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Abstract: In this study, an investigation is carried out to analyze the difference in considering adjacent multi-
storey buildings to behave elastically or inelastically on the response of structures under earthquake excitation
with the effect of pounding. In the study, both structures are modelled as four-storey systems and the nonlinear
viscoelastic model is used to simulate pounding force during collisions at different storey levels. Three different

ground motion records with different Peak Ground Accelerations (PGA) are applied to conduct the numerical
simulations. The study 1s carried out for two cases: (1) two adjacent buildings are considered to be elastic and
(2) two adjacent buildings are considered to be inelastic. A formulation of the equation of motion for two elastic
and melastic buildings 18 presented. The influence of the gap distance on the structural response (peak
displacement, acceleration and pounding force) is also mvestigated. The results clearly show that modelling
the colliding buildings to behave inelastically 1s really essential in order to obtain accurate structural response

under earthquake excitation.
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INTRODUCTION

The destructive nature of earthquakes has always
been important to structural engineers. The reports on
damage after strong earthquakes show that the effect of
structural pounding is often one of the reasons for
damage. The earthquake that struck Alaska (1964), San
Fernando (1971), Mexico City (1985), Loma Prieta (1989)
and Kobe (1995) are clear examples of the serious seismic
hazard due to pounding. Bertero (19835) reported that
pounding was present in about 40% of 330 collapsed
buildings during the 1985 Mexico City earthquake and n
15% of all cases it led to collapse.

Seismic pounding occurs between adjacent buildings
with different structural characteristics,
msufficiently separated. The differences in geometrical

which are

and/or material properties result m the out-of-phase
oscillations and significant differences in the responses
increase the probability of impacts. One of the key issues
is to estimate the required separation distance to avoid
pounding structures. Four  different
expressions (Valles and Reinhorn, 1996; Penzien, 1997,
Lopez Garcia, 2004) have been used in building codes to

of adjacent

calculate the mmimum separation distance required to

prevent structural interactions. One of them considers the
equivalent to the absolute sum of adjacent buildings’
maximum displacements. The second specifies the
minimum gap size without considermg the dynamic
properties of adjacent structures. Instead, a coefficient
multiplied by the building height is needed to evaluate the
critical gap distance. The third expression specifies a fixed
distance for construction censiderations and the last one
uses the square root of sum of squares taking mto
account the fact that the maximum displacements in the
structures will not occur at the same time.

Because of the complexity of the pounding
phenomenon, most of the past studies on structural
pounding incorporated elastic models of buildings
assuming that the ground motion causes deformations
that do not exceed the elastic limit. In addition, the
buildings were often idealized as Smgle-Degree-of-
Freedom (SDOF) systems (Maison and Kasai, 1992;
Chau and Wei, 2001; Chau et of., 2003). One of the studies
on the seismic response of adjacent structures, which
permitted the evaluation of the nonlinear behaviour of
buildings subjected to pounding, was conducted by
Athanassiadou and Penelis (1985). Anagnostopoulos
(1988) carried out a more detailed study of pounding of
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adjacent buildings in a row modelled as SDOF nonlinear
systems. Pantelides and Ma (1998) considered the
dynamic behavior of damped SDOF elastic and inelastic
structural systems with one-sided pounding during an
earthquake using the Hertz contact model to capture
pounding. Muthukumar and Des Roches (2006) studied
the pounding of adjacent structures modelled as elastic
and melastic SDOF systems using different pounding
models. Jankowski (2006a) proposed the idea of impact
force response spectrum for two adjacent elastic and
inelastic structures modelled as SDOF systems.

In order to conduct numerical simulations of the
responses of colliding buildings under earthquake
excitation, a mumber of different impact force models have
been used. Among them, the linear and nonlinear
viscoelastic models (Anagnostopoulos, 1988; Jankowski,
2005) are the most attractive since they allow us to
simulate the dissipation of energy during collisions.
Mahmoud et al. (2008) confirmed the accuracy of the
nonlmear viscoelastic model in capturing the pounding
force through a comparison based on different ground
motion records with different Peak Ground Accelerations
(PGA). On the other hand, it is known that the use of the
linear viscoelastic model (Anagnostopoulos, 1988) results
in tension force just before separation, which is
considered as a major shortcoming of the model for
pounding simulation. Mahmoud (2008) proposed a
modified version of the lmear viscoelastic model to
simulate pounding without inducing the sticky tensile
force, yet this modified model requires further
investigations.

