22) numerically, the time-stepping
Newmark method with constant time step Dt ¼ 0:002 s has been used.

2.3.2.1 Pounding Between Steel Elements

The first example shows a comparison between the results of the numerical analysis
and the experiment conducted for pounding of tower models with impacting steel
elements (steel type 18G2A). The following values of parameters of different
pounding force models have been applied in the numerical analysis: k ¼ 5:67�
107 N/m for the linear elastic model, k ¼ 7:93� 107 N/m, n ¼ 0:12 ðe ¼ 0:68Þ for
the linear viscoelastic model, k ¼ 8:54� 107 N/m, e ¼ 0:68 for the modified linear
viscoelastic model, b ¼ 3:94� 109 N/m3=2 for the Hertz non-linear elastic model,
b ¼ 5:14� 109 N/m3=2, e ¼ 0:68 for the Hertzdamp non-linear model and
�b ¼ 8:32� 109 N/m3=2, �n ¼ 0:31 ðe ¼ 0:68Þ for the non-linear viscoelastic model.
The displacement time history of the left tower model (lighter and more flexible
one) obtained from the experiment and the histories received from the numerical
analysis are shown in Fig. 2.14. Using Eq. (2.19), the RMS errors for the time
histories have been calculated as equal to: 28.7 % for the linear elastic model,

Fig. 2.13 Model of two colliding SDOF systems
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Fig. 2.14 Displacement time histories of the left tower model for pounding between steel
elements under the El Centro earthquake
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23.2 % for the linear viscoelastic model, 24.3 % for the modified linear viscoelastic
model, 22.9 % for the Hertz non-linear elastic model, 22.5 % for the Hertzdamp
non-linear model and 22.6 % for the non-linear viscoelastic model.

2.3.2.2 Pounding Between Concrete Elements

In this example, the results of the numerical analysis are compared with the results
of the experiment conducted for pounding of tower models with impacting concrete
elements (concrete grade C30/37). In the numerical analysis, the following values
of parameters, defining different pounding force models, have been used: k ¼
1:87� 107 N/m for the linear elastic model, k ¼ 2:05� 107 N/m, n ¼ 0:14 ðe ¼
0:65Þ for the linear viscoelastic model, k ¼ 2:36� 107 N/m, e ¼ 0:65 for the
modified linear viscoelastic model, b ¼ 9:75� 108 N/m3=2 for the Hertz non-linear
elastic model, b ¼ 1:17� 109 N/m3=2, e ¼ 0:65 for the Hertzdamp non-linear
model and �b ¼ 2:53� 109 N/m3=2, �n ¼ 0:35 ðe ¼ 0:65Þ for the non-linear visco-
elastic model. The displacement time history of the left tower model obtained from
the experiment and the histories received from the numerical analysis are shown in
Fig. 2.15. The RMS errors for these time histories have been calculated using
Eq. (2.19) as equal to: 22.6 % for the linear elastic model, 15.3 % for the linear
viscoelastic model, 18.7 % for the modified linear viscoelastic model, 22.4 % for
the Hertz non-linear elastic model, 16.3 % for the Hertzdamp non-linear model and
14.8 % for the non-linear viscoelastic model.
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Fig. 2.14 (continued)
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Fig. 2.15 Displacement time histories of the left tower model for pounding between concrete
elements under the El Centro earthquake
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2.3.2.3 Pounding Between Timber Elements

The third example concerns a comparison between the results of the numerical
analysis and the experiment conducted for pounding of tower models with
impacting timber elements made of pinewood. The following values of parameters
of different pounding force models have been applied in the numerical analysis:
k ¼ 1:47� 106 N/m for the linear elastic model, k ¼ 1:97� 106 N/m, n ¼ 0:16
ðe ¼ 0:60Þ for the linear viscoelastic model, k ¼ 2:33� 106 N/m, e ¼ 0:60 for the
modified linear viscoelastic model, b ¼ 1:50� 108 N/m3=2 for the Hertz non-linear
elastic model, b ¼ 1:74� 108 N/m3=2, e ¼ 0:60 for the Hertzdamp non-linear
model and �b ¼ 2:85� 108 N/m3=2, �n ¼ 0:44 ðe ¼ 0:60Þ for the non-linear visco-
elastic model. The displacement time history of the left tower model obtained from
the experiment and the histories received from the numerical analysis are shown in
Fig. 2.16. The RMS errors for these time histories have been calculated using
Eq. (2.19) as equal to: 38.7 % for the linear elastic model, 25.2 % for the linear
viscoelastic model, 27.6 % for the modified linear viscoelastic model, 43.8 % for
the Hertz non-linear elastic model, 26.3 % for the Hertzdamp non-linear model and
24.8 % for the non-linear viscoelastic model.
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Fig. 2.16 Displacement time histories of the left tower model for pounding between timber
elements under the El Centro earthquake
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2.3.3 Conclusions

The results of the studies show that the linear viscoelastic and the non-linear
viscoelastic models give the smallest errors in the pounding force time histories
during single impact. In the case of the linear viscoelastic model, a negative impact
force just before separation, which does not have a physical explanation, has been
observed. However, the improvement introduced in the modified linear viscoelastic
model, in order to overcome this drawback, does not really lead to the increase in
the accuracy of the model.

Further analysis has shown that the application of the linear viscoelastic, the
Hertzdamp and the non-linear viscoelastic models results in the smallest errors in
the response time histories of the analysed examples of structural pounding under
earthquake excitation. The impact force models have been found to have some
advantages and disadvantages when used for modelling of structural pounding. The
results of the study indicate that the efficiency of them depends on the type of
analysis conducted.
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Chapter 3
Pounding Between Buildings

Different structural models can be used to simulate the behaviour of colliding
buildings under earthquake excitations. The basic analysis is often conducted using
lumped mass single-degree-of-freedom (SDOF) systems as models of structures.
Anagnostopoulos (1988) used such models to carry out fundamental study on
pounding between adjacent buildings in series. Davis (1992) incorporated a SDOF
system to analyze pounding of a building against an infinitely rigid neighbouring
structure. Pounding between two adjacent structures with different dynamic prop-
erties, using SDOF models, was also studied by other researchers (see, for example,
Jing and Young 1991; Chau and Wei 2001; Jankowski 2006; Mahmoud et al. 2008;
Mahmoud and Jankowski 2011).

More detailed analysis can be carried out on multi-degree-of-freedom (MDOF)
models of interacting buildings, in which mass of each storey is lumped on the floor
level. Maison and Kasai (1990, 1992) employed such models to study the response
of a light high-rise building colliding against a massive low structure. Anagnos-
topoulos and Spiliopoulos (1992) used lumped mass models of 5-storey and
10-storey buildings with bilinear force-deformation characteristics to conduct the
parametric study on pounding-involved structural behaviour. Similar structural
models were used in the analysis of collisions between buildings with equal heights
(see Papadrakakis et al. 1991). Non-linear analyses of pounding between two
neighbouring 3-storey and 4-storey buildings with substantially different dynamic
properties were also conducted (Jankowski 2008; Mahmoud and Jankowski 2009).
Karayannis and Favvata (2005a, b) carried out the investigation on MDOF models
of colliding structures of unequal storey heights to study the effect of inter-storey
pounding. MDOF structural models were also considered by other researchers to
investigate earthquake-induced pounding between buildings (see, for example, Cole
et al. 2011; Efraimiadou et al. 2013).

The most precise results are usually obtained with the use of finite element
method (FEM) which allows us to create models of buildings with detailed rep-
resentation of their geometry. Papadrakakis et al. (1991) used the method in the
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analysis of pounding between buildings, in which floors of structures were mod-
elled by single four-node plane stress elements and walls by four linear beam-
column elements. The non-linear analyses of interactions between two neigh-
bouring buildings using FEM were also conducted in other studies (see Jankowski
2007a, b, 2009, 2012; Sołtysik and Jankowski 2013).

3.1 Pounding-Involved Response of Buildings Modelled
as SDOF Systems

Let us first consider two buildings as elastic SDOF systems so as to conduct a basic
analysis on pounding-involved response of structures under earthquake excitation.
The model of two colliding SDOF systems is shown in Fig. 2.13 and the dynamic
equation of motion for such a model is defined by Eq. (2.22). The following basic
values describing the structural properties have been used in the numerical simu-
lations: m1 ¼ 75� 103 kg;K1 ¼ 2:056� 106 N/m T1 ¼ 1:2 sð Þ;C1 ¼ 39270 kg/s
nS1 ¼ 0:05ð Þ;m2 ¼ 3000� 103 kg;K2 ¼ 1:316� 109 N/m T2 ¼ 0:3 sð Þ;C2 ¼ 6:283�
106 kg/s nS2 ¼ 0:05ð Þ; where Ki; Ci; Ti; nSi ði ¼ 1; 2Þ are the stiffness coefficient,
damping coefficient, natural period and damping ratio of the structure with mass mi;
respectively. Pounding force has been simulated with the help of the non-linear
viscoelastic model (Jankowski 2005, 2006, 2008) according to Eq. (2.16) with the
following parameters: �b ¼ 2:75� 109 N/m3=2; �n ¼ 0:35; ðe ¼ 0:65Þ. In order to
solve the equation of motion (2.22) numerically, the time-stepping Newmark
method (Newmark 1959), with the standard parameters: cN ¼ 0:5; bN ¼ 0:25 and
constant time step Dt ¼ 0:005 s, has been used. The example of the displacement
time histories under the NS component of the El Centro earthquake (18 May 1940),
for the case when the initial separation gap between buildings, d, is equal to 0.03 m,
is shown in Fig. 3.1a. The corresponding pounding force history is presented in
Fig. 3.1b. The examples of the results of the parametric study are shown in Figs. 3.
2, 3.3 and 3.4. The numerical analysis has been conducted for different values of
gap size, natural structural period and mass of the left building. When the effect of
one parameter has been investigated, the values of others have been kept
unchanged.

The results of the basic response analysis, with the use of elastic SDOF systems
as structural models, clearly show that structural pounding during earthquakes has a
significant influence on the behaviour of the left building, which is lighter and more
flexible structure. It can be seen from Figs. 3.1a and 3.2a that pounding may
substantially amplify the response of this structure and the largest increase in the
peak displacement (for d ¼ 0:03 m) is as large as 47.1 %. On the other hand, the
results indicate (see Figs. 3.1a and 3.2b) that the behaviour of a stiffer and heavier
right building is nearly unaffected by collisions. In the case of this structure, the
difference between the peak displacement responses for different gap sizes is equal
to 2.8 %. The results of the parametric investigation (see Figs. 3.2, 3.3 and 3.4)
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prove that the peak displacement of the lighter left building is very sensitive to a
change of different structural parameters, such as gap size between structures as
well as the period and mass of that structure. On the other hand, the response of the
heavier right building has been found to be influenced only slightly.

3.2 Pounding-Involved Response of Buildings Modelled
as MDOF Systems

More detailed analysis on earthquake-induced pounding between buildings can be
carried out on lumped mass MDOF models, assuming their elastic or inelastic
behaviour. As an example, let us consider two three-storey buildings with different
dynamic properties (see Fig. 3.5). The dynamic equation of motion for such a
structural model, including pounding between buildings at each floor level and
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elastic-perfectly plastic approximation of storey shear force-drift relation, can be
written as:

Mx
::ðtÞ þ Cx

: ðtÞ þ FSðtÞ þ FðtÞ ¼ �M1€xgðtÞ ð3:1aÞ

M ¼

mL
1 0 0 0 0 0
0 mL

2 0 0 0 0
0 0 mL

3 0 0 0
0 0 0 mR

1 0 0
0 0 0 0 mR

2 0
0 0 0 0 0 mR

3

2
6666664

3
7777775
; €xðtÞ ¼

€xL1ðtÞ
€xL2ðtÞ
€xL3ðtÞ
€xR1 ðtÞ
€xR2 ðtÞ
€xR3 ðtÞ

2
6666666664

3
7777777775
; _xðtÞ ¼

_xL1ðtÞ
_xL2ðtÞ
_xL3ðtÞ
_xR1 ðtÞ
_xR2 ðtÞ
_xR3 ðtÞ

2
6666666664

3
7777777775

ð3:1bÞ

C ¼

CL
1 þ CL

2 �CL
2 0 0 0 0

�CL
2 CL

2 þ CL
3 �CL

3 0 0 0
0 �CL

3 CL
3 0 0 0

0 0 0 CR
1 þ CR

2 �CR
2 0

0 0 0 �CR
2 CR

2 þ CR
3 �CR

3
0 0 0 0 �CR

3 CR
3

2
6666664

3
7777775

ð3:1cÞ

FSðtÞ ¼

FL
S1ðtÞ � FL

S2ðtÞ
FL
S2ðtÞ � FL

S3ðtÞ
FL
S3ðtÞ

FR
S1ðtÞ � FR

S2ðtÞ
FR
S2ðtÞ � FR

S3ðtÞ
FR
S3ðtÞ

2
6666664

3
7777775
; FðtÞ ¼

F1ðtÞ
F2ðtÞ
F3ðtÞ
�F1ðtÞ
�F2ðtÞ
�F3ðtÞ

2
6666664

3
7777775
; 1 ¼

1
1
1
1
1
1

2
6666664

3
7777775

ð3:1dÞ

where €xLi ðtÞ; €xRi ðtÞ; _xLi ðtÞ; _xRi ðtÞ; xLi ðtÞ; xRi ðtÞ; ði ¼ 1; . . .; 3Þ are the acceleration,
velocity and displacement of a single storey of the left (upper index L) and the right
(upper index R) building, respectively; FL

SiðtÞ, FR
SiðtÞ are inelastic storey shear forces

equal to: FL
SiðtÞ ¼ KL

i xLi ðtÞ � xLi�1ðtÞ
� �

, FR
SiðtÞ ¼ KR

i xRi ðtÞ � xRi�1ðtÞ
� �

for the elastic
range till the storey yield strength FL

Yi; F
R
Yi is reached and FL

SiðtÞ ¼ �FL
Yi; F

R
SiðtÞ ¼

�FR
Yi for the plastic range; KL

i ; C
L
i ; K

R
i ; C

R
i are elastic structural stiffness and

damping coefficients; €xgðtÞ is the acceleration of input ground motion and FiðtÞ
denotes pounding force between storeys with masses mL

i ; m
R
i .

The following basic values describing the structural properties have been used in
the analysis described in this section (compare Jankowski 2008):
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• left building:

mL
1 ¼ mL

2 ¼ mL
3 ¼ 25� 103 kg,

KL
1 ¼ KL

2 ¼ KL
3 ¼ 3:460� 106 N/m ðTL ¼ 1:2 s);

CL
1 ¼ CL

2 ¼ CL
3 ¼ 6:609� 104 kg/s ðnL ¼ 0:05Þ;

FL
Y1 ¼ FL

Y2 ¼ FL
Y3 ¼ 1:369� 105 N,

• right building:

mR
1 ¼ mR

2 ¼ mR
3 ¼ 1000� 103 kg,

KR
1 ¼ KR

2 ¼ KR
3 ¼ 2:215� 109 N/m ðTR ¼ 0:3 s);

CR
1 ¼ CR

2 ¼ CR
3 ¼ 1:058� 107 kg/s ðnR ¼ 0:05Þ;

FR
Y1 ¼ FR

Y2 ¼ FR
Y3 ¼ 1:442� 107 N:

Pounding force, FiðtÞ, between storeys with masses mL
i ; m

R
i ði ¼ 1; . . .; 3Þ has been

simulated with the help of the non-linear viscoelastic model according to the for-
mula [compare Eq. (2.16)]:

FiðtÞ ¼ 0 for diðtÞ� 0 ðno contactÞ
FiðtÞ ¼ �bd

3
2

iðtÞ þ �ciðtÞ _diðtÞ for diðtÞ[ 0 and _diðtÞ[ 0 ðcontact�approach periodÞ
FiðtÞ ¼ �bd

3
2

iðtÞ for diðtÞ[ 0 and _diðtÞ� 0 ðcontact�restitution periodÞ
ð3:2Þ

where:

diðtÞ ¼ xLi ðtÞ � xRi ðtÞ � d; �ciðtÞ ¼ 2�n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�b

ffiffiffiffiffiffiffiffiffi
diðtÞ

p mL
i m

R
i

mL
i þ mR

i

s
ð3:3Þ

The initial separation gap between buildings has been set to d ¼ 0:02 m. The
following values of the non-linear viscoelastic pounding force model’s parameters
have been applied in the analysis: �b ¼ 2:75� 109 N/m3=2; �n ¼ 0:35 ðe ¼ 0:65Þ.
The time-stepping Newmark method with constant time step Dt ¼ 0:002 s has been
used in order to solve the equation of motion (3.1a–3.1d) numerically. Different
earthquake records have been incorporated in the analysis. The examples of the
results of the study for the NS component of the El Centro earthquake are presented
below (see also Jankowski 2008).

The results of the analysis in the form of displacement, pounding force and
storey shear force time histories are presented in Figs. 3.6, 3.7 and 3.8 for the first,
the second and the third storeys of the buildings, respectively. A comparison
between the case of pounding-involved displacement responses and the case of
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responses with independent vibrations (large separation gap preventing contacts),
for the third storeys of buildings, is also shown in Fig. 3.9.

It can be seen from Figs. 3.6b, 3.7b and 3.8b that both structures came into
contact three times during the earthquake, although the second and the third
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Fig. 3.6 Response time histories for the first storeys of buildings (Jankowski 2008).
a Displacement histories. b Pounding force history. c Storey shear force history for the left
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collision took place only at the level of the third storeys. Figures 3.6a, 3.7a and 3.8a
indicate that already after the first impact, the left building (lighter and more flexible
one) rebounded so substantially that it entered into the yielding range at the level of
all three storeys (see Figs. 3.6c, 3.7c and 3.8c). This finally resulted in a significant
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permanent deformation of the left structure, as it can be observed in Fig. 3.9a. On the
other hand, the results of the analysis indicate that the response of the right building
(heavier and stiffer one) was not considerably influenced by the earthquake-induced
pounding between structures (see Fig. 3.9b). Also entering into inelastic range, which
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can be seen in Figs. 3.6d, 3.7d and 3.8d, was mainly due to intensive ground motion
excitation rather than due to pounding with the left building.

The incorporation of the inelastic behaviour of colliding buildings in the
numerical model is very important for modelling of pounding-involved structural
response. In the study described in this section, elastic-perfectly plastic approxi-
mation of storey shear force-drift relation has been assumed. Employing a more
precise model of the inelastic structural behaviour due to earthquake excitation can
further increase the accuracy of the analysis.

The analysis on lumped mass models can also be extended into the transverse as
well as vertical directions (see Jankowski 2008 for details) so as to study the three-
dimensional response of colliding structures during earthquakes.

