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SUMMARY:  
This paper deals with damage assessment of adjacent insufficiently separated buildings under earthquake loads. 
In previous studies, the structure input-response pair is used to examine pounding effects on adjacent buildings. 
In this paper, pounding of adjacent buildings is assessed using input energy, dissipated energy and damage 
indices. These measures are calculated using nonlinear time-history analysis and provide quantitative estimates 
of structural damage and necessary repair. Adjacent buildings with flexible and stiff parameters are considered. 
The nonlinear viscoelastic model is used for capturing the induced pounding forces.  Influences of the separation 
distance between buildings and yield characteristics on damage of adjacent buildings are investigated. Three 
input ground motions at near-fault and far-fault regions with different peak ground accelerations and soil 
condition are used in the analysis. Numerical illustrations on damage of fixed-base adjacent buildings are 
provided. The numerical results imply that the colliding force between adjacent buildings influences damage of 
both buildings. 
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1. INTRODUCTION 
 
 
The unexpected severe damage of infrastructures and buildings and the loss of lives during recent 
earthquakes, such as, the 12 January 2010 Haiti earthquake and the 11 March 2011 Tohoku Japan 
earthquake have raised significant questions and concerns within the earthquake engineering 
community. The earthquake resistance design of structures is the weapon against seismic loads [1]. In 
heavily populated regions and Mega cities, such as Cairo, buildings are constructed side to side 
without separation distances. This could cause coupling effects in adjacent structures under earthquake 
and wind loads. Mathematically, a coupling force appears in the equations of motion of both 
structures. A significant attention to this phenomenon has been paid after the 19 September 1985 
Mexico earthquake in which about 40% of the collapsed or severely damaged buildings have 
experienced some level of pounding and in 15% of them pounding led to total collapse [2]. Pounding 
of adjacent structures has been extensively studied during the last two decades or so. Comprehensive 
reviews of literature on this subject can be found in Refs. [3-5]. Pounding occurs to adjacent structures 
due to the difference of their dynamic properties and the insufficient separation distance.  
 
Nonlinear response of adjacent buildings has been studied by Athanassiadou and Penelis [6]. 
Anagnostopoulos [3] presented a comprehensive study on pounding of adjacent buildings modelled as 
SDOF nonlinear systems. Pantelides and Ma [7] considered the coupling behaviour of damped SDOF 
elastic and inelastic structures with one-sided pounding during earthquakes using the Hertz contact 
model. Muthukumar and Des Roches [8] studied pounding of adjacent structures modelled as elastic 
and inelastic SDOF systems using different pounding models. Jankowski [9] proposed the notion of 
the impact force response spectrum for elastic and inelastic adjacent structures. Pounding of structures 
modelled as MDOF systems has also been investigated in several studies (see, e.g., [10]).  
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In general, the coupling effect of adjacent buildings under earthquake loads is investigated by 
comparing the input ground motion and the associated structural response. This paper investigates 
damage of adjacent buildings with fixed-base. Damage of inelastic buildings is quantified in terms of 
damage indices and hysteretic energy dissipated by inelastic deformations. The next section provides a 
brief overview on damage quantification in structures under earthquake loads using damage indices. 
Section 3 demonstrates buildings and pounding models of adjacent inelastic buildings with fixed-base. 
Section 4 describes the system parameters for fixed-base buildings. A set of three strong ground 
motions used as input to adjacent structures and the response quantities are defined in the same 
section. Section 5 provides numerical illustrations on the formulation developed in this paper. Section 
6 presents the main conclusions drawn based on the numerical results achieved in this study. 
 
 
2. DAMAGE OF STRUCTURES UNDER EARTHQUAKE LOADS  
 
A vast research has been carried out on damage of structures under strong ground motion. Moustafa 
[11] provided a comprehensive review on the literature of this subject. Damage indices can be 
estimated by comparing the response parameters demanded by the earthquake with the structural 
capacities. Powell and Allahabadi [12] proposed a damage index in terms of the ultimate ductility 
(capacity) uµ and the maximum ductility (demand) attained during ground shaking maxµ : 
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However APDI  does not include effects from hysteretic energy dissipation. Fajfar [13] and Cosenza et 

al., [14] proposed a damage index based on the structure hysteretic energy HE , given as: 
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where Hyy Exf ,,  are the yield strength, yield displacement, and hysteretic energy, respectively. A 

robust damage measure should include not only the maximum response but the effect of repeated 
cyclic loading as well. Park and co-workers developed a simple damage index, given as [15-17]: 
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Here, HEx  ,max are the maximum displacement and dissipated hysteretic energy (excluding elastic 

energy) under the earthquake. Note that maxx  is the maximum absolute value of the displacement 

response under the ground motion. ux  is the ultimate deformation capacity under monotonic loading 
and γ  is a positive constant that weights the effect of cyclic loading on structural damage. Note that 
γ = 0 implies that the contribution to DIPA from cyclic loading is omitted. 