Besides the fact that the study on earthquake-
induced structural pounding has been recently much
advanced, the comparison between the pounding-
mvolved responses of buildings modelled as elastic and
melastic systems has not been conducted. Moreover, in
the numerical analyses, the elastic pounding force models
have often been used. Therefore, the aim of this study 1s
to conduct a comparative study in order to verify the
unportance of the necessity of nonlinear modelling of
structural behavior. In the study, buildings are modelled
as multi-degree-of-freedom systems and the nonlinear
viscoelastic model is used to simulate impact force during
collisions. Different gap distances between structures
exposed to different ground motion excitations are
considered in the study.

EQUATION OF MOTION

Let us consider the models of four-storey buildings
shown in Fig. 1. Fori=(1,2,3,4)and j = (5,6,7.8) let m,, ¢;
and k be the masses, damping and stiffness coefficients
for the left and the right building, respectively. Let us first

() u(t)
k, k,
El

_H
u,{t}
k,
/W\Me:W\N\

u,{t}

W

k, k,
RMAA PRI qmé——

Fig. 1: Model of colliding four-storey buildings

assume that the two buildings remam in the lmear elastic
range and hence they do not yield under earthquake
excitation. In such a case, the coupling equation of motion
for the two buildings shown in Fig. 1 can be written as

Eq L:
0 MU 0 C\U 0 KU (1a)
F M0 )T
=— 19)
-F 0 MI)E
m 0 0 0 my; 0 0 0 F. ()
M= 0 m 0 O M = 0 mg O O Fo E, ()
0 m, 07 0 m, 07/ E, ()
0 0 m, 0 0 0 m E.(t)
(Ib)
¢ te, ¢, 0 0 c;te, ¢ 0 0
ol —C; € tC; —Cy 0 o —€;  cgteq, —¢g 0
B 0 -, Cto, o, B 0 —€;  C;te —Cg
0 0 —Cy [ 0 0 —Cy [
(le)
k+k, -k, 0 0 k;+k, -k 0 0
Ko -k,  ky+k; -k, 0 Ko -k;  ky+k, -k, 0
0 “k, ky+k, -k, 0 “k,  kytk, kg
0 0 &, Kk, 0 0 -k, Kk
(1d)
U, () U,(0) U (0)
Ul=|U,m| 0= U |, U= 0,0 (le)
Uyt U, (1) U,
[SA(3] Uit U,
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U, (t) U, (1) U, ()
U=|U,m| U =|U,m U= U0 (1f)

U, (t) U, U,

Uy(th U, U,(t)

where, M', C', K' and M, C", K" are the mass, damping and
stiffness matrices of the left and the right building,
respectively, U, U, U and U, U', U7 denote the
displacement, velocity and acceleration vectors of the left
and the right structure, respectively; F 15 a vector
containing the forces due to impact; T is a vector with all
its elements equal to unity and U, is the earthquake
acceleration.

If the two buildings are assumed to be melastic under
the considered earthquake excitation, the coupling
equation of motion can be expressed m Eq. 2 as:

T el

Rl (t) - R-z (t) R-5 (t) - Rﬁ (t)
1_ Rz (t) - R3 (t) , R'= Ra (t) - R7 (t) (2b)
R3 (t) - R4 (t) R7 (t) - Rx (t)
R, R (D

where, R and R are vectors consisting of the system
melastic storey restoring forces for the left and the night
building, respectively; R(t) = k(U(t) - U, (1)), R(t) =
(Ut - U, (1)) for the elastic range and R(t) = I, R(t) =
I, for the plastic range, where I, and F; are the storey
yield strengths.