3.3 Pounding-Involved Response of Base-Isolated Buildings

The use of seismic isolation, which is considered as one of the most promising
alternatives to enhance the structural safety against earthquakes (see, for example,
Mostaghel and Khodaverdian 1987; Buckle and Mayes 1990; Kelly 1993; Jangid
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and Datta 1995; Jankowski and Walukiewicz 1997; Komodromos 2000; Falborski
and Jankowski 2013), results in larger structural displacements increasing the
probability of collisions. Structural pounding in isolated buildings may occur either
at the foundation (base) or at the storey level if structures are insufficiently separated
(Tsai 1997; Malhotra 1997; Dimova 2000; Nagarajaiah and Sun 2001; Matsagar and
Jangid 2003; Komodromos et al. 2007; Komodromos 2008; Ye et al. 2009;
Polycarpou and Komodromos 2010a, b). In this section, let us consider earthquake-
induced pounding between two three-storey buildings analyzed in Sect. 3.2, which
have been additionally equipped with the base isolation system and arranged in two
configurations (see also Mahmoud and Jankowski 2010):

• the left structure is seismically isolated, while the right building has fixed base
(see Fig. 3.10);

• both structures have base isolation systems (see Fig. 3.11).

Fig. 3.10 Model of colliding
three-storey buildings with
isolated and non-isolated
bases

Fig. 3.11 Model of colliding
three-storey buildings with
isolated bases
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Among the developed various types of isolation systems, the use of high
damping rubber bearings (HDRBs) is one of the most attractive solutions. These
bearings have also been used in the present study as the isolation devices. In order
to simulate the behaviour of isolation system in the form of HDRBs, a non-linear
strain-rate dependent model (see Jankowski 2003) has been applied in the analysis.
The model describes the behaviour of the bearing by a non-linear elastic spring-
dashpot element with the stiffness and damping coefficients, KbðtÞ; CbðtÞ; obtained
for the actual values of displacement, xbðtÞ, and velocity, _xbðtÞ, of the structural
base using the following formulae (Jankowski 2003):

KbðtÞ ¼ a1 þ a2 xbðtÞð Þ2þa3 xbðtÞð Þ4

þ a4
cosh2 a5 _xbðtÞð Þ þ

a6
cosh a7 _xbðtÞð Þ cosh a8xbðtÞð Þ

ð3:4aÞ

CbðtÞ ¼ a9 þ a10 xbðtÞð Þ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a211 þ _xbðtÞð Þ2

q ð3:4bÞ

where a1–a11 are parameters of the model which are obtained by fitting the
experimental data using the method of the least squares.

3.3.1 Pounding Between Isolated and Non-isolated Building

In the case when the left building is seismically isolated and the right one has fixed
base (Fig. 3.10), the inelastic dynamic equation of motion can be written as
[compare Eqs. (3.1a–3.1d)]:

Mx
::ðtÞ þ CðtÞ _xðtÞ þ FSðtÞ þ FðtÞ ¼ �M1€xgðtÞ ð3:5aÞ
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3
7777777777775

ð3:5bÞ
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CðtÞ ¼
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where, mL
b ; €x

L
bðtÞ; _xLbðtÞ are the mass, acceleration and velocity of the base of the left

building, respectively; and FbðtÞ is the pounding force at the base level [see
Eq. (3.2)]. It has been assumed in the analysis that the left building has been
equipped with 4 circular HDRBs with the following parameters of the bearing’s
model (see Example 3 in Jankowski 2003): a1 ¼ 4:1051� 105 N/m; a2 ¼ �1:7238�
103 N/m3; a3 ¼ �98:611 N/m5; a4 ¼ 1:2261� 105 N/m; a5 ¼ 5:0777 s/m; a6 ¼
3:5740� 105 N/m; a7 ¼ 6:9069 s/m; a8 ¼ 48:371 1=m; a9 ¼ 1:0169� 104 N; a10 ¼
8:0471� 104 N/m2; a11 ¼ 0:15621 m/s:

The examples of the peak responses of buildings with respect to the in-between
gap size under the NS component of the El Centro earthquake are shown in
Fig. 3.12. Additionally, the peak base displacements, accelerations and pounding
forces are presented in Fig. 3.13 (see also Mahmoud and Jankowski 2010). It can be
seen from Fig. 3.12b, d that the non-isolated left building (heavier and stiffer one)
shows almost constant peak displacements and accelerations for all the gap dis-
tances considered in the study. On the other hand, the peak displacements and
accelerations for the storeys of the isolated left building with lighter and more
flexible superstructure show larger differences (see Fig. 3.12a, c). The results show
the increase in the peak response values up to a certain gap size distance and with
further increase in the gap value, a decrease trend can be observed. It can also be
seen from Fig. 3.12e that pounding forces have a decrease tendency with the
increase in the gap distance showing significant differences between higher and
lower storey levels. Moreover, it has been noticed (see Fig. 3.13) that the peak
pounding forces at the base level of isolated building increase up to a certain value
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of the gap distance and with further increase in the gap, a decrease trend can be
observed. Similar trend can also be seen for the peak base accelerations obtained at
different separation distances. On the other hand, the peak base displacements
increase with the increase in the gap distance between buildings.

3.3.2 Pounding Between Two Isolated Buildings

In the second configuration, the pounding-involved seismic response of two
buildings with isolated bases (see Fig. 3.11) has been considered. In this case, the
dynamic equation of motion takes the form [compare Eqs. (3.1a–3.1d) and (3.5a–
3.5d)]:
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Fig. 3.13 Peak responses of isolated base of the left building with respect to the gap size
(Mahmoud and Jankowski 2010). a Peak base displacement. b Peak base acceleration. c Peak
pounding force at base

3.3 Pounding-Involved Response of Base-Isolated Buildings 49



CðtÞ ¼

CL
b ðtÞ þ CL

1 �CL
1 0 0 0 0 0 0

�CL
1 CL

1 þ CL
2 �CL

2 0 0 0 0 0
0 �CL

2 CL
2 þ CL

3 �CL
3 0 0 0 0

0 0 �CL
3 CL

3 0 0 0 0
0 0 0 0 CR

b ðtÞ þ CR
1 �CR

1 0 0
0 0 0 0 �CR

1 CR
1 þ CR

2 �CR
2 0

0 0 0 0 0 �CR
2 CR

2 þ CR
3 �CR

3
0 0 0 0 0 0 �CR

3 CR
3

2
66666666664

3
77777777775

ð3:6cÞ

FSðtÞ ¼

KL
b ðtÞxLbðtÞ � FL

S1ðtÞ
FL
S1ðtÞ � FL

S2ðtÞ
FL
S2ðtÞ � FL

S3ðtÞ
FL
S3ðtÞ

KR
b ðtÞxRb ðtÞ � FR

S1ðtÞ
FR
S1ðtÞ � FR

S2ðtÞ
FR
S2ðtÞ � FR

S3ðtÞ
FR
S3ðtÞ

2
66666666664

3
77777777775
; FðtÞ ¼

FbðtÞ
F1ðtÞ
F2ðtÞ
F3ðtÞ
�FbðtÞ
�F1ðtÞ
�F2ðtÞ
�F3ðtÞ

2
66666666664

3
77777777775
; 1 ¼

1

1

1

1

1

1

1

1

2
666666666666664

3
777777777777775

ð3:6dÞ

where mR
b ; €x

R
b ðtÞ; _xRb ðtÞ are the mass, acceleration and velocity of the base of

the right building, respectively. In addition to the isolation of the left building (see
Sect. 3.3.1 for details) it has been assumed in the analysis that the right building has
been equipped with 4 square HDRBs with the following parameters of the bearing’s
model (see example 1 in Jankowski 2003): a1 ¼ 7:5509� 106 N/m; a2 ¼ 3:8939�
106 N/m3; a3 ¼ 1:3423� 108 N/m5; a4 ¼ 3:1749� 106 N/m; a5 ¼ 1:4906 s/m; a6 ¼
2:8303� 107 N/m; a7 ¼ 7:1213 s/m; a8 ¼ 45:693 1/m; a9 ¼ 4:9075� 105 N;
a10 ¼ 2:2888� 106 N/m2; a11 ¼ 0:58681 m/s:

The examples of the results of the study conducted under the NS component of
the El Centro earthquake are shown in Figs. 3.14 and 3.15 (see also Mahmoud and
Jankowski 2010). It can be seen from Fig. 3.14 that both isolated buildings are
considerably influenced by earthquake-induced structural pounding. For both
buildings, the peak displacements and accelerations for the storeys increase up to a
certain value of the gap distance and with further increase in the gap, a decrease
trend has been recorded. The impact forces first increase with the increase in the gap
distance and then they show a decrease trend after passing a certain gap size value.
All the storeys show quite similar relations between the peak responses (dis-
placements and accelerations) and the gap distance. On the other hand, the peak
pounding forces show significant differences between higher and lower storey
levels. It can also be seen from Fig. 3.15 that the peak base displacements increase
with the increase in the gap distance, whereas the curves of the peak base accel-
erations and the peak pounding forces at the bases show the initial increase with
further decrease trend as the gap size increases.
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3.4 Pounding-Involved Response of Buildings
Considering SSI

It has been considered in the analyses described in Sects. 3.1 and 3.2 that buildings
have fixed structural supports. Also, the non-isolated right building analyzed in
Sect. 3.3.1 has been considered to be fixed at its base. However, the assumption of
fixed-base supports has been proved to be valid only for structures founded on rock
or soil of high stiffness. In the reality, flexibility of supporting soil leads to
movements of the foundation resulting in the decrease in global stiffness of
structures (Wakabayashi 1985; Wolf 1987; Przewłócki and Knabe 1995; Stewart
et al. 1999a). Soil-structure interaction (SSI) has captured the interest of a number
of researchers who studied applications of SSI to buildings (see, for example,
Stewart et al. 1999a, b; Bhattacharya et al. 2004; Dutta and Rana 2010; Halabian
and Erfani 2010; Fariborz and Ali 2013; Mahmoud et al. 2012). In this section, let
us study earthquake-induced pounding between two three-storey buildings con-
sidered in Sect. 3.2, taking into account the effect of the supporting soil flexibility
(see also Mahmoud et al. 2013). In order to account for the horizontal and rotational
movements of the supporting soil, swaying as well as rocking springs and dashpots
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Fig. 3.14 Peak responses of two isolated buildings with respect to the gap size (Mahmoud and
Jankowski 2010). a Storeys of the left building. b Storeys of the right building. c Storeys of the left
building. d Storeys of the right building. e Storeys of both buildings
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(see Richart and Whitman 1967; Spyrakos et al. 2009) have been included in the
numerical model (see Fig. 3.16). Additionally, let us also investigate in this section,
the change in the energy imparted to buildings, as the result of incorporation of SSI
in the numerical analysis.

The inelastic dynamic equation of motion for two colliding buildings with
incorporation of SSI, as shown in Fig. 3.16, can be written as [see Spyrakos 2009;
Mahmoud et al. 2013 and compare Eqs. (3.1a–3.1d)]:
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� �
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1 xg
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Fig. 3.15 Peak responses of isolated bases of building with respect to the gap size (Mahmoud and
Jankowski 2010). a Peak left base displacement. b Peak right base displacement. c Peak left base
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force at the right base
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Fig. 3.16 Model of colliding three-storey buildings with incorporation of SSI
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where h is the height of buildings, xL0ðtÞ; xR0 ðtÞ; /LðtÞ; /RðtÞ are the displacement
and the rotation angle of the base of the left (upper index L) and the right (upper
index R) building, respectively (see Fig. 3.16) and KL

h ; K
L
r ; K

R
h ; K

R
r ; C

L
h ;

CL
r ; C

R
h ; C

R
r denote the horizontal (lower index h) and rotational (lower index r)

stiffness and damping coefficients of additional springs and dampers used to simulate
the movements of supporting soil for the left and the right building, respectively;
which can be evaluated using the following formulas (Richart and Whitman 1967):
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where m is the Poisson’s ratio of the soil, G is the shear modulus, B and L denote the
width and the length of foundation, bx and b/ are the corrected constants of
swaying and rocking springs, respectively; rh and rr denote the equivalent radii of
foundation for swaying and rocking springs and q is the density of soil. The
maximum shear modulus at low strain, Gmax, is related to the shear wave velocity,
Vs, according to the following expression (Richart and Whitman 1967):

Gmax ¼ qðVsÞ2 ð3:9Þ

The shear modulus used in the analysis has been reduced in order to maintain closer
behaviour of the soil. The modulus reduction curves are often used to solve
dynamic problems when shear strains drive the soil beyond its elastic range. As the
soil enters into the inelastic range, the shear modulus of the soil is reduced sub-
stantially what is related to the decrease in the shear wave velocity. In the case of
the study described in this section, the reduced shear modulus G has been assumed
to be 50 % of Gmax calculated according to Eq. (3.9) (see Richart and Whitman
1967).

The seismic input energy imparted to building under earthquake loading can be
divided into two parts. One part is related to the temporarily stored energy in the
form of kinetic and strain energy. The other part is the energy dissipated through
damping and inelastic deformation in the components of the structure. For the three-
storey buildings, the input energy, IEL

i ðtÞ; IER
i ðtÞ; at ith ði ¼ 1; . . .; 3Þ storey level

for the left and the right structure can be defined at each time, t, as (compare Zahrah
and Hall 1984):

IEL
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mL
i xg

:: ðtÞ _xLi ðtÞdt; IER
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0

mR
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:: ðtÞ _xRi ðtÞdt ð3:10Þ

Similarly, the damping energy, DEL
i ðtÞ; DER

i ðtÞ; the yielding energy,
YEL

i ðtÞ; YER
i ðtÞ and the absorbed kinetic energy, KEL

i ðtÞ; KER
i ðtÞ at each storey

level take the form (compare Zahrah and Hall 1984):

DEL
i ðtÞ ¼
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0
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i _xLi ðtÞ
� �2

dt; DER
i ðtÞ ¼

Z t

0
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dt ð3:11Þ
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In the analysis described in this section, pounding force has been simulated with
the help of the non-linear viscoelastic model according to Eq. (3.2) with the fol-
lowing parameters: �b ¼ 2:75� 109 N/m3=2; �n ¼ 0:35 ðe ¼ 0:65Þ. The initial sep-
aration gap between buildings has been set to d ¼ 0:05 m. The soil density,
Poisson’s ratio and shear wave velocity have been taken to be equal to: q ¼
1:89� 103 kg/m3; m ¼ 0:3 and Vs ¼ 150 m/s; respectively. The corrected constants
of swaying and rocking springs have been taken as: bx ¼ 0:96; b/ ¼ 0:5 and the
equivalent radii of foundation for swaying and rocking springs have been estimated
as equal to: rh ¼ rr ¼ 4 m (Takewaki 2005). The following basic values describing
the structural properties have been used in the analysis (see Mahmoud et al. 2013):

• left building:

mL
1 ¼ mL

2 ¼ mL
3 ¼ 25� 103 kg,

KL
1 ¼ KL

2 ¼ KL
3 ¼ 3:460� 106 N/m;

CL
1 ¼ CL

2 ¼ CL
3 ¼ 6:609� 104 kg/s;

FL
Y1 ¼ FL

Y2 ¼ FL
Y3 ¼ 1:369� 105 N;

• right building:

mR
1 ¼ mR

2 ¼ mR
3 ¼ 100� 103 kg,

KR
1 ¼ KR

2 ¼ KR
3 ¼ 1:736� 108 N/m;

CR
1 ¼ CR

2 ¼ CR
3 ¼ 8:749� 105 kg/s;

FR
Y1 ¼ FR

Y2 ¼ FR
Y3 ¼ 1:442� 107 N:

For the above values, the natural period of the left building has been determined to
be equal to TL ¼ 1:2 s (TL ¼ 1:3 s with SSI), while the natural period of the right
structure has been calculated as equal to TR ¼ 0:7 s (TR ¼ 0:75 s with SSI). In
order to solve the equation of motion (3.7a–3.7h) numerically, the time-stepping
Newmark method (Newmark 1959), with constant time step Dt ¼ 0:001 s, has been
used.

The examples of the results of the study for the NS component of the Imperial
Valley earthquake (15.10.1979, Meloland Overpass Station) are presented below
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(see also Mahmoud et al. 2013). The displacement time histories with SSI [see
Eqs. (3.7a–3.7h)] and without SSI [see Eq. (3.1a–3.1d)] are presented in Fig. 3.17.
The results clearly show that taking into account the rotational and horizontal
movements of the supporting soil leads to the reduction in displacements of the
storeys of both buildings colliding under earthquake excitation. Moreover, the
differences between the peak displacements for responses considering SSI and peak
displacements obtained when SSI is ignored are much more pronounced for the left
(lighter and more flexible) building. The peak displacements obtained for the first,
the second and the third storey of the left building considering SSI are lower by
76.8, 67.0 and 61.8 %, respectively, comparing to the case when SSI is not
incorporated in the numerical analysis.

Figure 3.18 shows the time histories of energy dissipated by damping [see
Eq. (3.11)] for the case of buildings without considering SSI, as compared to the
case when SSI is taken into account. It can be seen from the figure that incorpo-
rating the effects of soil flexibility results in the decrease in the amount of energy
dissipated during the time of the ground motion. Moreover, the curves for each
floor level show sudden jumps which are caused by collisions between buildings.
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Fig. 3.17 Displacement time histories for different storeys of buildings with and without SSI
considering pounding between structures (Mahmoud et al. 2013). a Left building. b Right building
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Ignoring SSI visibly amplifies those jumps leading to the increase in the amount of
dissipated energy for all the considered storey levels of colliding buildings.
Figure 3.18 clearly demonstrates that the influence of SSI on the obtained dissipated
damping energy time histories of adjacent buildings is significant.

The time histories of energy dissipated by yielding [see Eq. (3.12)] with and
without SSI are presented in Fig. 3.19. It is apparent that the obtained energy
responses are highly affected by the simultaneous effect of collisions between
buildings and the supporting base flexibility. The results of the analysis indicate that
the induced pounding forces cause sudden increase in the dissipated yielding
energy responses for the storeys of the left and the right building. However, gen-
erally speaking, the incorporation of the base flexibility decreases the amount of the
energy dissipated by yielding (see Fig. 3.19). Moreover, the storeys of colliding
buildings keep nearly constant values of dissipated yielding energy after the end of
the range in which collisions between buildings take place.
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Fig. 3.18 Dissipated damping energy time histories with and without SSI. a Left building.
b Right building
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Figure 3.20 presents the absorbed kinetic energy time histories at each storey of
colliding buildings [see Eq. (3.13)] with fixed bases as well as for the case when
SSI is incorporated in the analysis. It can be seen from the figure that, for all the
storeys of both buildings, high kinetic energy has been induced during the specific
moments of the time histories, which are related to the moments of collisions.
However, the incorporation of SSI in the analysis considerably decreases the
amount of the absorbed kinetic energy. Moreover, it has been noticed that the
kinetic energy absorbed at levels of lower storeys show smaller values comparing to
the values obtained at higher storey levels. Also, the storeys of the lighter and more
flexible left building absorb higher values of kinetic energy comparing to the energy
which has been absorbed by the storeys of the heavier and stiffer right structure. As
it could be expected, the absorbed kinetic energy represents relatively small amount
of energy comparing to the amount of energy dissipated by damping and yielding.
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Fig. 3.19 Dissipated yielding energy time histories with and without SSI (Mahmoud et al. 2013).
a Left building. b Right building
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Figure 3.21 shows the variation in the peak absorbed kinetic energy for colliding
buildings considering and ignoring SSI for different values of the in-between gap
size. It can be seen from the figure that the incorporation of the soil flexibility in the
analysis results in substantial decrease in the peak absorbed kinetic energy values,
especially for the storeys of the right building. The results indicate that neglecting
SSI significantly influences the obtained peak values of both buildings and the
influence is larger when the separation gap is small. It can be seen form Fig. 3.21
that, with the increase in separation gap, an increase trend can be observed up to a
certain maximum value, which is followed by a decrease trend and with further
increase in the gap size, the peak absorbed kinetic energy values remain nearly
unchanged. Moreover, minor differences between the peak kinetic energy responses
of the lower storeys of the left building with and without SSI have been obtained at
larger gaps. On the other hand, a significant variation between the obtained peak
energy responses for considering and ignoring the effects of SSI is visible for the
storeys of the right building for all the considered separation gap size values.
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Fig. 3.20 Absorbed kinetic energy time histories with and without SSI (Mahmoud et al. 2013).
a Left building. b Right building
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The results from the non-linear analysis of the insufficiently separated three-
storey buildings shown in Figs. 3.17, 3.18, 3.19, 3.20 and 3.21 indicate that the
incorporation of the soil flexibility decreases the dissipated and absorbed energy
demand and consequently leads generally to the reduction in structural responses. It
is worth noting that the measure of structural damage is highly related to the
ductility and hysteretic energy demands, i.e. the hysteretic (yielding) energy
demand is an important factor for the damage index (see Symans et al. 2008).
Generally speaking, the smaller the hysteretic (yielding) energy demand the smaller
the damage index measure. Therefore, the results of the study indicate that ignoring
the effects of SSI overestimates the damage measure of colliding structures under
earthquake excitations.
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Fig. 3.21 Peak absorbed kinetic energy with and without SSI with respect to the gap size between
buildings (Mahmoud et al. 2013). a Left building. b Right building
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3.5 Pounding-Involved Response Analysis Using FEM

The most precise results are usually obtained with the help of FEM which allows us
to create models of buildings with detailed representation of their geometry. It can
be especially important in the case of the analysis on eccentric pounding, which is
induced due to torsional vibrations of structures (Polycarpou et al. 2014). In this
section, as an example of such analysis, let us consider a case of pounding between
the Olive View Hospital main building and one of its independently standing
stairway towers during the San Fernando earthquake of 1971 (see also Jankowski
2009, 2012).

The FE model of interacting buildings (two reinforced concrete structures)
consisting of 11,610 elements is shown in Fig. 3.22. All structural members, i.e.
columns, walls and slabs have been modelled by multi-layer (rebar elements
embedded into concrete) four-node quadrilateral shell elements with multiple
integration points through the thickness. The details of geometric properties have
been specified according to the descriptions given by Bertero and Collins (1973)
and Mahin et al. (1976). Structural bases of the main building have been rigidly
fixed to the ground and the soil-structure interaction has not been considered. In the
case of the stairway tower, however, rocking of its foundation has been taken into
account by introducing rotational springs with the rotational stiffness of 109 Nm/rad
for both horizontal directions. The natural periods for the main building have been
determined as equal to: T1 ¼ 0:64 s; T2 ¼ 0:61 s; T3 ¼ 0:52 s for the transverse
(Y direction), longitudinal (X direction) and torsional vibrations, respectively. On
the other hand, the stairway tower has been characterized by the natural periods
equal to: T1 ¼ 0:40 s;T2 ¼ 0:21 s; T3 ¼ 0:15 s for the longitudinal (X direction),
transverse (Y direction) and torsional vibrations, respectively. Viscous damping of
the Rayleigh type has been employed in the models to simulate the dissipation of
energy during vibration of structures (see Clough and Penzien 1993; Hall 2006).
The damping matrix has been assumed to be linearly proportional to the stiffness
matrix. Structural damping has been taken to be equal to 5 % of critical in the
elastic mode of vibration in the longitudinal direction for each structure (see Bertero
and Collins 1973; Mahin et al. 1976). The non-linear material behaviour, including
stiffness degradation of concrete under cyclic loading as well as elasto-plastic
model of steel, has been incorporated in the models of analyzed structures (see
Jankowski 2009 for details). Pounding between the stairway tower and the main
building has been controlled by gap-friction elements, placed between the structures
(see Fig. 3.22b), allowing to close the gap in the longitudinal direction and impose
friction forces in the transverse and vertical directions when contact has been
detected. The separation gap of 0.1016 m (4 inches) has been left between the
structures (see Bertero and Collins 1973). In the analysis, the friction coefficient of
0.5 has been applied.

62 3 Pounding Between Buildings



The detailed, three-dimensional pounding-involved analysis has been conducted
with the time step of Dt ¼ 0:001 s. The scaled N16°W, N74°E and UD components
of the San Fernando earthquake of 1971, recorded at the Pacoima Dam station (see
Mahin et al. 1976 for details), have been applied along the longitudinal, transverse
and vertical direction, respectively. The structural response has been determined
using the time-stepping Newmark method with the standard parameters: c ¼ 0:5
and b ¼ 0:25. The examples of the results are presented below.

Fig. 3.22 FE model of interacting stairway tower and main building (Jankowski 2009). a General
view. b Details of separation gap
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3.5.1 Response in the Longitudinal Direction

Figure 3.23 shows the displacement time histories for the stairway tower (node 1)
and the main building (node 2), whereas Figs. 3.24 and 3.25 present a comparison
between the pounding-involved and independent vibration (large separation gap)
responses of both structures. It can be clearly seen from Figs. 3.23 and 3.24 that the
behaviour of the stairway tower (lighter structure) in the longitudinal direction is
substantially influenced by earthquake-induced pounding. The results indicate that
the peak response of this structure is increased due to collisions by as much as
46.8 %. On the other hand, Figs. 3.23 and 3.25 show that the longitudinal response
of the Olive View Hospital main building (heavier building) is nearly unaffected by
structural pounding. In the case of this structure, a change in the peak displacement
during the analyzed earthquake is as low as 0.4 %.

3.5.2 Response in the Transverse Direction

The pounding-involved and independent vibration displacement time histories of
the stairway tower (node 1) and the main building (node 2) in the transverse
direction are shown in Figs. 3.26 and 3.27, respectively. It can be seen from the first
figure that, similarly as in the case of the longitudinal direction, the transverse
response of the stairway tower is changed substantially due to impacts. In the case
of the transverse direction, however, the value of the peak displacement of the
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pounding-involved response decreases, and this reduction is equal to 17.9 %. On
the contrary to the stairway tower, the behaviour of the main building in the
transverse direction is only slightly influenced by structural interactions, as it can be
seen in Fig. 3.27. In this case, the peak displacement obtained during the earthquake
is the same for the pounding-involved and independent vibration response cases,
since this value has been reached before the first contact.

3.5.3 Torsional Response

Figures 3.28 and 3.29 show the comparison between the pounding-involved and
independent vibration time histories of the rotation angle at the top floor of the
stairway tower and the main building, respectively. The results presented in the
figures indicate that torsional vibrations of both structures are important compo-
nents of the overall structural responses, even without pounding. They are induced
during the earthquake due to structural eccentricity caused by asymmetric plan of
the structures. However, it can be clearly observed from Fig. 3.28, that torsional
vibrations of the stairway tower are substantially increased as the result of colli-
sions. In the case of this structure, the increase in the peak value of the rotation
angle at the top floor is as high as 122.1 %. On the other hand, Fig. 3.29 shows that
the torsional response of the Olive View Hospital main building is only slightly
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influenced by structural interactions. A change in the peak value of the rotation
angle at the top floor of this structure during the whole time of the seismic exci-
tation is only 0.1 %.
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Chapter 4
Pounding Between Bridge Segments

On the contrary to buildings (see, for example, Anagnostopoulos 1988; Maison and
Kasai 1992; Jankowski 2005, 2007; Karayannis and Favvata 2005; Mahmoud and
Jankowski 2009, 2011; Mahmoud et al. 2013; Sołtysik and Jankowski 2013;
Polycarpou et al. 2014), earthquake-induced structural pounding in bridges has not
been studied so intensively. Fundamental analysis on interactions between super-
structure segments in elevated bridges was conducted using a multi-degree-of-
freedom (MDOF) lumped mass model of the structure (Jankowski et al. 1998). The
relative displacement spectra of two colliding single-degree-of-freedom (SDOF)
bridge systems were studied by Ruangrassamee and Kawashima (2001). DesRoches
and Muthukumar (2002) applied the simplified lumped mass model of the structure
to investigate the effects of pounding on seismic response of multi-frame bridges.
The influence of ground motion spatial variation and the soil-structure interaction
(SSI) on the relative response of two bridge frames was also studied by Chouw and
Hao (2005, 2008).

More detailed analyses focused on earthquake-induced interactions in bridge
structures were conducted with the use of finite element method (FEM). A number
of pounding reduction methods were investigated by considering a model of the
bridge with superstructure segments and piers modelled as elastic beam-column
elements (Jankowski et al. 2000). Chouw et al. (2006) modelled girders and piers as
beam-column elements to study the influence of multi-sided collisions on the bridge
response due to spatially varying ground excitations. The detailed three-dimen-
sional FEM analysis of pounding-involved response of the bridge to spatially
varying ground motions was also conducted by Bi et al. (2013).

4.1 Pounding-Involved Response of the Bridge Modelled
as MDOF System

Let us first consider a bridge structure as a MDOF system so as to conduct a basic
analysis on the influence of pounding between superstructure segments on the
structural response under earthquake excitation. The fundamental analysis can be

© Springer International Publishing Switzerland 2015
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conducted using a simplified lumped mass bridge model with every superstructure
segment discretized as a SDOF system. In the model, pounding between segments
is induced by the seismic wave passage effect (see Der Kiureghian 1996). The
ground motion excitation is described by identical acceleration records shifted in
time for different structural supports along the bridge.

4.1.1 Description of the Analyzed Structure

A model of an isolated elevated highway bridge, specified according to the Manual
for Menshin Design of Highway Bridges, has been used to study the influence of
pounding on the structural response (Kawashima et al. 1993). The deck of the bridge
consists of three-span-continuous prestressed concrete segments with a mass of
2� 104 kg/m. The span length and the width of one superstructure segment are 40
and 14 m, respectively. A substructure consists of reinforced concrete piers of equal
height of 11.5 m. Two high damping rubber bearings (HDRBs) support the super-
structure at every pier. The cross section area and the thickness of rubber layers in a
single bearing are 0.7921 m2 and 0.082 m, respectively. The view of the bridge is
presented in Fig. 4.1. Its longitudinal and transverse cross section as well as the cross
section of pier are shown in Figs. 4.2 and 4.3, respectively. The properties of
structural members of the bridge are summarized in Tables 4.1 and 4.2.

4.1.2 Response of the Bridge Using One-Dimensional
Structural Model

In order to obtain a better performance of an isolated bridge, the natural period of
superstructure is usually extended, whereas piers are constructed possibly rigid. In
the case of the analyzed structure, the ratio between the natural frequencies of the
pier-dominant mode and the deck-dominant mode is equal to 11. Thus, in the
fundamental analysis of pounding, the contribution of the dynamics of piers to
the response of the bridge can be neglected. Under this simplification, every
superstructure segment can be treated as SDOF system with lumped mass mi. It is
assumed to be mounted on non-linear spring-dashpot element, which combines
stiffness and damping coefficients, KiðtÞ, CiðtÞ, of all HDRBs supporting the seg-
ment as shown in Fig. 4.4.

Let us focus the analysis on a single superstructure segment of an infinitely long
bridge. It has been noticed that, because of pounding, its response substantially
depends on the displacement histories of a few adjacent bridge segments from both
sides (Jankowski et al. 1998). It can be expected that the influence of vibrations of
the segments located far from the section of interest decreases with distance. Since
the theoretical derivation of the necessary bridge model and edge conditions prac-
tically is impossible, the selection of the model has been determined through
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numerical simulations (see Jankowski et al. 1998 for details). By decreasing the
number of superstructure segments taken into account, it has been found that for
models consisting of seven or more segments, the response of the middle segment is
very similar. In order to reduce the size of the bridge model even further, and thus
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Fig. 4.1 View of analyzed
elevated highway bridge
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speed up the numerical calculations, a five-segment model with simulation of
neglected segments by spring-dashpots (with the same properties as impact ele-
ments) has been considered. Such a simplified 5 degree-of-freedom model of the
bridge is shown in Fig. 4.5. For this configuration, the influence of edge conditions is
reduced and the peak response of the middle superstructure segment for different gap
sizes is similar to the case of model with seven segments (see Jankowski et al. 1998).
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Table 4.1 Bridge material properties

Material Young’s modulus (GPa) Strength (MPa)

Concrete 24.54 11.772

Reinforcement steel 200 425

Table 4.2 Properties of bridge structural members

Structural
element

Mass density
(kg/m3)

Mean cross section
area (m2)

Modal damping
ratio

Superstructure 1177 17 0.03

HDRB – 0.7921 0.14

Top of pier 3788 15.408 0.05

Pier 3788 10.8 0.05

Footing 2520 59.29 0.1

Fig. 4.4 Lumped mass model of a single superstructure segment
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The dynamic equation of motion for the non-linear 5 degree-of-freedom model
of the bridge under earthquake excitation (see Fig. 4.5) can be written in the matrix
form as:

M€xðtÞ þ CðtÞ _xðtÞ þKðtÞxðtÞ þ FðtÞ ¼ �M€xgðtÞ ð4:1aÞ

M ¼

m1 0 0 0 0
0 m2 0 0 0
0 0 m3 0 0
0 0 0 m4 0
0 0 0 0 m5

2
66664

3
77775; €xðtÞ ¼

€x1ðtÞ
€x2ðtÞ
€x3ðtÞ
€x4ðtÞ
€x5ðtÞ

2
66664

3
77775; _xðtÞ ¼

_x1ðtÞ
_x2ðtÞ
_x3ðtÞ
_x4ðtÞ
_x5ðtÞ

2
66664

3
77775;

xðtÞ ¼

x1ðtÞ
x2ðtÞ
x3ðtÞ
x4ðtÞ
x5ðtÞ

2
66664

3
77775

ð4:1bÞ

CðtÞ ¼

C1ðtÞ 0 0 0 0
0 C2ðtÞ 0 0 0
0 0 C3ðtÞ 0 0
0 0 0 C4ðtÞ 0
0 0 0 0 C5ðtÞ

2
66664

3
77775; FðtÞ ¼

F12ðtÞ � F01ðtÞ
F23ðtÞ � F12ðtÞ
F34ðtÞ � F23ðtÞ
F45ðtÞ � F34ðtÞ
F56ðtÞ � F45ðtÞ

2
66664

3
77775

ð4:1cÞ
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KðtÞ ¼

K1ðtÞ 0 0 0 0
0 K2ðtÞ 0 0 0
0 0 K3ðtÞ 0 0
0 0 0 K4ðtÞ 0
0 0 0 0 K5ðtÞ

2
66664

3
77775; €xgðtÞ ¼

€xg1ðtÞ
€xg2ðtÞ
€xg3ðtÞ
€xg4ðtÞ
€xg5ðtÞ

2
66664

3
77775 ð4:1dÞ

where €xiðtÞ, _xiðtÞ, xiðtÞ ði ¼ 1; . . .; 5Þ are the acceleration, velocity and displacement
(in the longitudinal direction) of a superstructure segment with mass mi, €xgiðtÞ is the
acceleration of input ground motion acting on ith superstructure segment and
Fi;iþ1ðtÞ denotes pounding force between superstructure segments with masses mi,
miþ1.

In the analysis, pounding force, Fi;iþ1ðtÞ, has been simulated with the help of the
linear viscoelastic model according to the formula [compare Eq. (2.6)]:

Fi;iþ1ðtÞ ¼ 0 for di;iþ1ðtÞ� 0 ðno contactÞ
Fi;iþ1ðtÞ ¼ ki;iþ1di;iþ1ðtÞ þ ci;iþ1ðtÞ _di;iþ1ðtÞ for di;iþ1ðtÞ[ 0 ðcontactÞ

ð4:2Þ

where:

di;iþ1ðtÞ ¼ xiðtÞ � xiþ1ðtÞ � d; ci;iþ1ðtÞ ¼ 2n
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ki;iþ1

mimiþ1

mi þ miþ1

r
ð4:3Þ

and d is a gap size between superstructure segments of the bridge structure. Based on
the bridge properties, the stiffness and damping coefficients of impact elements have
been determined as equal to: ki;iþ1 ¼ 3:4751� 109 N/m and ci;iþ1 ¼ 1:8081�
107 kg/s (n ¼ 0:14, e ¼ 0:65), respectively (Jankowski et al. 1998). Themass of each
superstructure segment has been calculated as: mi ¼ 2:4� 106 kg. The non-linear
strain-rate dependent model, defined by Eq. (3.4), has been implemented to simulate
the behaviour of HDRBs (see also Jankowski 2003; Mahmoud et al. 2012; Falborski
and Jankowski 2013). The following parameters of the model have been used in the
analysis for a single bearing (Jankowski et al. 1998): a1 ¼ 1:6074� 107 N/m,
a2 ¼ �3:7000� 107 N/m3, a3 ¼ 8:8153� 108 N/m5, a4 ¼ 5:9956� 106 N/m,
a5 ¼ 1:5753 s/m, a6 ¼ 6:0450� 107 N/m, a7 ¼ 7:7280 s/m, a8 ¼ 48:013 1/m,
a9 ¼ 9:7679� 105 N, a10 ¼ 5:1964� 106 N/m2, a11 ¼ 0:59601 m/s. Due to the
seismic wave passage effect, the input acceleration excitation, €xgiðtÞ, acting on every
superstructure segment has been shifted in time by a time-delay parameter. This
parameter depends on the length of segments and the mean apparent seismic wave
velocity, which has been considered to be equal 1000 m/s in the analysis. In order to
solve the equation of motion (4.1a–d) numerically, the time-stepping Newmark
method (Newmark 1959),with parameters: cN ¼ 0:5,bN ¼ 0:25 assuring the stability
and accuracy of the results (see Bathe 1982; Chopra 1995) and constant time step
Dt ¼ 0:005 s, has been used.
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Using the simplified 5 degree-of-freedom lumped mass model from Fig. 4.5, the
response of the bridge in the longitudinal direction has been first studied. The analysis
has been conducted for the NS component of the El Centro earthquake (18May 1940)
scaled to have the value of 8 m/s2 as a peak ground acceleration (PGA). For such a
scaled ground motion, the response of the single superstructure segment gives the
maximum displacement equal to the design one of 0.185 m (Kawashima et al. 1993)
and the maximum shear strain of HBRB approaches 300 % (see Jankowski et al.
1998). The examples of the results of the study in the form of the displacement time
histories of the middle segment, m3, for gaps d ¼ 0:01 m and d ¼ 0:11 m together
with the response when no pounding occurs (large gap sizes) are presented in Fig. 4.6.
For these values of the gap size, the relative displacements, velocities and pounding
forces between segments m3 and m4 are also shown in Figs. 4.7, 4.8 and 4.9.