In the study, the nonlinear viscoelastic model is used
to simulate the pounding force during impact I (t)
between the storeys of the two adjacent buildings,
which 1s based on the following formula in Eq. 3
(Jankowski, 2005, 2008):

3
E(t)= EESE D +7, (08, 8,(t) >0 (approach period of collision)

3
F(t= ESi:J? (t); Slj (t)=0 (restitution period of collision)

(3)

where, 8;(t) 1s the relative displacement: &,(t) = (UL(D-U{0)-
d), 3,(t) is the relative velocity, § is the impact stiffness
parameter and G 1s the impact element's damping, which
can be calculated as in Eq. 4 (Jankowski, 2005):

qmziﬁ$4qfﬁ; “)

where, & is an impact damping ratio related to a
coelficient of restitution e, which can be defined as in
Eq. 5 (Jankowslki, 2006b):

S 1e ()

?9
T2 e(e(9n-16) +16)

NUMERICAL STUDY

A comprehensive study is conducted in order to
wvestigate the influence of modelling structural
behaviour using either elastic or inelastic systems on the
response of buildings with different separation distances
under different ground motions. The El Centro (1940},
Cape Mendocino (1992) and Kobe (1995) earthquake
records (Fig. 2) are considered to examine the seismic
response of the two buildings. The PGA levels of the
above earthquakes are 0.34, 0.59 and 0.82 g, respectively
(g 1s the acceleration of gravity). Different separation
distances are considered to examine the influence of the
gap distance on the peak structural displacements,
accelerations and pounding forces. The study is carried
out for two cases: (1) two four-storey buildings are
considered to be elastic and (2) two four-storey buildings
are considered to be inelastic.

In the study, we compare the Maximum FElastic
Responses (MER) (1.e., displacements, accelerations and
pounding forces) with the responses obtained
considering the buildings to behave inelastically (MIR).
The difference between the results of elastic behavior and
the results of mnelastic one is assessed by calculating the
Normalized Error (NE) according to the formula in Eq. 6
(Tankowski, 2005):

_ | MIR —~MER ||
| MIR ||

% 100% (©)

Properties of the structures: Tn the present study, two
adjacent four-storey buildings are considered (Fig. 1). The
mass values as well as the stiffness and damping
parameters are assumed to be the same for all storeys of
each structure. The mass of the storey of the left building
is equal to 25%10° kg, whereas each storey of the right
building has the mass of 10° kg. The storey stiffness is
equal to 3.46x10° N m ™" and 2.215<10° N m ™' for the left
and the right building, respectively. The damping ratio for
both buildings 1s taken as 5%. For the above values of
structural parameters the fundamental natural elastic
periods of the structures have been calculated as equal to
1.2 and 0.3 sec for left and the right building, respectively.
In the case of the inelastic response, the storey yield force
for each storey of the left building is set to be 1.369x10° N,
whereas each storey of the right building yields when the
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Fig. 2: Acceleration time histories of the El Centro (1940), Cape Mendocino (1992) and Kobe (1995) ground motion
records (PEER Strong Motion Database: http://peer.berkeley edu/smeat/)

force is equal to 1.589x107 N. The parameters considered
in the study make the left building to be lighter and more
flexible when compared with the right structure, which 1s
heavier and stiffer.

In the numerical analysis, the followmg values of
parameters of the nonlinear viscoelastic pounding force
model are used: B =2.75x10° Nm™, E =0.35{e = 0.65)
(Jankowski, 2008).

Solution of equation of motion: The coupling equation of
motion (1) 1s solved i the incremental form using Implicit
Runge-Kutta (IRK) methods (Chen and Mahmoud, 2008;
Mahmoud and Chen, 2008) with two stage Burrage
coefficients and step size of 0.001 sec. Moreover, we use
the slanting Newton method (Chen et af., 2000) to solve
the system of nonsmooth equations in each iteration of
the IRK method. On the other hand, Newmark's step-by-
step method is used to solve the coupling equation of
motion (2) with a constant time step size of 0.001 sec. In
addition, we use the constant average acceleration
approach (1e., y = 0.5, p = 0.25) to ensure high degree of
numerical stability. The numerical simulations are
performed using MATLAB 7.0 software on a Dell PC with
2 MB memory and 800 MHz.

Response analysis: Here, pounding of two adjacent
buildings modelled as discrete systems shown m Fig. 1,
with either elastic or inelastic structural behavior, is
studied. First, the numerical analysis 1s conducted for the
value of the gap size between the structures equal to
0.04 m. The results of this analysis in the form of the

displacement and pounding force time histories for both
buildings under the El Centro (1940), Cape Mendocino
(1992) and Kobe (1995) earthquake records are shown in
Fig. 3-5. The responses of the elastic systems are
significantly different comparing to the responses of the
inelastic ones (Fig. 3a,b, 5a,b). This concerns especially
the left building, which 1s lighter and more flexible. In the
case of this structure modelled as inelastic system, the
first collision with the heavier and stiffer right building
results in substantial movement into the opposite
direction including entering into the vielding range. This
movement 18 so big that the structures do not come mto
contact for the second time and the permanent
deformation of the left structure can be observed
(Fig. 3b, 4b, 5b). It can also be seen from the figures that
the values of peak pounding forces and the mumber of
impacts are larger m the elastic case as compared with the
inelastic one. Moreover, in some cases (Fig. 5), the lower
storeys of the elastic systems come nto contact with each
other, while in the case of the inelastic systems collisions
between lower storeys do not take place.

Further analysis is carried out for different values
of the gap size between colliding structures in order
to investigate the influence of the separation
distance on the pounding-mvolved  structural
response. The results of this analysis showing the peak
displacements, accelerations and pounding forces for
elastic and inelastic systems under the El Centro
(1940}, Cape Mendocino (1992) and Kobe (1995)
earthquake records are presented in Fig. 6-8. The peak
responses are considerably reduced for all the ground
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Fig. 3: Displacement and pounding force time histories under the El Centro earthquake for: (a) two buildings modelled
as clastic svstems; (b) two buildings modelled as inclastic systems
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Fig. 4: Displacement and pounding force time histories under the Cape Mendocino earthquake for: (a) two buildings
modelled as clastic systems; (b) two buildings modelled as inelastic systems
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Fig. 5. Displacement and pounding force time histories under the Kobe earthquake for: (a) two buildings modelled as

elastic systems; (b) two buildings modelled as inclastic systems

3256

E T o5
£ 05 0.5 - J
= First storey = First storey
§ 0 § O =
£ £ \/\w-_.-r\'_v
@ -0.5F gap — k o -0.5F
8 4| ooam Lef buildng f| & | gap Left building
o — Right building B - " 0.04m ——Right building
a-15 N s n n = £ N 2 r r
a -1.55 5 10 15 20 25 O -5 5 10 15 20 25
. Time (sec) Time (sec)
g ,x10 2 5 X 10’
Py T v T T
g 2
s g
=]
o1t h olp
T £
c o
3 0 . Ja e . 5
1] 5 10 15 20 25 & 05 3 0 3 > 5
Time (sec) Time (sec)
= 05 T = 05
E Second storey E 7 i Second storey )
= 0 = 0 Crweorey C
[
% 05 gap J 2 s \r\/\/\r\-f\/.\,:
& b 004m J 2 gap
o 2 ' ooom T
015 5 0 i 0 % 09y 5 0 T g P
Time (sec) Time (sec)
7
=2 %10 = %10 7
B 3
=l S . 3
2 | 2 1
i =]
EIN L |,||||||.. L S, ) L ,
a 5 10 15 20 2 o 5 10 15 20 >
Time (sec) Time (sec)
£ 05 — E o5 . .
p=2 Third storey - Third storey .
g0 5 ©
£ I £
3 -05} gap 6 -0.5
& 4} 004m 2 4
[=%
g 15 i i 1 i g -1.5 - ' - v
0 5 10 15 20 25 0 5 10 15 20 25
Time (sec) Time (sec)
7 — 7
5 ,x 10 g ,x10
S 2
o 1t | 21} !
= 2
c 3
g0 I Il‘"”h" g % 3 T4 'I1'5 20 Pl
) 5 10 15 20 25 i
Time (sec) Time (sec)
—_— ’é‘ 0_!: .
E Fourth storey Z 0 Fourthstorey = . . |
: ” ;
-0.5 -
£ 2
: £ % i
L] [+ .04 m
% 1 5 g _1_!-'. 1 L L 1
8 -15; 3 m 3 >0 5 0 5 1$ime (5591)5 20 25
Time (sec) 10
. x107 Z X
g2 e
g 8
€91 i o 1 -
o 5
5 3 A 1
5 of go -
o 0 5 10 15 20 25 0 5 10 15 20 25
Ti Time (sec)
@ ime (sec) ib)