The results shown in Figs. 4.6, 4.7, 4.8 and 4.9 clearly indicate that pounding
may significantly modify the behaviour of the analyzed bridge. It may either
increase the response of the structure or play a positive role, depending on the
pattern of collisions between adjacent bridge segments. It can be seen from
Fig. 4.9a that the number of impacts for a gap size of 0.01 m is large, however, the
peak pounding force hardly exceeds value of 5� 107 N and the displacement of
the analyzed segment is kept smaller than 0.06 m (see Fig. 4.6). On the other hand,
the pounding force time history for gap values of 0.11 m (see Fig. 4.9b) shows only
a few collisions. The first one results in the pounding force of a magnitude twice
larger than for the bridge with small gaps. The force of this impact has been
combined with the earthquake excitation and stored elastic energy resulting in very
large deformation of the deck, as can be observed at Fig. 4.6. It should also be
underlined, that the response of the bridge without pounding is larger than the
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Fig. 4.6 Displacement time histories of the middle superstructure segment for different gap sizes
between segments (Jankowski et al. 1998)
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response with very small gaps and many collisions, while it is smaller than the
response with larger gaps for which pounding is still observed (see Fig. 4.6).

4.1.3 Response of the Bridge Using Two-Dimensional
Structural Model

The real collision between superstructure segments of a bridge is a complicated
multi-dimensional process. Besides modification of the bridge behaviour in the
longitudinal direction, pounding may also change the structural response in the
transverse direction (Malhotra et al. 1995). During impact, as schematically shown
in Fig. 4.10, the large axial forces in the superstructures, Fi;iþ1ðtÞ, as well as some
transverse friction forces, �Fi;iþ1ðtÞ, due to transverse relative motion of the decks,
are induced. However, since the longitudinal forces, Fi;iþ1ðtÞ, are much higher than
�Fi;iþ1ðtÞ, sliding in the transverse direction is usually not observed.

In order to simulate collisions between superstructure segments in a more precise
way, the simplified model of the bridge (Fig. 4.5) has been extended to account for
two-dimensional horizontal pounding in the way presented in Fig. 4.10. In the
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Fig. 4.7 Relative displacement time history of the middle superstructure segment for different gap
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modified model, the interaction between the segments in the transverse direction
during collision is simulated by a linear dashpot element, �ci;iþ1, with high damping
value describing the stick condition between the deck elements. Therefore, a for-
mula for the transverse force, �Fi;iþ1ðtÞ, between superstructure segments with
masses mi and miþ1 can be written as:

�Fi;iþ1ðtÞ ¼ 0 for di;iþ1ðtÞ� 0 ðno contactÞ
�Fi;iþ1ðtÞ ¼ �ci;iþ1ðtÞð _yiðtÞ � _yiþ1ðtÞÞ for di;iþ1ðtÞ[ 0 ðcontactÞ ð4:4Þ

where _yiðtÞ is a velocity of the ith bridge segment in the transverse direction.
The dynamic equation of motion for the extended non-linear model of the bridge

(5 degrees-of-freedom in each horizontal direction) considering two-dimensional
pounding can be written as:

M 0
0 M

� �
€xðtÞ
€yðtÞ

� �
þ CðtÞ 0

0 �CðtÞ
� �

_xðtÞ
_yðtÞ

� �
þ KðtÞ 0

0 �KðtÞ
� �

xðtÞ
yðtÞ

� �
þ FðtÞ

�FðtÞ
� �

¼ � M 0
0 M

� �
€xgðtÞ
€ygðtÞ

� �
ð4:5Þ

where €xðtÞ, _xðtÞ, xðtÞ, €xgðtÞ, M, CðtÞ, KðtÞ, FðtÞ are given in Eqs. (4.1a–d) and:

€yðtÞ ¼

€y1ðtÞ
€y2ðtÞ
€y3ðtÞ
€y4ðtÞ
€y5ðtÞ

2
66664

3
77775; _yðtÞ ¼

_y1ðtÞ
_y2ðtÞ
_y3ðtÞ
_y4ðtÞ
_y5ðtÞ

2
66664

3
77775; yðtÞ ¼

y1ðtÞ
y2ðtÞ
y3ðtÞ
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2
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3
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m m
i i+1

k
i,i+1

c
i,i+1

m

m
i

i+1

segment 'i'
segment 'i+1'

i,i+1

longitudinal 
direction

transverse 
direction

F   (t)

_

i,i+1 F   (t)
i,i+1

F   (t)
i,i+1

_
F   (t)

i,i+1

c
_

Fig. 4.10 Modelling of two-dimensional impact between superstructure segments of the bridge
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�CðtÞ ¼

�C1ðtÞ 0 0 0 0
0 �C2ðtÞ 0 0 0
0 0 �C3ðtÞ 0 0
0 0 0 �C4ðtÞ 0
0 0 0 0 �C5ðtÞ

2
66664

3
77775; �FðtÞ ¼

�F12ðtÞ � �F01ðtÞ
�F23ðtÞ � �F12ðtÞ
�F34ðtÞ � �F23ðtÞ
�F45ðtÞ � �F34ðtÞ
�F56ðtÞ � �F45ðtÞ

2
66664

3
77775

ð4:6bÞ

�KðtÞ ¼

�K1ðtÞ 0 0 0 0
0 �K2ðtÞ 0 0 0
0 0 �K3ðtÞ 0 0
0 0 0 �K4ðtÞ 0
0 0 0 0 �K5ðtÞ

2
66664

3
77775; €ygðtÞ ¼

€yg1ðtÞ
€yg2ðtÞ
€yg3ðtÞ
€yg4ðtÞ
€yg5ðtÞ

2
66664

3
77775 ð4:6cÞ

where €yiðtÞ, _yiðtÞ, yiðtÞ ði ¼ 1; . . .; 5Þ are the acceleration, velocity and displacement
of a superstructure segment with mass mi in the transverse direction and €ygiðtÞ is the
acceleration of input ground motion in the transverse direction acting on ith
superstructure segment (shifted in time for every segment due to seismic wave
passage effect).

In order to solve the equation of motion (4.5) numerically, the time-stepping
Newmark method with constant time step Dt ¼ 0:005 s, has been used. The anal-
ysis has been carried out for two different ground motions. Together with the
previously used El Centro excitation, acceleration records of the Kobe earthquake
(17 January 1995) have also been applied. NS components of the ground motions
have been used to act in the longitudinal direction of the bridge axis and EW
components in the transverse one. The records of the excitations have been scaled
to give the response with the maximum shear strain of HDRB at the level of 300 %
(see Jankowski et al. 1998 for details). Original and scaled PGA values of the
earthquake excitations are shown in Table 4.3.

The parametric study has been conducted for different values of the gap size
between superstructure segments and the apparent seismic wave velocity under
specified in Table 4.3 earthquake excitations. The peak shear forces for the middle
segment, m3, with respect to these parameters for the longitudinal and transverse
directions are presented in Figs. 4.11 and 4.12. It can be seen from the figures that the
structural response under two-dimensional pounding follows a similar pattern for two
different earthquake excitations. The results confirm the significant influence of the
gap size between superstructure segments on the bridge behaviour in the longitudinal

Table 4.3 Earthquake excitations used in the two-dimensional analysis

Earthquake Component Original PGA (m/s2) PGA after scaling (m/s2)

El Centro NS 3.402 8.000

EW 1.772 4.167

Kobe
(JMA station)

NS 8.178 5.500

EW 6.171 4.150
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direction, as described previously in Sect. 4.1.2. They indicate that the largest shear
forces can be expected for bigger gaps for which collisions are still observed.
Figures 4.11 and 4.12 also show the dependence of the apparent seismic wave
velocity on the response of the bridge structure. It can be seen that for smaller velocity
values, peak shear forces are usually lower but bigger gaps are needed to prevent
pounding. On the other hand, for higher velocities, shear forces are generally larger,
although, smaller gaps can be applied to avoid collisions. A similar trend in relation to
the gap size and the apparent seismic wave velocity is observed for both bridge

Fig. 4.11 Peak shear forces with respect to the gap size between superstructure segments and the
seismic wave velocity under the El Centro earthquake (Jankowski et al. 1998) a longitudinal
direction; b transverse direction
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directions. In the case of the transverse direction, however, different values of these
parameters do not modify the behaviour of the structure so significantly.

The peak pounding forces acting on the middle superstructure segment with
respect to the gap size between segments for the apparent seismic wave velocity of
1000 m/s are shown in Fig. 4.13 (compare Jankowski et al. 1998). It can be seen
from the figure that, for both the El Centro and Kobe earthquakes, with the increase

Fig. 4.12 Peak shear forces with respect to the gap size between superstructure segments and the
seismic wave velocity under the Kobe earthquake (Jankowski et al. 1998) a longitudinal direction;
b transverse direction
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in the gap size up to about 0.11–0.13 m, forces due to collisions become bigger.
Then, their magnitudes fall sharply to zero when gaps are large enough to prevent
collisions.

4.2 Pounding-Involved Response Analysis Using FEM

The fundamental analysis of pounding between superstructure segments of the
bridge presented in Sect. 4.1 has provided the qualitative information about the
influence of collisions on the overall structural response. That study, however, has
been conducted on a simple lumped mass model in which the whole superstructure
segments have been discretized as SDOF systems and the contribution of the
dynamics of piers to the total response has not been taken into account. The
influence of rotation of deck segments, due to corner collisions, as well as
the spatial seismic effects, related to the propagation of seismic wave, have also
been neglected. In this section, let us study the pounding-involved response of the
bridge under earthquake excitation with the help of the FEM by considering a more
detailed model of the structure.

4.2.1 Detailed Modelling of Structural Members
of the Bridge

In order to carry out a more accurate study, the superstructure segments and piers of
elevated highway bridge, presented in Figs. 4.1, 4.2 and 4.3 and described in
Sect. 4.1.1, have been discretized as elastic beam-column elements with distributed
mass and rubber bearings have been modelled by spring-dashpots. The three-
dimensional single pier section model of the structure is shown in Fig. 4.14.

0

5 107

1 108

1.5 108

0 0.04 0.08 0.12 0.16 0.2

El Centro
Kobe

P
ou

nd
in

g 
fo

rc
e 

(N
)

Gap (m)
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The non-linear strain-rate dependent model, with parameters described in
Sect. 4.1, has been implemented in the numerical model to simulate the behaviour
of HDRBs in the longitudinal and transverse directions. On the other hand, the
effective vertical stiffness of rubber bearing can be calculated from the formula
(Kelly 1993):

Kv
b ¼

EcAb

tr
ð4:7Þ

where Ab is an area of bearing, tr is a total thickness of rubber in bearing and Ec is
the instantaneous compression modulus of the rubber-steel composite under the
specified level of vertical load, which can be described as (Kelly 1993):

Ec ¼ Kr 1� sinh bs
bs cosh bs

� 8
p2

X1
k¼1;3;5...

b2s
k2 b2s þ k2p2

4

� �: sinh bk
bk cosh bk

" #
ð4:8Þ

where:

bs ¼ 96
Gr

Kr

� �1
2

Sp ð4:9Þ

bk ¼ b2s þ
k2p2

4

� �1
2

ð4:10Þ

In the above equations, Kr and Gr stand for the bulk and shear modulus of
rubber, respectively; and Sp is a shape factor of a single rubber layer which, for a
square pad of side, ap, and thickness, tp, can be computed from equation:
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Fig. 4.14 Detailed three-dimensional model of a single pier section of the bridge
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Sp ¼ ap
4tp

ð4:11Þ

The equivalent damping coefficient of a HDRB in the vertical direction, Cv
b, can

be obtained using formula (Chopra 1995):

Cv
b ¼ 2nvb

ffiffiffiffiffiffiffiffiffi
mKv

b

p ð4:12Þ

where nvb is a damping ratio in the vertical direction and m is the mass of the
superstructure being supported by bearing. Applying Eqs. (4.7)–(4.12), the effective
vertical stiffness and damping (for nvb ¼ 0:14) coefficients of analyzed pair of
HDRBs have been calculated as: Kv

b¼ 1:86657� 1010 N/m and Cv
b¼ 3:4216�

107 kg/s, respectively.
The linearized parameters of the pier, based on its cross section properties, have

been applied to model its behaviour under dynamic load due to earthquake exci-
tation. The cross section itself (shown in Fig. 4.3) has been designed to accom-
modate the internal forces occurring at the base of the pier under the Kobe
earthquake (17 January 1995) applied in all three directions. For the design pur-
poses, the three-dimensional single pier section model of the bridge (see Fig. 4.14)
has been used. The iterative procedure has been conducted for different cross
section dimensions and reinforcement ratios. The structural dynamic response for
every analyzed case has been obtained using the time-stepping Newmark method
(Newmark 1959) with the standard parameters: cN ¼ 0:5, bN ¼ 0:25. Similarly as
for the lumped mass 5 degree-of-freedom model, the constant time step of Dt ¼
0:005 s has been applied in the analysis. The bending moment time histories in the
longitudinal and transverse directions as well as the time history of the vertical axial
force at the pier base are presented in Figs. 4.15 and 4.16. The design of the pier has
been conducted for the peak values of bending moments: Mx¼ 6:2864� 107 Nm,
My¼ 4:9886� 107 Nm and the minimum axial force Pv¼ 8:4931� 106 N as
yielding of the tensile reinforcement is expected to cause the failure in the analyzed
structural member. The strength of the pier has been studied with the help of
interaction diagram for biaxial loading of reinforced concrete column (see
Fig. 4.17) representing a plot of moments and axial load for which failure occurs
(White et al. 1974). The moments of inertia for the specified in this way and fully
cracked pier cross section have been calculated using the transformed area concept
(White et al. 1974) as: Ix¼ 5:805 m4, Iy¼ 7:253 m4 in the longitudinal and trans-
verse direction, respectively.

Viscous damping of the Rayleigh type has been employed in the structural
model to simulate the dissipation of energy during pier vibrations (see Clough and
Penzien 1993; Hall 2006). The damping matrix has been assumed to be linearly
proportional to the stiffness matrix with structural damping equal to 0.05.
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4.2.2 Modelling of Earthquake Records for Different Bridge
Supports

The difference in the arrival times of seismic wave at various support locations of
the bridge piers has been assumed in the analysis described in Sect. 4.1. In the
reality, however, the ground motion differs from place to place not only due to
the wave passage effect but also due to other spatial seismic effects related to the
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Fig. 4.15 Bending moment time histories at the base of the pier under the Kobe earthquake
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propagation of seismic wave (see Pei and Papageorgiou 1996; Semblat et al. 2000;
Dimitriu et al. 2001; Zendagui and Berrah 2002; Dulińska 2012). These effects
include (Der Kiureghian 1996) the loss of coherency of seismic wave due to
scattering in the heterogeneous medium of the ground and due to differential
superimposition of waves arriving from an extended source (incoherence effect) as
well as the spatially varying local soil conditions (site response effect). Previous
studies have indicated that the variation of ground motion in space and time may
significantly influence the dynamic response of long structures, especially long
bridges (see, for example, Nazmy and Abdel-Ghaffar 1992; Harichandran et al.
1996; Zembaty 1997; Dulińska 2011).

The deterministic approach to the propagation of seismic wave is very complex
and requires a detailed knowledge of the fault size, rupture mechanisms, propa-
gation paths (reflections, refractions), distance from the epicentre and local geo-
logical and topographical conditions (O’Connor and Ellingwood 1992; Yuan and
Men 1992; Reinoso et al. 1997; Semblat et al. 2005). Since these data are usually
not fully available, the stochastic approach has been proved to be useful and suc-
cessfully applied in problems of earthquake engineering (see Vanmarcke 1983;
Sobczyk 1984; Harichandran and Vanmarcke 1986; Harada and Shinozuka 1988;
Deodatis et al. 1990; Zerva and Shinozuka 1991).

In order to generate earthquake records for different structural supports based on
the specified time history, the conditional stochastic modelling methods are often
used (see, for example, Kameda and Morikawa 1992, 1994; Vanmarcke and Fenton
1991; Jankowski and Walukiewicz 1997). Such a method has also been applied in
this work for the determination of ground motion records for different support

Mx
My

M

Mx My

Pv

concrete 
compression  
failure

reinforcement 
tension  
failure

Pv

Fig. 4.17 Interaction diagram for biaxial loading of reinforced concrete column
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locations of the analyzed bridge structure shown in Fig. 4.1. The ground motion
time histories for the support locations no. 2–16 have been generated based on the
known record, which has been assumed to be specified for the bridge pier no. 1 (the
first one from the left side of the structure). In order to generate the input ground
motions along the bridge, the successive simulation procedure has been applied
(Jankowski and Wilde 2000). It has been assumed during the generation procedure
that the random field consisting of pier bases is highly correlated (scale parameter is
equal to 100) and the seismic wave travels along the bridge with a constant apparent
velocity of 1000 m/s (see Jankowski and Wilde 2000). The examples of the results
of simulations for supports no. 8 and 16, together with the specified record for the
first pier, are presented in Figs. 4.18, 4.19 and 4.20 for the NS, EW and UD
component of the Kobe earthquake, respectively (Jankowski and Wilde 2000).
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Fig. 4.18 Specified (pier no.
1) and simulated (piers no. 8
and 16) ground motions for
the NS component of the
Kobe earthquake (Jankowski
and Wilde 2000)
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These time histories have been used in the dynamic analyses focused on pounding
between bridge segments under non-uniform earthquake excitation described in the
successive sections of the book.

4.2.3 Response of the Bridge Using One-Dimensional
Structural Model

Similarly to the fundamental analysis of pounding between bridge segments
(Sect. 4.1), a one-dimensional numerical model, shown in Fig. 4.21, has been first
developed to study the influence of collisions on the response of the bridge in the
longitudinal direction. In the detailed model, pounding between adjacent super-
structure segments has been controlled by special gap-friction elements, allowing to
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Fig. 4.19 Specified (pier no.
1) and simulated (piers no. 8
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the EW component of the
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connect the ends of segments when they come into contact and thus leading to the
longitudinal deformation of the decks due to collision. The stochastically generated
acceleration records of the NS component of the Kobe earthquake (Fig. 4.18) has
been applied on every pier along the bridge. It has been confirmed that, similarly as
for the lumped mass model, at least five segments should be analyzed with
neglected parts of the bridge simulated as viscoelastic elements, as shown in
Fig. 4.21, in order to receive more accurate response of the middle segment.

The results of the analysis in the form of the peak shear forces and bending
moments at the base of piers of the middle superstructure segment with respect to
the gap size between segments are presented in Fig. 4.22. It can be seen from the
figure that the reaction forces for all piers of analyzed segment show similar ten-
dencies for different gap size values. For very small gap sizes up to about 0.02 m
and big enough to prevent pounding (bigger than 0.22 m), the lowest response has
been recorded. Additionally, smaller values of reaction forces have also been
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Fig. 4.20 Specified (pier no. 1)
and simulated (piers no. 8
and 16) ground motions for the
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obtained for the middle gap interval of about 0.09–0.13 m. It has been noticed that,
in this specific gap range, pounding itself has good effect leading to the reduction in
the response, although, collision forces are still relatively high.

It can also be seen from Fig. 4.22 that in the range of the big gap size, where
pounding is avoided, the peak reaction forces are different for all analyzed piers.
Moreover, their values can be even larger (for example for pier no. 9) than the
results from the analysis conducted for the single pier section model (see Fig. 4.15).
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This difference in the response of various piers is caused by the spatial seismic
effects related to the propagation of seismic wave.

4.2.4 Response of the Bridge Using Three-Dimensional
Structural Model

It has been assumed in the one-dimensional structural model, considered in
Sect. 4.2.3, that pounding between superstructure segments occurs along the bridge
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Fig. 4.22 Peak reaction forces of the middle segment piers with respect to the gap size between
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axis. In the reality, however, collisions usually take place at corners of the deck
elements. Such contacts may lead to some rotation of segments in the horizontal
plane (rotation in the vertical plane is prevented due to high vertical stiffness of
bearings). The horizontal rotation of segments can have some influence on the
overall response of the bridge and therefore this effect has been incorporated in the
analysis.

For the purpose of a more accurate modelling of collisions, the detailed model of
the bridge shown in Fig. 4.21 has been extended to allow for three-dimensional
pounding occurring between corners of superstructure segments. The introduced
modification of modelling of deck ends is presented in Fig. 4.23. In the model, stiff
beam-column elements (denoted as arms) have been added at the end of every
segment. Two additional gap-friction elements have also been placed between the
potential points of collisions. When contact occurs, they fix the points in the lon-
gitudinal direction and impose friction forces in the transverse and vertical direc-
tions. The introduced modifications make the impact forces, due to collision
occurring at the corners, to be transmitted through the stiff arms to the deck. That
leads to the longitudinal deformation and horizontal rotation of colliding super-
structure segments.

The analysis for the extended model has been conducted under the three-
dimensional Kobe earthquake excitation. The stochastically generated acceleration
records of the NS, EW and UD components of the earthquake (see Figs. 4.18, 4.19
and 4.20) have been applied in the longitudinal, transverse and vertical direction,
respectively. The peak shear forces and bending moments at the bases of the middle
segment piers for the extended three-dimensional model are shown in Figs. 4.24

3D spring- 
-dashpots

gap-friction 
element
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y
z

stiff arms

85
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Fig. 4.23 Three-dimensional
modification of modelling of
the deck ends
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and 4.25 for the longitudinal and transverse direction, respectively. The minimum
vertical axial forces at the pier bases are also presented in Fig. 4.26. It can be seen
comparing Fig. 4.24 with Fig. 4.22 that the difference between the structural
response in the longitudinal direction using one-dimensional and extended three-
dimensional models is not significant. Some minor changes in the peak reaction
force values can be observed mainly in the smaller gap size range where collisions
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occur more often. This fact indicates that the horizontal rotation of the super-
structure segments due to pounding does not modify much the bridge behaviour.
Moreover, it can be seen from Fig. 4.25 that, similarly as for the lumped mass
model (Sect. 4.1), the structural response in the transverse direction is not
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significantly influenced by collisions. The same conclusion may also concern the
bridge behaviour in the vertical direction since minimum axial forces shown in
Fig. 4.26 are very similar for different gap size values.
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Chapter 5
Mitigation of Pounding Effects

An intensive study has been carried out on mitigation of pounding hazards. One of
the objectives is to develop procedures for evaluating an adequate separation dis-
tance between buildings or bridge segments in order to prevent contacts during
earthquakes. The minimum seismic gap is specified in the recent earthquake-
resistant design codes for newly constructed structures (ECS 1998; IS 2002; NBC
2003; IBC 2009). However, due to land shortage and high prices of the land in
many seismic regions, enlarging the separation gap between buildings is not an easy
solution to be accepted by the land owners. The use of isolation devices (see, for
example, Kelly 1993; Salomón et al. 1999; Komodromos 2000, 2008; Jankowski
2003; Mahmoud et al. 2012; Falborski and Jankowski 2013), which is considered to
be a very effective earthquake-resistant technique (Naeim and Kelly 1999), makes
this problem even worse since it leads to considerable increase in the structural
displacements (Maison and Ventura 1992; Malhotra 1997; Mahmoud and Jan-
kowski 2010; Polycarpou and Komodromos 2010a, b; Mahmoud and Gutub 2013).
Moreover, there are many examples of old buildings, which have been constructed
in contact with each other (see Jeng and Tzeng 2000; Wasti and Ozcebe 2003), as it
was not prohibited by the old earthquake-resistant design codes. The problem with
enlarging the separation gap between adjacent superstructure segments concerns
also bridges. Expansion joints applied in bridge structures are designed to
accommodate length changes of the superstructure due to thermal and rheological
(creep, shrinkage) effects. They should also provide appropriate space for place-
ment of deck elements. On the other hand, enlarging the separation gap between
superstructure segments is undesirable solution having in mind the fact that heavy
traffic loads moving on the deck have to be carried over the expansion joints.

Another approach to mitigate pounding effects during earthquakes is to consider
some pounding reduction techniques so as to enhance the seismic performance of
structures without sufficient in-between space. One of the methods is linking the
bridge segments or buildings at certain locations which allow the forces to be
transmitted between structural elements and thus eliminate collisions—see Fig. 5.1
(Westermo 1989; Jankowski et al. 2000; Abdullah et al. 2001; Kawashima et al.
2002; Ruangrassamee and Kawashima 2003). The connections between adjacent
structures can also have some energy dissipating properties when links with
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additional dampers are used—see Fig. 5.2 (Kobori et al. 1988; Kasai et al. 1992;
Xu et al. 1999; Zhang and Xu 1999; Ni et al. 2001). Another technique concerns
installation of bumpers, shock absorbers, crushable devices or collision shear walls
at the expected locations of impacts which can help in preventing sudden shocks
due to collisions—see Figs. 5.3, 5.4 and 5.5 (Anagnostopoulos and Spiliopoulos
1992; Anagnostopoulos 1996; Jankowski et al. 2000; Anagnostopoulos and
Karamaneas 2008; Abdel Raheem 2009; Polycarpou and Komodromos 2011).

It is also possible to decrease the displacement response of structures, and
thus reduce the probability of impacts, by increasing their stiffness properties
(Divyashree et al. 2014). The use of active, passive and semi-active control sys-
tems, as supplemental energy dissipation devices, can also be considered as a

link element

Fig. 5.1 Buildings connected
by stiff link elements

damper

Fig. 5.2 Buildings connected by link elements with dampers (after Kobori et al. 1988)

rubber bumperFig. 5.3 Bridge segments
equipped with bumpers
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pounding mitigation technique (Hrovat et al. 1983; Kobori et al. 1988; Soong and
Constantinou 1994; Spiliopoulos and Anagnostopoulos 1996; Soong and Dargush
1997; Luco and De Barros 1998; Yang et al. 2003).

5.1 Large Gap Size to Prevent Pounding

The most natural way to prevent earthquake-induced structural pounding is to assure
the sufficiently large gap size between structural elements (Jeng et al. 1992; Kasai
et al. 1996; Lin 1997; Penzien 1997; Valles and Reinhorn 1997; Hao and Shen 2001;
Lin andWeng 2001a, b; Lopez-Garcia 2004; Jankowski 2005, 2007, 2012;Mahmoud
and Jankowski 2009, 2011; Rajaram andKumar 2012;Mahmoud et al. 2013; Sołtysik
and Jankowski 2013; Abdel Raheem 2014). Several research works were conducted
for the purpose of estimation the required seismic gap through performing dynamic
response analysis of adjacent buildings. In those analyses, the adjacent buildings were
modelled as either single-degree-of-freedom (SDOF) or multi-degree-of-freedom
(MDOF) systems. In addition, linear elastic as well as non-linear responses were

crushable device

deck deck

pier

Fig. 5.4 Bridge segments
equipped with crushable
devices

collision wallFig. 5.5 Buildings equipped
with collision walls
(horizontal cross section)
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analyzed (see Anagnostopoulos 1988; Maison and Kasai 1990; Jeng et al. 1992;
Filiatrault et al. 1994). A similar approach was applied to determine the optimal
seismic gap required to prevent pounding between superstructure segments in ele-
vated bridges (see, for example, Jankowski et al. 1998).

Let us denote the earthquake-induced displacement time histories of the left and
the right structure at the potential pounding location as xLðtÞ and xRðtÞ (see
Fig. 5.6). The minimum separation distance, dmin, to be provided between the
structures in order to avoid pounding can be easily calculated either as the absolute
sum (ABS) (IBC 2009):

dmin ¼ xLmax þ xRmax ð5:1Þ

or as the square root of sum of squares (SRSS) (Lopez-Garcia 2004):

dmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xLmax

� �2 þ xRmax

� �2q
ð5:2Þ

where xLmax ¼ max xLðtÞj j, xRmax ¼ max xRðtÞj j are the peak displacements during the
whole time of the earthquake for the left and the right structure, respectively.

In order to account for the phase of vibration and damping of adjacent two
structures, which are not included in the aforementioned two formulas, the double
difference formula for computing the minimum separation distance following the
spectral difference method (SPD) was also derived (Jeng et al. 1992; Penzien 1997;
Lopez-Garcia 2004):

dmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xLmax

� �2 þ xRmax

� �2 � 2qxLmaxx
R
max

q
ð5:3Þ

Fig. 5.6 Schematic representation of the induced structural displacements under earthquake
excitation
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where q is the cross-correlation coefficient which is a function of the natural
periods TL, TR as well as the damping ratios nL, nR of the left and the right
structure, respectively. The relation is described as (Jeng et al. 1992; Penzien 1997;
Lopez-Garcia 2004):

q ¼
8

ffiffiffiffiffiffiffiffiffiffi
nLnR

p
nL þ TL

TR n
R

� �
TL
TR

� �1:5
1� TL

TR

� �2h i2
þ 4nLnR TL

TR

� �
1þ TL

TR

� �2h i
þ 4 ðnLÞ2 þ ðnRÞ2

� �
TL

TR

� �2 ð5:4Þ

It can be noticed that substituting q ¼ �1 and q ¼ 0 into Eq. (5.3) leads to
Eqs. (5.1) and (5.2), respectively.

For the purpose of numerical simulations, focused on computing the minimum
separation gap required to prevent pounding using different expressions (Eqs. 5.1–
5.3), the model of colliding three-storey buildings shown in Fig. 3.5 has been used.
The details concerning the properties of structures have been described in Sect. 3.2.
A suit of ground motion records from different locations, characterized with dif-
ferent peak ground accelerations (PGA), have been considered in the analysis. The
set of records has included the following strong ground motions: 1940 El Centro,
1999 Kocaeli, 1989 Loma Prieta, 1999 Duzce, 1995 Kobe, 1978 Tabas, 1985
Nahanni, 1971 San Fernando and 1994 Northridge earthquake. The results of the
analysis are summarized in Table 5.1.

As it could be expected, the use of ABS formula has resulted in the highest
seismic gap values for all ground motions since it is based on the most conservative
assumption. More reasonable values have been obtained for SSRS and SPD for-
mulae in which the assumption is made that the peak responses of two structures do
not take place at the same time. The results presented in Table 5.1 indicate that the
differences between the seismic gap values obtained for SSRS and SPD formulae
are insignificant in the case of the structures analyzed, which are characterized by

Table 5.1 Seismic gaps required to prevent pounding calculated by using different methods for
various earthquakes

Earthquake Station Component PGA (m/s2) Seismic gap (m)

ABS SSRS SPD

El Centro El Centro NS 3.402 0.1616 0.1441 0.1440

Kocaeli (Izmit) Sakarya EW 3.693 0.1725 0.1514 0.1513

Loma Prieta Corralitos NS 6.315 0.1685 0.1247 0.1245

Duzce Bolu EW 7.907 0.3518 0.3252 0.3251

Kobe JMA NS 8.178 0.4437 0.3972 0.3970

Tabas Tabas TAB-LN 8.201 0.1489 0.1271 0.1270

Nahanni Site1 S1280 10.75 0.1599 0.1283 0.1281

San Fernando Pacoima Dam N16°W 12.03 0.5506 0.5028 0.5026

Northridge Terzana, Cedar Hill EW 17.46 0.3697 0.2903 0.2900
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substantially different dynamics properties. This is due to very small value of the
cross-correlation coefficient, q, which depends on the ratio between natural periods
of adjacent two buildings (see Eq. 5.4). It is also worth mentioning looking at
Table 5.1 that substantially different separation gaps are required for different
ground motion excitations. The largest values have been obtained for the San
Fernando earthquake, while the smallest separation gaps have been calculated for
the Tabas (ABS formula) as well as the Loma Prieta (SSRS and SPD formulae)
earthquakes.

5.2 Link Elements

Connecting adjacent structures is another approach to avoid structural interactions
under earthquake excitations. Stiff connectors as well as some viscoelastic elements
can be used for such purposes. Westermo (1989) suggested, for example, linking
buildings by additional beams, which can fully transmit the forces between the
structures. The connections between adjacent structures can also have some energy
dissipating properties and impacts can be partly absorbed (Kobori et al. 1988). In
order to control and eliminate the earthquake-induced interactions between two
neighbouring structures, a coupling element was used by Zhu and Iemura (2000).
Kasai et al. (1992) applied viscoelastic dampers for the purpose of linking insuf-
ficiently separated adjacent buildings and mitigate pounding effects. Similar studies
concerning adjacent buildings interconnected by damping devices were also con-
ducted by other researchers (see, for example, Xu et al. 1999; Zhang and Xu 1999;
Ni et al. 2001). The optimal values for the distribution of viscous dampers in
linking adjacent structures of different heights were determined by Luco and De
Barros (1998). Investigations on the dynamic characteristics and seismic response
of adjacent structures connected by fluid dampers were conducted by Zhang and Xu
(2000) as well as Zhu and Xu (2005). The effectiveness of dampers and restrainers
to reduce the negative pounding effects was also investigated in a number of other
studies (DesRoches and Muthukumar 2002; Ruangrassamee and Kawashima 2003;
Yang et al. 2003).

In this part of the chapter, the effects of connecting adjacent three-storey
buildings by link elements, as a strategy for mitigating pounding between insuffi-
ciently separated structures, is investigated. Using the discrete three-degree-of-
freedom numerical models of buildings, three cases have been studied. In the first
one, spring elements have been applied as links at all the storey levels (see Fig. 5.7),
linking elements in the form of dashpots have been considered in the second one
(see Fig. 5.8), whereas the third case deals with the application of viscoelastic
elements combining both springs and dashpots. The effectiveness of the link ele-
ments has been tested for different values of spring stiffness and dashpot damping
and the optimum values required to obtain the largest reduction in the structural
response have been analyzed.
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5.2.1 Buildings Linked with Spring Elements

The elastic dynamic equation of motion under earthquake excitation for the model
of two three-storey buildings linked with spring elements, shown in Fig. 5.7, can be
written as [see Cimellaro and Lopez-Garcia 2011 and compare Eq. (3.1)]:

M€xðtÞ þ C _xðtÞ þ ðKþKBÞxðtÞ ¼ �M1€xgðtÞ ð5:5aÞ

Fig. 5.7 Model of three-
storey buildings linked with
spring elements

Fig. 5.8 Model of three-
storey buildings linked with
dashpot elements
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M ¼

mL
1 0 0 0 0 0

0 mL
2 0 0 0 0

0 0 mL
3 0 0 0

0 0 0 mR
1 0 0

0 0 0 0 mR
2 0

0 0 0 0 0 mR
3

2
6666664

3
7777775
; €xðtÞ ¼

€xL1ðtÞ
€xL2ðtÞ
€xL3ðtÞ
€xR1 ðtÞ
€xR2 ðtÞ
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K ¼
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1 þ KL
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3 KL
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1 þ KR

2 �KR
2 0

0 0 0 �KR
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3
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2
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0 0 �KB 0 0 KB

2
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3
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xL1ðtÞ
xL2ðtÞ
xL3ðtÞ
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xR3 ðtÞ

2
6666666664

3
7777777775
; 1 ¼

1

1

1

1

1

1

2
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3
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ð5:5eÞ

where €xLi ðtÞ, €xRi ðtÞ, _xLi ðtÞ, _xRi ðtÞ, xLi ðtÞ, xRi ðtÞ ði ¼ 1; . . .; 3Þ are the acceleration,
velocity and displacement of a single storey of the left (upper index L) and the right
(upper index R) building, respectively; mL

i , m
R
i stand for the storey masses; KL

i , C
L
i ,

KR
i , C

R
i are elastic structural stiffness and damping coefficients; KB denotes stiffness

coefficient of spring elements and €xgðtÞ is the acceleration of input ground motion.
It should be underlined that the above equation of motion is valid for such values of
stiffness coefficient of spring elements which are large enough to prevent pounding
for the considered gap size between buildings.

As the example, two three-storey buildings, with the structural properties
described in Sect. 3.2, have been considered in the analysis. The stiffness coefficient
of spring elements, KB, has been allowed to vary from 0 to 8 × 107 N/m. The time-
stepping Newmark method (Newmark 1959) with constant time step Dt ¼ 0:002 s
has been used in order to solve the equation of motion (5.5a–e) numerically.
Different earthquake records have been incorporated in the analysis. The examples
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of the results of the study for the El Centro, Kocaeli, Kobe and Duzce earthquakes
are presented in Figs. 5.9, 5.10, 5.11 and 5.12. They show the peak displacements
of the third storeys of both buildings with respect to the stiffness of spring elements.

The results obtained for the left building (lighter and more flexible one) indicate
that the increase in the stiffness value of spring elements is very beneficial for the
response of this structure. In the case when stiffness is equal to zero (buildings are
not connected and move out-of-phase), the obtained peak displacements of the left
building under the El Centro, Kocaeli, Kobe and Duzce earthquakes are equal to:
0.1429, 0.1496, 0.3941 and 0.3240 m, respectively. For stiff linking with high
stiffness value (buildings are fully connected and move in-phase), the obtained peak
displacements of the structure are as small as: 0.0213, 0.0263, 0.0560 and 0.0342 m
for the El Centro, Kocaeli, Kobe and Duzce earthquakes, respectively. The
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Fig. 5.9 Peak displacement of the third storeys of buildings with respect to stiffness of linking
spring elements under the El Centro earthquake. a Left building, b right building
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Fig. 5.10 Peak displacement of the third storeys of buildings with respect to stiffness of linking
spring elements under the Kocaeli earthquake. a Left building, b right building
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aforementioned obtained values for the left building in the case of independent
vibrations and stiff linking under the considered earthquake records show the sig-
nificant reductions in the peak displacements, which is equal to 85, 82, 86 and
89 %, respectively. On the other hand, it can be seen from Figs. 5.9b, 5.10b, 5.11b
and 5.12b that applying the additional springs does not really change the response
of the right building (heavier and stiffer one). The differences between the case of
independent vibrations (spring stiffness is equal to zero) and stiff linking (high value
of spring stiffness) is relatively small and is equal to: 2.7, 0.4, 5.6 and 7.2 % under
the El Centro, Kocaeli, Kobe and Duzce ground motion records, respectively.