J. Applied Sci., 9 (18): 3250-3262, 2009

0.04
E
< EZ "
. g S 003 [ 3
3 B &z
P = g 3
=8 ;5 002 E
= Ed
=)
0.0 . 0.01 TR "
0.0 0.05 0.10 0.15 0.20 V] 0.05 0.10 0.15 0.20
Gap distance (m) Gap distance (m)
A En 10
I I
g w s
EZ EE ¢
g 2 ' 5 2
<3 25 s
e 4=
= = A
0.0 0.05 0.10 0.15 0.20 0.0 0.05 0.10 0.15 0.20
Gap distance (m) Gap distance (m)
x10° ermemrmemmen i
5 First storey
—_ T L} L} T
N e N Second storey
v
o .
E Third storey
5 Fourth storey
= .
0 e 1 1
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
(@) Gap distance {m)
— 0.4 0.04
E o _
& & an
52 €5
& B 2 02
i = g 5
52
0.00 . ik ke
0.0 0.050 0.10 0.15 0.20 0.0 0.05 0.10 0.15 0.20
Gap distance (m) Gap distance (m)
i T
é & 100 § éﬂ 8
E3 g2 I
<g T E
g = g =
p= =
4 . L L
0.0 0.050 0.10 0.15 0.20 0.0 0.050 0.10 0.15 0.20

Gap distance (m)

e First gtorey
a SRR —— Second Storey
S
15 I
& Third storey
% Fourth storey
E 1 1 1
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
(b) Gap distance (m)

Fig. 6: Peak displacements, accelerations and pounding forces with respect to the in-between gap distance under the El
Centro earthquake for: (a) two buildings modelled as elastic systems; (b) two buildings modelled as inelastic
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Table 1: Normalized errors obtained for the El Centro, Cape Mendocino and Kobe earthquakes

Nommnalized displacement error (%46) Nommalized acceleration error (%) Normalized
pounding force
Earthquake PGA () Lett building Right building Left building Right building error (%)
El Centro (1940) 0.34 1648 17.30 144.40 21.59 154.11
Cape Mendocino (1992)  0.59 38.01 33.27 266.79 58.26 292.55
Kobe (1995) 0.82 69.27 63.00 725.56 165.56 780.33

motion excitations when inelastic modelling of adjacent
structures is considered in the analysis (Fig. 6a,b, 8a,b).
For both elastic and melastic systems, the peak
displacements and accelerations of the storeys of the
lighter and more flexible left building mcrease up to a
certain value of the gap distance and with further increase
in the gap distance a decrease trend can be observed. On
the other hand, the storeys of the heavier and stiffer right
building show almost of peak
displacements and accelerations for all considered gap

identical values
distances (Fig. 6-8). Moreover, higher storeys induce
higher peak responses than the lower ones for both
buildings under all the ground motion records and the
separation distances considered in the analysis.

The normalized ermrors mn simulating the peak
responses of the elastic systems with respect to the peak
responses of the melastic systems, calculated according
to Eq. 6, are presented for the three ground motion
records in Table 1. It can be seen from the Table 1 that the
normalized errors are relatively lugh, especially for the
peak accelerations and pounding forces. It is worth noting
that the normalized errors increase with the increase of the
levels of PGA of the earthquake records.