0 2 4 6 8

x 10
7

0

0.2

0.4

0.6

0.8

Stiffness (N/m)

D
is

pl
ac

em
en

t (
m

)

0 2 4 6 8

x 10
7

0

0.02

0.04

0.06

0.08

0.1

Stiffness (N/m)

D
is

pl
ac

em
en

t (
m

)

(a) (b)

Fig. 5.11 Peak displacement of the third storeys of buildings with respect to stiffness of linking
spring elements under the Kobe earthquake. a Left building, b right building
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Fig. 5.12 Peak displacement of the third storeys of buildings with respect to stiffness of linking
spring elements under the Duzce earthquake. a Left building, b right building
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5.2.2 Buildings Linked with Dashpot Elements

The elastic dynamic equation of motion under earthquake excitation for the model
of two three-storey buildings linked with dashpot elements, shown in Fig. 5.8, can
be written as [see Cimellaro and Lopez-Garcia (2011) as well as compare Eqs. (3.1)
and (5.5a–e)]:

M€xðtÞ þ ðCþ CBÞ _xðtÞ þKxðtÞ ¼ �M1€xgðtÞ ð5:6aÞ

M ¼

mL
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0 0 0 0 0 mR
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where €xLi ðtÞ, €xRi ðtÞ, _xLi ðtÞ, _xRi ðtÞ, xLi ðtÞ, xRi ðtÞ ði ¼ 1; . . .; 3Þ are the acceleration,
velocity and displacement of a single storey of the left (upper index L) and the right
(upper index R) building, respectively; mL

i , m
R
i stand for the storey masses; KL

i , C
L
i ,

KR
i , C

R
i are elastic structural stiffness and damping coefficients; CB denotes damping
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coefficient of dashpot elements and €xgðtÞ is the acceleration of input ground motion.
It should be underlined that the above equation of motion is valid for such values of
damping coefficient of dashpot elements which are large enough to prevent
pounding for the considered gap size between buildings.

Similarly as in Sect. 5.2.1, the earthquake-induced response of two three-storey
buildings with different (substantially different) dynamic properties has been ana-
lyzed. The damping coefficient of dashpot elements, CB, has been considered to
vary from 0 to 1 × 107 kg/s. The time-stepping Newmark method with constant
time step Dt ¼ 0:002 s has been used in order to solve the equation of motion
(5.6a–e) numerically. The examples of the results for the El Centro, Kocaeli, Kobe
and Duzce earthquakes are presented in Figs. 5.13, 5.14, 5.15 and 5.16. They show
the peak displacements of the third storeys of both buildings with respect to the
damping of dashpot elements.
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Fig. 5.13 Peak displacement of the third storeys of buildings with respect to damping of linking
dashpot elements under the El Centro earthquake. a Left building, b right building
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Fig. 5.14 Peak displacement of the third storeys of buildings with respect to damping of linking
dashpot elements under the Kocaeli earthquake. a Left building, b right building

114 5 Mitigation of Pounding Effects



The results of the study indicate that, with the initial increase in the damping
coefficient value, a significant reduction in the peak displacements of the left
building (lighter and more flexible one) has been obtained for all analyzed seismic
excitations. However, it can be seen from Figs. 5.13a, 5.14a, 5.15a and 5.16a that,
after passing some threshold value, with further increase in damping coefficient, the
response of the structure is nearly unchanged. In the case when damping of link
elements is equal to zero (buildings are not connected and move out-of-phase), the
obtained peak displacements of the left structure under the El Centro, Kocaeli,
Kobe and Duzce earthquakes are equal to: 0.1429, 0.1496, 0.3941 and 0.324 m,
respectively. For high damping values of dashpot elements (buildings are fully
connected and move in-phase), the obtained peak displacements of the structure are
as small as: 0.0192, 0.0228, 0.054 and 0.0296 m for the El Centro, Kocaeli, Kobe
and Duzce earthquakes, respectively. The above values for the left building show
significant reductions in the peak displacements, which is equal to 87, 85, 86 and
91 %, respectively, in the case when two cases are compared. On the other hand, it
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Fig. 5.15 Peak displacement of the third storeys of buildings with respect to damping of linking
dashpot elements under the Kobe earthquake. a Left building, b right building
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Fig. 5.16 Peak displacement of the third storeys of buildings with respect to damping of linking
dashpot elements under the Duzce earthquake. a Left building, b right building
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can be seen from Figs. 5.13b, 5.14b, 5.15b and 5.16b that applying the additional
dashpot elements between structures does not change the response of the right
building (heavier and stiffer one) substantially, although the change in the response
is more visible than in the case of the results obtained for different values of
stiffness coefficient shown in Figs. 5.9b, 5.10b, 5.11b and 5.12b. Anyway, the
differences between the case of independent vibrations (dashpot damping is equal to
zero) and stiff linking (high value of dashpot damping) is also relatively small and is
equal to: 2.7, 0.4, 5.0 and 6.5 % under the El Centro, Kocaeli, Kobe and Duzce
ground motion records, respectively.

5.2.3 Buildings Linked with Viscoelastic Elements

A reasonable solution might also be to combine spring as well as dashpot link
elements together. The elastic dynamic equation of motion under earthquake
excitation for the model of two three-storey buildings linked with such viscoelastic
elements can be written as [compare Eqs. (5.5a–e) and (5.6a–e)]:

M€xðtÞ þ ðCþ CBÞ _xðtÞ þ ðKþKBÞxðtÞ ¼ �M1€xgðtÞ ð5:7Þ

where all vectors and matrices of the above equation are defined in Eqs. (5.5a–e)
and (5.6a–e). The parametric analysis has been conducted so as to verify the
effectiveness of viscoelastic link elements in mitigation of pounding effects and
reduction of structural vibrations. The investigation has been conducted for different
values of spring stiffness and dashpot damping coefficients. When one parameter
has been altered, the value of the second one has been kept constant. The following
arbitrary chosen basic values have been considered in the analysis:
KB ¼ 1� 105 N/m, CB ¼ 5� 104 kg/s. The examples of the results of the study
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Fig. 5.17 Peak displacement of the third storeys of buildings with respect to stiffness of linking
viscoelastic elements under the Kobe earthquake. a Left building, b right building
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for the Kobe and Duzce earthquakes are presented in Figs. 5.17, 5.18, 5.19 and
5.20. They show the peak displacements of the third storeys of both buildings with
respect to the stiffness of spring elements (Figs. 5.17 and 5.18) as well as with
respect to the damping of dashpot elements (Figs. 5.19 and 5.20).

The results shown in Figs. 5.17a, 5.18a, 5.19a and 5.20a indicate that with the
initial increase in stiffness (damping) values, a decrease trend in the obtained top
storey displacements of the left building has been observed, and with further
increase in the analyzed parameter, the peak storey displacements remain nearly
unchanged showing significant reduction. Such results could be expected based on
previous findings described in Sects. 5.2.1 and 5.2.2. It is worth noting, however,
that the use of viscoelastic elements reduces the peak displacement of the lighter
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Fig. 5.18 Peak displacement of the third storeys of buildings with respect to stiffness of linking
viscoelastic elements under the Duzce earthquake. a Left building, b right building
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Fig. 5.19 Peak displacement of the third storeys of buildings with respect to damping of linking
viscoelastic elements under the Kobe earthquake. a Left building, b right building
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and more flexible structure at lower stiffness and damping values comparing to the
case of spring and dashpot elements applied alone (compare especially Figs. 5.11a
and 5.12a with Figs. 5.17a and 5.18a). On the other hand, the results from
Figs. 5.17b, 5.18b, 5.19b and 5.20b show insignificant changes in the behaviour of
heavier and stiffer building. Moreover, the peak displacements for this building
show very similar results as those obtained for spring and dashpot elements used
alone (compare Figs. 5.11b and 5.12b with Figs. 5.17b and 5.18b as well as
Figs. 5.15b and 5.16b with Figs. 5.19b and 5.20b).

5.3 Bumpers

The use of some kind of bumpers is another technique in mitigating the detrimental
effects of earthquake-induced pounding between insufficiently separated structures.
Anagnostopoulos (1996) as well as Anagnostopoulos and Karamaneas (2008)
considered the idea of filling the separation gap by some energy absorbing material
or providing strong collision walls to protect part of the structure. The use of rubber
bumpers, as well as crushable devices, to suppress the blows of impacts in elevated
bridges was studied by Jankowski et al. (2000). Abdel Raheem (2009) examined
the effect of incorporating rubber pads placed between girder ends in order to
mitigate the effect of collisions in isolated bridge structures. The effectiveness of
using rubber bumpers as pounding mitigation technique was also considered by
Polycarpou et al. (2013).

In this section, let us study the influence of rubber bumpers on the behaviour of
colliding three-storey buildings during ground motion. The model of the structures
equipped with the devices is shown in Fig. 5.21. The elastic dynamic equation of
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Fig. 5.20 Peak displacement of the third storeys of buildings with respect to damping of linking
viscoelastic elements under the Duzce earthquake. a Left building, b right building
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motion under earthquake excitation for such a model can be written as [compare
Eq. (5.5a–e) and Eq. (3.1)]:

M€xðtÞ þ C _xðtÞ þKxðtÞ þ FðtÞ ¼ �M1€xgðtÞ ð5:8aÞ

M ¼

mL
1 0 0 0 0 0

0 mL
2 0 0 0 0

0 0 mL
3 0 0 0

0 0 0 mR
1 0 0

0 0 0 0 mR
2 0

0 0 0 0 0 mR
3

2
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Fig. 5.21 Model of three-
storey buildings equipped
with bumpers
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F tð Þ ¼

F1 tð Þ
F2 tð Þ
F3 tð Þ
�F1 tð Þ
�F2 tð Þ
�F3 tð Þ

2
6666664

3
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; xðtÞ ¼

xL1ðtÞ
xL2ðtÞ
xL3ðtÞ
xR1 ðtÞ
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xR3 ðtÞ
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3
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; 1 ¼

1
1
1
1
1
1

2
6666664

3
7777775

ð5:8eÞ

where €xLi ðtÞ, €xRi ðtÞ, _xLi ðtÞ, _xRi ðtÞ, xLi ðtÞ, xRi ðtÞ ði ¼ 1; . . .; 3Þ are the acceleration,
velocity and displacement of a single storey of the left (upper index L) and the right
(upper index R) building, respectively; KL

i , C
L
i , K

R
i , C

R
i are elastic structural stiffness

and damping coefficients; FiðtÞ denotes impact force due to activation of the
bumper placed between storeys with masses mL

i , m
R
i and €xgðtÞ is the acceleration of

input ground motion. It should be underlined that the above equation of motion is
valid for such properties of bumpers that pounding between structural elements is
prevented for the considered in-between gap size.

Rubber is supposed to be the most appropriate material to be used for bumpers,
which act as shock absorbers. However, the simulation of the behaviour of rubber
bumpers is not an easy task since they behave in a non-linear way under static and
dynamic compressive loading (see, for example, Kajita et al. 2001; Kawashima
et al. 2002; Shim et al. 2004). The experimentally obtained stress-strain curves for
the devices show the exponential trend (Kajita et al. 2006). Therefore, the use of
linear models for simulating the rubber behaviour does not seem to be appropriate
solution. Polycarpou et al. (2013) employed a non-linear spring in conjunction with
a dashpot element for performing the numerical simulations focused on the use of
rubber bumpers in mitigating structural pounding during earthquakes. The impact
force, FiðtÞ (see Eq. 5.8a–e) for the proposed non-linear impact model of the
devices, also used in the present study, can be expressed as (Polycarpou et al.
2013):

• during the approach period of collision, i.e. for _diðtÞ[ 0:

FiðtÞ ¼ kimpd
n
i ðtÞ for diðtÞ\du

FiðtÞ ¼ kimpd
n
i ðtÞ þ kimp�PYðdiðtÞ � duÞ for diðtÞ� du

ð5:9Þ

• during the restitution period of collision, i.e. for _diðtÞ� 0:

FiðtÞ ¼ kimpd
n
i ðtÞð1þ cimp _diðtÞÞ ð5:10Þ

where: diðtÞ is the actual indentation of the rubber bumper: diðtÞ ¼ xLi ðtÞ � xRi ðtÞ � d,
du is the indentation which corresponds to the ultimate compressive capacity of the
device, d is the initial separation gap (see Fig. 5.21), n denotes the impact exponent
ðn[ 1Þ, kimp is the impact stiffness coefficient, kimp�PY defines the linear post-yield
stiffness and cimp is the impact damping coefficient which can be calculated as
(Polycarpou et al. 2013):
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cimp ¼ 1:55
1� e2

e0:7076 mL
i m

R
i

mL
i þmR

i

� �0:0025
ð _xL0i � _xR0i Þ0:9755

ð5:11Þ

where e is the coefficient of restitution and _xL0i , _xR0i are the prior-impact velocities.
In order to examine the effect of rubber bumpers in mitigating the detrimental

effects due to earthquake-induced collisions, two three-storey buildings, with the
structural properties described in Sect. 3.2, have been considered in the analysis.
The initial separation gap between buildings has been set to d ¼ 0:04 m. The
impact stiffness coefficient, kimp, has been allowed to vary from 0 to 8 × 107 N/m.
The following other basic values of the parameters for the impact model of rubber
bumpers have been applied in the analysis (see Polycarpou et al. 2013):
du ¼ 0:032m, kimp�PY ¼ 2:50� 109 N/m, n ¼ 2:65, e ¼ 0:5. The time-stepping
Newmark method with constant time step Dt ¼ 0:002 s has been used in order to
solve the equation of motion (5.8a–e) numerically. Different earthquake records
have been applied in the analysis. The examples of the results of the study for the El
Centro, Kocaeli, Kobe and Duzce earthquakes are presented in Figs. 5.22, 5.23, 5.
24 and 5.25. They show the peak displacements of the third storeys of both
buildings with respect to the impact stiffness coefficient of rubber bumpers.

The results shown in Figs. 5.22, 5.23, 5.24 and 5.25 indicate that the application
of rubber bumpers between analyzed buildings is less effective than connecting the
structures by additional links (see Sect. 5.2). This is due to the fact that links allow
the buildings to vibrate together, while bumpers may lead to substantial rebound of
one the structures after collision. That is why the results obtained for the left
building (lighter and more flexible one) indicate that the increase in the impact
stiffness coefficient of rubber bumpers might have considerable positive as well as
negative effect on the peak response of the structure. It can be seen from Figs. 5.22
and 5.24. that, for the El Centro and Kobe earthquake records, an increase trend in
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Fig. 5.22 Peak displacement of the third storeys of buildings with respect to impact stiffness
coefficient of rubber bumpers under the El Centro earthquake. a Left building, b right building
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Fig. 5.23 Peak displacement of the third storeys of buildings with respect to impact stiffness
coefficient of rubber bumpers under the Kocaeli earthquake. a Left building, b right building
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Fig. 5.24 Peak displacement of the third storeys of buildings with respect to impact stiffness
coefficient of rubber bumpers under the Kobe earthquake. a Left building, b right building
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Fig. 5.25 Peak displacement of the third storeys of buildings with respect to impact stiffness
coefficient of rubber bumpers under the Duzce earthquake. a Left building, b right building
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the obtained third storey peak displacement curves take place at very low impact
stiffness values, and the beneficial effect appears with further increase in the stiff-
ness values. However, different response of the left structure has been obtained for
the Kocaeli and Duzce ground motion records (see Figs. 5.23 and 5.25). In this
case, the application of bumpers with very low impact stiffness values leads to a
decrease trend in the peak displacements. However, the relation is reversed with
further increase in impact stiffness of rubber bumpers. On the contrary to the left
building, the results obtained for the right structure (heavier and stiffer one) indicate
that the increase in the impact stiffness value of bumpers have nearly insignificant
effect on the structural response for all considered ground motion records.

5.4 Other Methods

5.4.1 Increasing Stiffness of Structures

Another approach to mitigate structural pounding is to increase stiffness of struc-
tures prone to collisions so as to reduce excessive structural displacements. Such a
solution might also lead to the reduction in the acceleration response values since
the increased stiffness results in the increased natural frequency of the structure
which, in this way, can be shifted away from the range of the dominant frequencies
of excitations. The method itself is generally considered as an effective one in
seismic strengthening (Loring and Wyllie 1996). In the case of buildings, one of the
possible and attractive ways to increase structural stiffness is to add shear walls
which act as a part of the earthquake resistant system (Divyashree et al. 2014).
Another possible solution for enhancing the building’s stiffness is to add a bracing
system (Malhotra et al. 2004). Bracing systems are mainly used to resist lateral
loads, however, they also improve the overall stiffness of the building and can be
used as an effective mitigation technique against pounding (Hameed et al. 2012).
Similar approach can be applied in the case of bridge structures, where additional
active stiffeners can be placed between the top of piers and superstructure segments
(Shigeki 2012; Mitoulis et al. 2013).

Let us verify the effect of increasing structural stiffness by analyzing the
response of an exemplary three-storey building under earthquake excitations. The
discrete three-degree-of-freedom numerical model of the flexible structure (see the
left building in Figs. 5.7 and 5.8) has been used in the study. The elastic dynamic
equation of motion for the model of the structure assuming its unrestrained
vibrations (no interactions with adjacent structure) during ground motion can be
written as:

M€xðtÞ þ C _xðtÞ þKxðtÞ ¼ �M1€xgðtÞ ð5:12aÞ
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M ¼
mL

1 0 0
0 mL

2 0
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3

2
4

3
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€xL1ðtÞ
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K ¼
KL
1 þ KL
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3
5; xðtÞ ¼

xL1ðtÞ
xL2ðtÞ
xL3ðtÞ

2
4

3
5 ð5:12dÞ

where €xLi ðtÞ, _xLi ðtÞ, xLi ðtÞ ði ¼ 1; . . .; 3Þ are the acceleration, velocity and displace-
ment of a single storey of the building, respectively; mL

i stands for the storey mass;
KL
i , C

L
i are elastic structural stiffness and damping coefficients and €xgðtÞ is the

acceleration of input ground motion.
As the example, a flexible three-storey building, with the structural properties

described in Sect. 3.2, has been considered in the parametric analysis. The structural
storey stiffness coefficient, KL

i ði ¼ 1; . . .; 3Þ, has been allowed to vary from nearly
0 to 1 × 108 N/m. The time-stepping Newmark method with constant time step
Dt ¼ 0:002 s has been used in order to solve the equation of motion (5.12a–d)
numerically. Different earthquake records have been incorporated in the study. The
examples of the results, in the form of the peak displacements of the third storey of
building with respect to the storey stiffness, for the El Centro, Kocaeli, Kobe and
Duzce earthquakes are presented Figs. 5.26, 5.27, 5.28 and 5.29.

It can be seen from Figs. 5.26, 5.27, 5.28 and 5.29 that, with the initial increase
in storey stiffness values, a significant decrease trend in the obtained top storey
displacement is observed. However, with further increase in the storey stiffness, the
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Fig. 5.26 Peak displacement of the third storey of building with respect to storey stiffness under
the El Centro earthquake
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Fig. 5.27 Peak displacement of the third storey of building with respect to storey stiffness under
the Kocaeli earthquake
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Fig. 5.28 Peak displacement of the third storey of building with respect to storey stiffness under
the Kobe earthquake
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Fig. 5.29 Peak displacement of the third storey of building with respect to storey stiffness under
the Duzce earthquake
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top storey displacement is reduced with much lower rate. In the range of relatively
low storey stiffness (very flexible building), the obtained peak displacements of the
building under the El Centro, Kocaeli, Kobe and Duzce earthquakes are equal to:
0.2717, 0.7034, 0.5520 and 0.3976 m, respectively. A reduction in displacements
by 94, 98, 95 and 96 % has been observed after comparing the above values with
the peak displacements for the storey stiffness of KL

i ¼ 1� 108 N/m. This confirms
that enhancing stiffness of the flexible building can be used efficiently to reduce the
storey deformations and consequently to prevent from structural pounding. It
should be underlined, however, that increasing stiffness to high levels can be in
practice very expensive and difficult from the technological point of view.

5.4.2 Supplemental Energy Dissipation Devices

Another technique to prevent adjacent structures from interactions during earth-
quakes is to increase their damping properties through providing supplemental
energy dissipation devices. Installation of such devices reduces structural dis-
placements and improves the overall behaviour of the structures under seismic
excitations (Kasai and Jagiasi 1993). Even if the reduction in the structural dis-
placements, after installing supplemental energy dissipation devices, is not suffi-
cient to prevent collisions, the impact force can be substantially reduced (Pantelides
and Ma 1998). In the case of buildings, such devices can be installed as diagonal
elements connecting adjacent floor slabs (Patel and Jangid 2010). On the other
hand, additional dampers can also be placed between the top of piers and super-
structure segments in bridge structures (Kawashima and Unjoh 1994).

Similarly as in Sect. 5.4.1, the response of a three-storey flexible building (left
building in Figs. 5.7 and 5.8) has been analyzed as the example of investigation
focus on effectiveness of supplemental energy dissipation devices in reduction of
structural displacements. In the parametric analysis, the structural storey damping
coefficient, CL

i ði ¼ 1; . . .; 3Þ, has been allowed to vary from 0 to 1 × 107 kg/s. The
time-stepping Newmark method with constant time step Dt ¼ 0:002 s has been
used in order to solve the equation of motion (5.12a–d) numerically. The examples
of the results for the El Centro, Kocaeli, Kobe and Duzce earthquakes are presented
in Figs. 5.30, 5.31, 5.32 and 5.33. They show the peak displacements of the third
storey of building with respect to the storey damping.

The results of the study shown in Figs. 5.30, 5.31, 5.32 and 5.33 indicate that
with the initial increase in storey damping values, a substantial decrease trend in the
obtained top storey displacement is visible. Then, with further increase in the storey
damping, the top storey displacement reaches minimum values and remains nearly
unchanged, as indicated by the obtained horizontal lines. In the case when storey
damping is equal to zero, the obtained peak displacements of the building under the
El Centro, Kocaeli, Kobe and Duzce earthquakes are equal to: 0.2464, 0.2404,
0.6068 and 0.5035 m, respectively. A significant reduction in peak displacements
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Fig. 5.30 Peak displacement of the third storey of building with respect to storey damping under
the El Centro earthquake
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Fig. 5.31 Peak displacement of the third storey of building with respect to storey damping under
the Kocaeli earthquake
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Fig. 5.32 Peak displacement of the third storey of building with respect to storey damping under
the Kobe earthquake
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by 96, 94, 98 and 99 % has been observed after comparing the above values with
the displacements for the large values of storey damping. This fact confirms that
enhancing internal damping of the flexible building can be used efficiently to reduce
the storey deformations and consequently to prevent from structural pounding,
similarly as in the case of increased storey stiffness. It should be underlined,
however, that increasing damping to high levels can be in practice very expensive
and difficult from the technological point of view.
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Chapter 6
Design of Structures Prone to Pounding

At the design stage of adjacent buildings or bridge structures, the probability of
occurrence of earthquake-induced structural pounding should be carefully analyzed.
The minimum separation gap, so as to avoid collisions, is specified in the recent
earthquake-resistant design codes (see, for example, ECS 1998, IS 2002; NBC
2003; IBC 2009). On the other hand, in the case when pounding can not be
prevented, the assessment of the peak pounding force value expected during the
time of the earthquake is important for the design purposes. Such an assessment can
be conducted by the use of pounding force response spectrum (Jankowski 2005,
2006). Moreover, the potential structural damage of colliding structures under the
design ground motion can be determined with the help of damage indices (Park and
Ang 1985; Powell and Allahabadi 1988; Fajfar 1992; Cosenza et al. 1993;
Bojórquez et al. 2010; Moustafa 2011).

6.1 Procedures in the Building Codes Related
to the Minimum Seismic Gap

A number of building codes for seismic design around the world do not refer to
earthquake-induced structural pounding phenomenon and do not include any
comments how to prevent adjacent structures from impacts. Only the recent
earthquake-resistant design codes, as well as a number of less formal regulatory
guides, specify the minimum seismic gap for newly constructed buildings (Rajaram
and Kumar 2012). The way to determine the minimum separation distance required
to prevent seismic pounding between adjacent structures varies from regulation to
regulation. The Canadian code considers the simplest approach in which the
absolute sum of the peak displacements of two buildings should be calculated (see
Eq. (5.1). The edition of 1997 of the Uniform Building Code (UBC 1997) and the
edition of 2003 of the International Building Code (IBC 2003) suggest the formula
of the square root of sum of squares (SRSS), as defined in Eq. (5.2). The quadratic
combination of the maximum peak displacements has also been employed in
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Eurocode 8 (ECS 1998). The edition of International Building Code published in
2009 modifies the requirement for determination the seismic gap distance, dmin,
suggesting that it should be rather calculated based on the following equation (IBC
2009):

dmin ¼ CDdmax

I
ð6:1Þ

where CD is the deflection amplification factor, which depends on the seismic force-
resisting system, dmax represents the peak displacement calculated from the elastic
analysis and I is the importance factor determined in accordance with the seismic
use group. The same formula as given in Eq. (6.1) is also suggested to calculate the
minimum separation gap in the guidelines of American Society of Civil Engineers
(ASCE 2010).

A number of codes specify the minimum seismic gap using some ways which
are independent from the dynamic characteristics of structures. The edition of
Taiwan code is a good example of such a situation since the required minimum gap
to avoid pounding is suggested to be calculated as a function of the height of the
buildings without any computations of the peak displacements (Valles and Rein-
horn 1997). Similarly to the Taiwan code, the Federal Emergency Management
Agency suggests the determination of the minimum seismic gap as a percentage of
the height of buildings in order to prevent their pounding during earthquakes
(FEMA 1997).

Some of the regulations suggest to calculate the minimum seismic gap based
simultaneously on peak structural displacements and height of structures. The
Indian code for seismic design recalls the simple sum of peak displacements of
adjacent buildings to be the base for calculating the minimum seismic separation
gap together with a response reduction factor (IS 2002). The regulations from the
Peru code for seismic design use values of the peak displacements of two adjacent
buildings xLmax; x

R
max

� �
as well as the heights of structures as guides. In computing

the minimum seismic gap, dmin, the following formula is used (NBC 2003):

dmin ¼ 2
3

xLmax þ xRmax

� � ð6:2Þ

However, the calculated value from Eq. (6.2) can not be lower than (NBC 2003):

dmin ¼ 3þ 0:004ðh� 500Þ ð6:3Þ

where h is the height of the lower building (in cm).
It is worth noting that all the above rules and formulae to calculate the minimum

seismic gap in order to avoid earthquake-induced structural pounding can be related
to four different forms of expressions (Valles and Reinhorn 1997):
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dmin � factor sumðxLmax; xRmaxÞ
� � ð6:4Þ

dmin � factorðhL; hRÞ ð6:5Þ

dmin � fixed distance ð6:6Þ

dmin � SRSSðxLmax; xRmaxÞ ð6:7Þ

6.2 Pounding Force Response Spectrum

In the case when earthquake-induced structural pounding can not be prevented, the
design of neighbouring structures should include the appearance of additional forces
due to collisions. The assessment of the peak pounding force value expected during
the time of ground motion can be conducted with the use of pounding force response
spectrum (see also Jankowski 2005, 2006). The spectrum may serve as a very useful
tool for the design purposes of closely-spaced structures in seismic areas.

The displacement, velocity and acceleration response spectra are well known
practical means of characterising earthquakes and their effects on structures. They
allow an engineer to apply the knowledge of structural dynamics to the earthquake-
resistant design in order to prevent or reduce structural damage. The response
spectrum for a particular quantity is defined as a plot of the peak value of response
quantity as a function of the natural vibration period of the system, or a related
parameter such as frequency (Chopra 1995). The plot shows the peak response of
the structure, modelled as an elastic single-degree-of-freedom (SDOF) system, for a
specified value of structural damping. Among response spectra for different
quantities, the displacement and acceleration response spectra are the most often
used (ECS 1998). In order to predict the maximum relative displacement between
two neighbouring structures with different natural periods, the relative displacement
response spectrum was considered (Kawashima and Sato 1996). Ruangrassamee
and Kawashima (2001) proposed also the concept of relative displacement response
spectrum with pounding effect. In this section, the idea of pounding force spectrum
for earthquake-induced structural pounding between two closely-spaced structures,
modelled as SDOF systems (see Fig. 2.13), is considered.

6.2.1 Response Spectrum for One Existing and One New
Structure

Let us first consider the situation when a new building is supposed to be constructed
close to the existing one which has different dynamic characteristics. Assuming that
the new structure is a right one and the existing building with known properties is a
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left one, the pounding force response spectrum can be defined as a plot of the peak
pounding force, Fmax, obtained for different values of T2 under fixed values of nS2,
m2 and d (Jankowski 2005):

Fmax T2; nS2;m2; dð Þ ¼ max F t; T2; nS2;m2; dð Þj j ð6:8Þ

where T2, nS2 and m2 are the natural period, structural damping ratio and mass of
the new (right) structure, respectively; d denotes the initial separation gap and
t stands for time of the earthquake.

The elastic dynamic equation of motion for pounding-involved response of two
structures modelled as SDOF systems (see Fig. 2.13) has been given in Eq. (2.22).
The numerical study has been conducted in order to determine the pounding force
response spectra for different values of damping ratio, n2, and mass, m2, of the new
(right) structure as well as for various in-between gap sizes. When the effect of one
parameter has been investigated, other parameters have remained unchanged. In the
analysis, the following basic values describing the properties of the old (left)
structure have been used: m1 ¼ 106 kg, T1 ¼ 0:6 s, nS1 ¼ 5%. The following
values of the non-linear viscoelastic pounding force model’s parameters have been
applied in numerical simulations: �b ¼ 2:75� 109 N/m3=2, �n ¼ 0:35 ðe ¼ 0:65Þ.
The analysis has been conducted for different ground motion records. The examples
of pounding force response spectra for the NS components of the El Centro
earthquake are shown in Figs. 6.1 and 6.2. In particular, the pounding force
response spectra for the gap size of 0.05 m for different values of mass and
structural damping of the new structure are presented in Fig. 6.1, whereas Fig. 6.2
shows the pounding force response spectra for mass m2 ¼ 106 kg for different
values of gap size and structural damping of the new structure.

The results of the study (see Figs. 6.1 and 6.2) show a significant influence of
structural damping on peak pounding force obtained during the earthquake. This is
obviously due to the fact that increasing damping leads to the reduction in structural
vibrations and therefore reduction in the prior-impact velocities, which finally
results in the lower values of pounding force. Moreover, it can be seen from Fig. 6.1
that the increase in the mass value of the new building results in substantial increase
in the peak pounding force. On the other hand, the results presented in Fig. 6.2
indicate that the increase in the separation gap allows us to prevent collisions for a
wider range of the natural vibration periods of the new structure. It is worth noting,
however, that for the cases when impacts can not be prevented, the peak pounding
forces are not substantially reduced as the gap size value increases.

6.2.2 Response Spectrum for Two New Structures

In this part of the chapter, let us consider the case of two new structures with different
dynamic properties to be constructed one close to another (see some examples
in Anagnostopoulos 1988; Chau et al. 2003; Karayannis and Favvata 2005;
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Fig. 6.1 Pounding force response spectra under the El Centro earthquake for different values ofmass
and structural damping ratio of the new structure (Jankowski 2005). a 200,000 kg. b 500,000 kg.
c 1,000,000 kg. d 2,000,000 kg. e 5,000,000 kg
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Fig. 6.2 Pounding force response spectra under the El Centro earthquake for different values of
gap size and structural damping ratio of the new structure (Jankowski 2005). a 0 m. b 0.05 m.
c 0.10 m. d 0.15 m. e 0.20 m
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Jankowski 2007;Mahmoud and Jankowski 2009, 2011; Polycarpou and Komodromos
2010; Sołtysik and Jankowski 2013; Mahmoud et al. 2013). On the contrary to the
response spectrum for one existing and one new building (Sect. 6.2.1), the pounding
force response spectrum for two new structures will depend on properties of both of
them. Moreover, in the case of long structures, such as buildings with spatially
extended foundations, bridges or life-line systems, the incorporation of the spatial
seismic effects, related to the propagation of seismic wave, might also be important
(Der Kiureghian 1996; Zembaty 1997; Jankowski andWalukiewicz 1997; Jankowski
and Wilde 2000; Dulińska 2011; Jankowski 2012). In this case, at least the influence
of the wave passage effect, resulting in a time lag for the input earthquake records
acting on two adjacent structures (or their parts), should be considered (see also
Sect. 4.1). Then, the pounding force response spectrum can be defined as a plot of the
peak pounding force, Fmax, obtained for different values of T1 and T2 under fixed
values of nS1, nS2, d, m1, m2, s (Jankowski 2006):

Fmax T1; T2; nS1; nS2; d;m1;m2; sð Þ ¼ max F t; T1; T2; nS1; nS2; d;m1;m2; sð Þj j ð6:9Þ

where Ti, nSi and mi are the natural period, structural damping ratio and mass of
structure i ði ¼ 1; 2Þ, respectively; d denotes the initial separation gap, s is a time lag
for the input ground motion records and t stands for time of the earthquake. It should
be mentioned that, since the pounding force response spectrum defined in Eq. (6.9) is
a plot against two natural vibration periods T1, T2 simultaneously, the spectrum has
to be presented as a 3-dimensional graph (see also Ruangrassamee and Kawashima
2001), as obtained for a pair of two structural damping ratios nS1, nS2.

The elastic dynamic equation of motion for pounding-involved response of two
structures modelled as SDOF systems (see Fig. 2.13) incorporating a time lag for
the input ground motion records can be written as [compare Eq. (2.22)]:

m1 0

0 m2

� �
€x1ðtÞ
€x2ðtÞ

� �
þ C1 0

0 C2

� �
_x1ðtÞ
_x2ðtÞ

� �
þ K1 0

0 K2

� �
x1ðtÞ
x2ðtÞ

� �
þ F tð Þ

�F tð Þ

� �

¼ � m1 0

0 m2

� �
€xg1ðtÞ
€xg2ðtÞ

� �
ð6:10Þ

where xiðtÞ, _xiðtÞ, €xi tð Þ are the horizontal displacement, velocity and acceleration of
structure i ði ¼ 1; 2Þ, respectively, Ci, Ki denote damping and stiffness coefficients,
€xgi tð Þ stands for the acceleration of input ground motion for ith structure and FðtÞ is
the pounding force.

The numerical study has been conducted in order to determine the pounding
force response spectra for different values of damping ratios, masses, time lag of the
input earthquake records as well as for various in-between gap sizes. When the
effect of one parameter has been studied, other parameters have remained
unchanged. In the analysis, the following basic values of structural model’s
parameters have been applied: m1 ¼ m2 ¼ 106 kg, nS1 ¼ nS2 ¼ 5%, d ¼ 0:05 m,
s ¼ 0 s. The following values of the non-linear viscoelastic pounding force model’s
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parameters have been applied in numerical simulations: �b ¼ 2:75� 109 N/m3=2,
�n ¼ 0:35 ðe ¼ 0:65Þ. The analysis has been conducted for different ground motion
records. The examples of pounding force response spectra for the NS component of
the El Centro earthquake are shown in Figs. 6.3, 6.4, 6.5 and 6.6.

Figure 6.3 shows the pounding force response spectra for different values of
identical structural damping ratios of both structures. As it can be seen from the
figure, the influence of structural damping on the peak pounding force is sub-
stantial, similarly as in the case of spectra for one existing and one new structure
(Sect. 6.2.1). For example, by comparing Fig. 6.3a with Fig. 6.3b, we can see that
the increase in damping ratio for both structures from 0 to 2 % results in the
decrease in the peak pounding force by 22 % in average (see also Jankowski 2006).
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Fig. 6.3 Pounding force response spectra under the El Centro earthquake for different values of
structural damping ratios of both structures (Jankowski 2006). a 0 %. b 2 %. c 5 %. d 10 %.
e 15 %. f 20 %
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It can also be seen from Fig. 6.3 that the increase in structural damping results in
extension of the region in the spectrum where the peak pounding force is equal to
zero. This region is related to the cases when the natural vibration periods are very
small for both structures (small displacements which do not lead to collisions) and
when the natural periods are equal or nearly equal.

Pounding force response spectra for different values of gap size between
structures are presented in Fig. 6.4. The spectra from the figure indicate that the
increase in the separation gap allows us to prevent collisions for a wider range of
the natural vibration periods of both structures. Actually, in the case of the El
Centro earthquake, the gap size of 0.3 m is already sufficiently large to avoid impact
for all structural periods analyzed. However, it should be underlined that for the
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Fig. 6.4 Pounding force response spectra under the El Centro earthquake for different values of gap
size between structures (Jankowski 2006). a 0 m. b 0.05 m. c 0.10 m. d 0.15 m. e 0.20 m. f 0.25 m
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cases when pounding can not be prevented, the values of peak pounding force are
nearly at the same level for different values of in-between gap size.

Figure 6.5 shows the pounding force response spectra for different values of
identical masses of both structures. The figure confirms that the increase in the mass
values leads to substantial increase in the peak pounding force. In the case of
identical mass values of both structures, the shapes of the pounding force spectra
are very similar with nearly linear, quite rapid increase in the peak pounding force
values in the range of 200,000–5,000,000 kg (see also Jankowski 2006).

Pounding force response spectra for different values of time lag for the input
earthquake records acting on two adjacent structures are shown in Fig. 6.6.
The figure indicates that the time lag of at least 0.2 s leads to the disappearance of
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Fig. 6.5 Pounding force response spectra under the El Centro earthquake for different values of
masses of both structures (Jankowski 2006). a 200,000 kg. b 500,000 kg. c 1,000,000 kg.
d 2,000,000 kg. e 3,000,000 kg. f 5,000,000 kg
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the region in the spectrum, in which the pounding force is equal to zero (observed
for equal or nearly equal vibration periods of structures, see Figs. 6.3, 6.4 and 6.5).
This behaviour results from the fact, that the seismic wave passage effect induces
the out-of-phase vibrations even for structures with identical structural vibration
periods. It can also be seen from Fig. 6.6 that the shapes of the pounding force
response spectra do not change much for the time lag in the range of 0.2–0.5 s.
Moreover, the region with zero pounding force observed in the case of very small
natural vibration periods is nearly identical for all pounding force spectra apart from
the value of time lag. This results from the fact, that the in-between gap size of
0.05 m is large enough to accommodate different, but very small vibrations of two
analyzed structures.
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Fig. 6.6 Pounding force response spectra under the El Centro earthquake for different values of time
lag for input ground motion records (Jankowski 2006). a 0 s. b 0.1 s. c 0.2 s. d 0.3 s. e 0.4 s. f 0.5 s

6.2 Pounding Force Response Spectrum 143



6.3 Assessment of Structural Damage

In the design criteria, study against collapse is considered as the main objective.
However, performance in terms of functionality and economy still plays important
role. Great efforts are made to improve the methods of resistant design against
dynamic loads due to earthquakes, not only to avoid failure during strong excita-
tions but also to limit damage under moderate ground motions. The use of damage
indices and damage measures for structures under dynamic loads are widely used
and they can also be applied for the design purposes of colliding structures under
seismic loads. They aim to clarify the different approach methodologies (Powell
and Allahabadi 1988; Cosenza et al. 1993; Kappos 1997) and to detail different
proposed formulations (McCabe and Hall 1989; Williams and Sexsmith 1995;
Fardis 1995).