CONCLUSIONS

The comparison between the earthquake-induced

pounding-involved  behaviowr of two  adjacent
buildings modelled as elastic and nelastic systems has
been investigated in this paper. In the analysis, both
structures have been modelled as four-storey discrete
systems and the nonlimear viscoelastic model has been
employed to simulate pounding force during collisions at
different storey levels. Three different ground motion
records with different PGA have been applied to conduct
the numerical simulations. The mfluence of the gap
distance on the structural response (peak displacement,
acceleration and pounding force) has also been
mvestigated.

The results of the study indicate that the responses
of the elastic systems are significantly different comparing
to the responses of the inelastic ones. This concerns
especially the lighter and more flexible building, which

easily enters mto the yielding range as the result of

pounding. Moreover, the values of maximum impact
forces and the number of impacts are larger in the elastic
case.

The results of further show that
the peak responses are considerably reduced for all
the ground motion histories when inelastic modelling of

mvestigation

adjacent structures 18 considered m the analysis. For
both systems, the peak
displacements and accelerations of the storeys of the

elastic and melastic
lighter and more flexible left building ncrease up to a
certain value of the gap distance and with further increase
in the gap distance a decrease trend 1s observed. On the
other hand, the storeys of the heavier and stiffer right
building of peak
displacements and accelerations for all considered gap
distances.

show almost identical values

The results of this study clearly show that modelling
the colliding buildings to behave inelastically is really
essential in order to obtain accurate structural pounding-
involved response under earthquake excitation.

TRK methods with slanting Newton
have been used efficiently to solve structural dynamic
impact problems which are considered as system of
nonsmoeoth ordinary differential equations (ODEs) (Chen
and Mahmoud, 2008; Mahmoud and Chen, 2008;
Mahmoud ef ai., 2008). Chen and Mahmoud (2008} have
analyzed the slanting Newton as an iteration method for
solving the nonlinear system of equations in the TRK. The

iterations

superlinear convergence of the slanting Newton method
and the convergence order of TRK methods have also
been proved. Moreover, the effect of step sizes on the
obtamed error using both Explicit Runge-Kutta (ERK) and
IRK methods has shown that IRK methods are more
efficient than the ERK of fourth order for solving
structural dynamic impact problems (Chen and Mahmoud,
2008; Mahmoud et ai., 2008). In addition, a verified inexact
TRK method for solving such kind of problems has been
proposed to give a global error bound for the inexact
solution (Mahmoud and Chen, 2008).

ABBREVIATIONS
¢, ¢ Damping coefficients at storey level 1 and j
E : Impact element's damping
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, : Damping matrices for the left and the right
building
. Gap distance
. Coefficient of restitution
. Impact force vector
. Impact force between ith and jth storeys
F, : Yield strengths at storey level 1 and ;
. Acceleration of gravity
: Vector with all its elements equal to unity
k.k : Stiffness coefficients at storey level 1 and |
K, K" : Stiffness matrices for the left and the right
building
: Masses at storey level 1and
M, M : Mass matrices for the left and the right building
. Inelastic storey restoring forces at storey level
iand j
. Inelastic storey restoring force vectors for the
left and the right building
U, U, : Displacements at storey levels 1and j
: Displacement vectors for the left and the right
building
U.U, : Velocities at storey levels i and j

U, U : Velocity vectors for the left and the right
building

U, U : Accelerations at storey levels i and j

U, 1 : Acceleration vectors for the left and the right
building

U, . Earthquake acceleration

(]I : Euclidean norm

B . Impact stiffness parameter

3, . Relative displacement

3 . Relative velocity

E . Impact damping ratio
ERK : Explicit Runge-Kutta
IRK : Implicit Runge-Kutta

MER : Maximum elastic response
MIR : Maximum inelastic response
NE : Nommalized error

ODE : Ordinary differential equation
PGA : Peak ground acceleration

SDOF : Single-degree-of-freedom
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