One of the key parameters used to identify structural damage is the kinematic
and cyclic ductility, which can be defined as a function of rotation, curvature or
displacement. The amount of kinematic energy dissipated during loading is another
important aspect in structural damage.

One of the most often used damage index was proposed by Park and Ang
(1985). It defines the structural damage in terms of the peak dynamic response (i.e.
peak plastic displacement), as well as the hysteretic dissipated energy, and can be
expressed as (see Park and Ang 1985; Park et al. 1985, 1987):

DIPA ¼ xmax

xu
þ bPA
FYxu

Z
dE ð6:11Þ

where xmax is the peak displacement, xu stands for the ultimate displacement, FY is
the yield strength, dE denotes the incremental absorbed hysteretic energy and bPA is
a nonnegative constant. The level of damage can be defined based on the values of
captured damage indices. A building can be considered to have insignificant
damage for the assigned damage index DIPA � 0:2, while for DIPA � 0:4 damage
can be considered as repairable. For 0:4\DIPA\1 damage can not be repairable,
although the structure does not collapse and the case when DIPA � 1:0 denotes total
damage of the structure (Park and Ang 1985; Park et al. 1987).

Powell and Allahabadi (1988) proposed a damage index in terms of the peak
plastic displacement, independent from the amount of dissipated energy. The for-
mula used to define the damage index, DIAP, can be written as (Powell and
Allahabadi 1988):

DIAP ¼ xmax � xy
xu � xy

ð6:12Þ

where xy is the yield displacement.
Damage indices based on the kinematic or cyclic ductility, as a measure for

damage, assume that structural model collapse is mainly due to the induced peak
plastic displacement neglecting the effect of a number of plastic cycles and the
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energy dissipated under the applied dynamic load. However, it has been shown that
these indices can be used for structures with cumulative deterioration, such as in the
case of impulse-type or short-duration earthquakes which are characterized by one
cycle with a large plastic displacement and other cycles with a small amount of
plastic work.

A damage index based on the structure hysteretic energy was proposed by Fajfar
(1992) and Cosenza et al. (1993) and can be expressed as:

DIFC ¼ EH

FYxyðlu � 1Þ ð6:13Þ

where EH and lu are the dissipated hysteretic energy and ultimate ductility factor,
respectively.

Another measure of structural performance is given as the dissipated hysteretic
energy normalized to the input energy of the structure. This index is defined as
(Bojórquez et al. 2010; Moustafa 2011):

DIH ¼ EH

EI
ð6:14Þ

where EI denotes the earthquake input energy, considering the fact that the ground
starts shaking until it comes to rest. Note that the damage index of Eq. (6.14)
includes the structure’s response demanded by the ground motion and the associ-
ated structural capacity parameters in an implicit form. Note also that DIH close to
zero implies a linear behaviour, while DIH larger than zero indicates inelastic
behaviour and occurrence of structural damage.

All the aforementioned damage indices are considered in the two successive
sections concerning the numerical simulations of earthquake-induced response and
damage assessment of two colliding buildings with fixed bases (non-isolated
structures) and with isolated bases (base-isolated structures).

6.3.1 Damage Indices in Non-isolated Buildings

For the purposes of the analysis focused on non-isolated buildings, let us use the
simplified SDOF structural model shown in Fig. 2.13. The dynamic equation of
motion for such a model, considering inelastic (elastic-perfectly plastic) behaviour
of both buildings, can be written as [compare Eqs. (2.22) and (3.1)]:

M €xðtÞ þ C _xðtÞ þ FSðtÞ þ FðtÞ ¼ �M1€xgðtÞ ð6:15aÞ
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M ¼ m1 0
0 m2

� �
; C ¼ C1 0

0 C2

� �
; x

::ðtÞ ¼ €x1ðtÞ
€x2ðtÞ

� �
; _xðtÞ ¼ _x1ðtÞ

_x2ðtÞ
� �

ð6:15bÞ

FSðtÞ ¼ FS1ðtÞ
FS2ðtÞ

� �
; FðtÞ ¼ FðtÞ

�FðtÞ
� �

; 1 ¼ 1
1

� �
ð6:15cÞ

where xiðtÞ, _xiðtÞ, €xiðtÞ are the horizontal displacement, velocity and acceleration of
building i ði ¼ 1; 2Þ, respectively, FSiðtÞ is the inelastic shear force equal to FSiðtÞ ¼
KixiðtÞ for the elastic range till the yield strength FYi is reached and FSiðtÞ ¼ �FYi

for the plastic range, Ki, Ci denote elastic structural stiffness and damping coeffi-
cients, €xgðtÞ stands for the acceleration of input ground motion and FðtÞ is the
pounding force, which is equal to zero when dðtÞ� 0 and is defined by Eq. (2.16) if
dðtÞ[ 0, where deformation dðtÞ is defined by Eq. (2.23).

As the example, two buildings with the basic dynamic parameters described in
Sect. 3.1 have been used in the analysis. Furthermore, the yield strength for the left
and the right inelastic buildings have been taken as FY1 ¼ 1:369� 105 N and
FY2 ¼ 1:442� 107 N, respectively. The initial separation gap between buildings
has been set to d ¼ 0:05 m and has been changed later to study its effect on damage
of adjacent buildings. The following values of the non-linear viscoelastic pounding
force model’s parameters have been applied in the analysis: �b ¼ 2:75� 109 N/m3=2,
�n ¼ 0:35 ðe ¼ 0:65Þ. The time-stepping Newmark method (Newmark 1959) with
constant time step Dt ¼ 0:002 s has been used in order to solve the equation of
motion (6.15a–c) numerically. A set of 9 earthquake ground motion records listed
in Table 5.1 have been used as input excitations. In the numerical analysis, all
acceleration records have been scaled to have the peak ground acceleration of
0.5 g (g stands for the acceleration of gravity) to ensure inelastic response of
structures. The parameters of the damage indices have been taken as: lu1 ¼ lu2 ¼
0:6 and bPA ¼ 0:15.

The examples of numerical results, in the form of different damage indices time
histories for colliding non-isolated buildings under the El Centro earthquake, are
shown in Figs. 6.7, 6.8, 6.9 and 6.10. Additionally, the values of peak damage
indices for the left and the right structure under all analyzed ground motion records
are summarized in Tables 6.1 and 6.2, respectively (see also Moustafa and Mah-
moud 2014). The results of the study indicate that the El Centro, Loma Prieta,
Duzce and Kobe earthquakes are among the ground motions which produce the
largest damage indices. This could be attributed to the characteristics of these
records since they have rich frequency contents, high energy and small source-site
distance (near-fault records). In fact, according to the values of Park and Ang
damage index for the Loma Prieta and Kobe earthquakes, both buildings are totally
collapsed. On the other hand, other earthquake records, especially the Nahanni and
San Fernando ground motions, produce much lower damage indices (either
repairable damage or damage beyond repair but total collapse does not occur).
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It can also be seen from Figs. 6.7, 6.8, 6.9 and 6.10 that, in the case of the El
Centro earthquake, the values of damage indices for the left building (lighter and
more flexible) are substantially larger than for the right structure (heavier and stiffer).
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Fig. 6.7 Park and Ang damage index time histories for non-isolated buildings under the El Centro
earthquake
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Fig. 6.8 Powell and Allahabadi damage index time histories for non-isolated buildings under the
El Centro earthquake
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Fig. 6.9 Fajfar and Cosenza damage index time histories for non-isolated buildings under the El
Centro earthquake
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However, this relation is not the same for other ground motions (compare Table 6.1
with Table 6.2) and might be even reversed, as it is in the case of the Kocaeli
earthquake for example.

In order to examine the effect of the separation distance on damage indices of
colliding non-isolated buildings, the parametric study has been conducted. The
value of the gap size between adjacent structures has been varied between 0 and
0.20 m and the responses of both buildings have been determined for each
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Fig. 6.10 Time histories of damage index based on hysteric energy for non-isolated buildings
under the El Centro earthquake

Table 6.1 Peak damage
indices for the left non-
isolated building under
different ground motions

Earthquake DIPA DIAP DIFC DIH
El Centro 1.6616 0.7582 1.2100 0.6804

Kocaeli 0.5421 0.2033 0.2743 0.4122

LomaPrieta 1.2138 0.6614 0.6614 0.5441

Duzce 1.4382 0.7898 0.8211 0.7128

Kobe 1.9882 0.8579 1.5627 0.7472

Tabas 0.6043 0.2508 0.3069 0.3354

Nahanni 0.1141 0.2000 0.1226 0.1708

SanFernando 0.4422 0.2000 0.2182 0.7473

Northridge 0.2570 0.2000 0.0571 0.4150

Table 6.2 Peak damage
indices for the right non-
isolated building under
different ground motions

Earthquake DIPA DIAP DIFC DIH
El Centro 0.8498 0.2000 0.7568 0.6455

Kocaeli 0.9671 0.2734 0.8863 0.6311

LomaPrieta 1.2390 0.3084 1.1846 0.8545

Duzce 0.8972 0.2000 0.8426 0.5393

Kobe 1.4275 0.2360 1.4685 0.7597

Tabas 0.3170 0.2459 0.1370 0.5240

Nahanni 0.3809 0.2000 0.1508 0.3538

SanFernando 0.4466 0.2000 0.3083 0.3445

Northridge 1.0226 0.2805 1.0889 0.5288
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separation distance. Figure 6.11 shows the peak damage indices for both non-
isolated buildings under the scaled El Centro earthquake. It should be underlined
that, in the case of the ground motion considered, pounding does not occur for a gap
size of 0.11 m, which is large enough to prevent collisions. It can be seen from
Fig. 6.11 that, starting from this value of the separation distance, damage indices for
adjacent buildings are stabilized with constant values. On the other hand, in the
range when pounding take place, i.e. between 0 and 0.11 m, structural interactions
contribute to the significant increase in damage indices for the left building. It can
be seen from the figure that the influence of the gap size on damage indices for this
structure is substantial with the general trend of reduction in values of damage
indices when the gap size increases.

6.3.2 Damage Indices in Base-Isolated Buildings

For the purposes of the analysis focused on the base-isolated buildings, let us use
the simplified structural model shown in Fig. 6.12. The dynamic equation of motion
for such a model, considering inelastic (elastic-perfectly plastic) behaviour of both
buildings, can be written as [compare Eqs. (6.15a–6.15c) and Eq. (3.6)]:

0 0.05 0.1 0.15 0.2
0

0.1

0.2

0.3

0.4

0.5

Gap (m)

P
ea

k 
da

m
ag

e 
In

de
x

left building

right building

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

Gap (m)

P
ea

k 
da

m
ag

e 
In

de
x

left building

right building

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

1

Gap (m)

P
ea

k 
da

m
ag

e 
In

de
x left building

right building

0 0.05 0.1 0.15 0.2
0

0.2

0.4

0.6

0.8

Gap (m)

P
ea

k 
da

m
ag

e 
In

de
x

left building

right building

(a) (b)

(c) (d)

Fig. 6.11 Peak damage indices for non-isolated buildings under the El Centro earthquake with
respect to the gap size. a Park & Ang. b Powell & Allahabadi. c Fajfar & Cosenza. d Hysteretic
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M €xðtÞ þ CðtÞ _xðtÞ þ FSðtÞ þ FðtÞ ¼ �M1€xgðtÞ ð6:16aÞ

M ¼
mb

1 0 0 0
0 m1 0 0
0 0 mb

2 0
0 0 0 m2

2
664
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775; €xðtÞ ¼

€xb1 tð Þ
€x1 tð Þ
€xb2 tð Þ
€x2 tð Þ

2
664

3
775; _xðtÞ ¼

_xb1ðtÞ
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66664
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77775 ð6:16bÞ
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0 0 Cb
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0 0 �C2 C2
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FSðtÞ ¼
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1 ðtÞxb1ðtÞ � FS1ðtÞ

FS1ðtÞ
Kb
2 ðtÞxb2ðtÞ � FS2ðtÞ

FS2ðtÞ

2
664

3
775; FðtÞ ¼

FbðtÞ
FðtÞ

�FbðtÞ
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7775; 1 ¼

1

1

1

1

2
6664

3
7775 ð6:16dÞ

where, mb
i , €x

b
i ðtÞ, _xbi ðtÞ are the mass, acceleration and velocity of the base of

building i ði ¼ 1; 2Þ, respectively; Kb
i ðtÞ, Cb

i ðtÞ are stiffness and damping coeffi-
cients for isolation devices and FbðtÞ is the pounding force at the base level [see
Eq. (2.16)].

As the example, two buildings with the basic dynamic parameters described in
Sect. 3.1 have been used in the analysis. Furthermore, the yield strength for the left
and the right inelastic buildings have been taken as FY1 ¼ 1:369� 105 N and
FY2 ¼ 1:442� 107 N, respectively. It has been assumed that the isolation system
consists of High Damping Rubber Bearings (HDRBs). In order to simulate the
behaviour of the devices, a non-linear strain-rate dependent model has been applied
in the analysis [see Eq. (3.4)]. The left building has been equipped with 4 circular
HDRBs, with the parameters of the bearing’s model described in Sect. 3.3.1 (see
also example 3 in Jankowski 2003) and the right building with 4 square HDRBs,
with the parameters of the bearing’s model described in Sect. 3.3.2 (see also
example 1 in Jankowski 2003). The initial separation gap between buildings has
been set to d ¼ 0:05 m and has been changed later to study its effect on damage of

Fig. 6.12 Model of colliding base-isolated buildings
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adjacent buildings. The following values of the non-linear viscoelastic pounding
force model’s parameters have been applied in the analysis: �b ¼ 2:75� 109 N/m3=2,
�n ¼ 0:35 ðe ¼ 0:65Þ. The time-stepping Newmark method with constant time step
Dt ¼ 0:002 s has been used in order to solve the equation of motion (6.16a–6.16d)
numerically. A set of 9 earthquake ground motion records listed in Table 5.1 have
been used as input excitations. Similarly as in Sect. 6.3.1, all acceleration records
have been scaled to have the peak ground acceleration of 0.5 g to ensure inelastic
response of structures. The parameters of the damage indices have been taken as:
lu1 ¼ lu2 ¼ 0:6 and bPA ¼ 0:15.

The examples of numerical results, in the form of different damage indices time
histories for colliding base-isolated buildings under the El Centro earthquake, are
shown in Figs. 6.13, 6.14, 6.15 and 6.16. Additionally, the values of peak damage
indices for the left and the right structure under all analyzed ground motion records
are summarized in Tables 6.3 and 6.4, respectively (see also Moustafa and Mah-
moud 2014). The results of the study reveal that damage indices are considerably
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Fig. 6.13 Park and Ang damage index time histories for base-isolated buildings under the El
Centro earthquake
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Fig. 6.14 Powell and Allahabadi damage index time histories for base-isolated buildings under
the El Centro earthquake
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different for base-isolated structures as compared to the values obtained for the
non-isolated buildings. This is due to the fact that adding isolation devices results in
considerable changes of structural natural frequencies. Tables 6.3 and 6.4 indicate
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Fig. 6.15 Fajfar and Cosenza damage index time histories for base-isolated buildings under the El
Centro earthquake
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Fig. 6.16 Time histories of damage index based on hysteric energy for base-isolated buildings
under the El Centro earthquake

Table 6.3 Peak damage
indices for the left base-
isolated building under
different ground motions

Earthquake DIPA DIAP DIFC DIH
El Centro 1.9011 0.9670 1.2624 0.5104

Kocaeli 1.0323 0.5467 0.5467 0.6335

LomaPrieta 0.4050 0.2000 0.2306 0.5665

Duzce 1.3632 0.7557 0.7557 0.5205

Kobe 1.3929 0.6570 1.4542 0.6461

Tabas 0.5274 0.2000 0.2941 0.4410

Nahanni 0.0858 0.2000 0.0000 0.0000

SanFernando 0.9885 0.4396 0.6244 0.7903

Northridge 0.3470 0.2000 0.1139 0.4353
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that the El Centro, Kocaeli, Duzce and Kobe earthquakes are among the ground
motions which produce the largest damage indices in the case of base-isolated
buildings. On the other hand, other earthquake records, especially the Nahanni and
Northridge ground motions, produce much lower damage indices. Moreover,
similarly as in the case of non-isolated structures, damage indices for the left base-
isolated building might be either higher or lower than the values determined for the
right structure with the base isolation.

Table 6.4 Peak damage
indices for the right base-
isolated building under
different ground motions

Earthquake DIPA DIAP DIFC DIH
El Centro 1.1359 0.3419 1.2559 0.8208

Kocaeli 0.3756 0.2000 0.1690 0.7059

LomaPrieta 0.6049 0.2768 0.3661 0.8333

Duzce 1.2335 0.6738 1.1652 0.8231

Kobe 3.4340 1.4861 3.2333 0.8351

Tabas 0.2942 0.2000 0.0806 0.2761

Nahanni 0.0718 0.2000 0.0000 0.0000

SanFernando 0.6777 0.3227 0.3228 0.8575

Northridge 0.1949 0.2000 0.0178 0.3194
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Fig. 6.17 Peak damage indices for base-isolated buildings under the El Centro earthquake with
respect to the gap size. a Park andAng. bPowell andAllahabadi. cFajfar andCosenza. dHysteretic
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In order to examine the effect of the separation distance on damage indices of
colliding base-isolated buildings, the parametric study has also been conducted.
Similarly as in Sect. 6.3.1, the value of the gap size between adjacent structures has
been varied between 0 and 0.20 m. Figure 6.17 shows the peak damage indices for
both base-isolated buildings under the scaled El Centro earthquake. It should be
underlined that, this time, pounding does not occur for a gap size of 0.14 m, which
is larger than for non-isolated buildings because of the fact that base-isolated
structures experience larger response displacements (Kelly 1993; Komodromos
2000; Nagarajaiah and Sun 2001; Agarwal et al. 2007; Komodromos et al. 2007;
Mahmoud et al. 2012; Falborski and Jankowski 2013). It can be seen from Fig. 6.17
that, starting from this value of the separation distance, damage indices for adjacent
buildings are stabilized with constant values. On the other hand, in the range when
pounding take place, i.e. between 0 and 0.14 m, the curves of damage indices for
both structures show initially the increase trend and then their values decrease with
the increase in the separation gap. Anyway, the results clearly indicate that struc-
tural interactions contribute to the significant increase in damage indices of both
base-isolated buildings.
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