The state of the structure damage is defined as: (a) repairable damage, when 40.0PA <DI , (b) 

damaged beyond repair, when 0.140.0 PA <≤ DI , and (c) total or complete collapse, when 

0.1PA ≥DI . These criteria are based on calibration of DIPA against experimental results and field 
observations in earthquakes [17]. The Park and Ang damage index reveals that both maximum 
ductility and hysteretic energy dissipation contribute to the structure resistance during ground motions. 
In Eqn. 2.3, damage is expressed as a linear combination of the damage caused by excessive 
deformation and that contributed by repeated cyclic loading effect. Note also that the quantities 

Hmax , Ex  depend on the loading history while the quantities yu fx ,,γ are independent of the loading 

history and are determined from experimental tests. 



Another measure of structural performance is given as the dissipated hysteretic energy normalized to 
the input energy to the structure. Mathematically, this index is given as: 
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The quantification of the energy terms EH and EI is provided in Section 4.3. Note that the damage 
index of Eqn. 2.4 includes the structure’s response demanded by the ground motion and the associated 
structural capacity parameters in an implicit form. Note also that DIH close to zero implies a linear 
behavior while DIH larger than zero indicates inelastic behavior and occurrence of structural damage 
 
3. BUILDINGS AND POUNDING MODELS 

In the present study, idealized mathematical models for adjacent SDOF fixed-base buildings situated 
at a gap distance d  are considered. To numerically model the pounding phenomenon, a nonlinear 
spring in conjunction with a nonlinear dashpot element is used for estimating the induced pounding 
forces acting on the colliding masses. 

3.1. Nonlinear buildings model 
 

 
Figure 3.1. Colliding model for buildings with fixed bases 

 
To assess damage of neighbouring buildings insufficiently separated, to allow occurrence of impact, 
buildings have been idealized as their masses lumped at the floor level, which are considered as rigid 
in their own plane, assuming that the superstructures to behave in an inelastic way during earthquake 
excitations. Let 1m , 1c , u1 , 1r  and 2m , 2c , u2 , 2r  be the masses, damping coefficients, displacements 
and restoring forces for the left and the right buildings, respectively. In the case of two structures with 
fixed bases (see Fig. 1), the nonlinear dynamic equation of motion can be written as: 
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where, 1u& , 1u&&  and  2u& , 2u&&  denote the velocities and accelerations of the left and the right structures, 

respectively; 1f  is the force due to impact (pounding force); and gu&&  is the earthquake acceleration. 



During the elastic stage, the resisting forces, 1r , 2r , take the form: 1 1 1r k u= , 2 2 2r k u= , while during 

the plastic stage: r1 varies between  fy1 and –fy1, and r2 varies between  fy2 and –fy2, where k1 , k2  and 

1yf , 2yf  are the initial stiffness coefficients and yield strength for the left and the right buildings, 

respectively. 

Assuming viscous damping model for both buildings, the values of initial natural period Ti and the 
damping coefficient ic  ( i =1, 2) of the undamaged buildings are given as in[18]: 
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Note that 
i

i
i m

k
=ω  is the natural frequency of the undamaged structure. The structural response of 

both buildings is estimated by solving the coupled differential Eqn. 3.1 numerically using the 
Newmark-Beta method. 

3.2. Nonlinear pounding model 
 

Pounding between adjacent structures is a highly complex phenomenon. Therefore, in order to 
accurately simulate impact, an appropriate impact force model must be adopted. The nonlinear 
viscoelastic model [19] which uses the general trend of the nonlinear Hertz law of contact together 
with an incorporated hysteretic damping function simulating the dissipation of energy during impact is 
utilized to capture impacting force. According to the nonlinear viscoelastic model, the pounding force 
between two adjacent buildings is given as [19]: 
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Herein, ( )u u dδ = − −1 2  is the relative displacement (d denotes the initial separation gap), β  is the 
impact stiffness parameter and 
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is the impact element’s damping. Here, ξ  is an impact damping ratio related to a coefficient of 
restitution, e, which can be defined as [20]: 
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4. SYSTEM PARAMETERS AND INPUT GROUND MOTIONS 
 

This section defines the parameters of adjacent buildings as well as the set of strong ground motions 
used as inputs to adjacent buildings. The response quantities used to characterize damage of adjacent 
buildings are also stated in this section. The details of this information are provided in the following 
three subsections. 



4.1. System parameters 
 

The dynamic parameters of adjacent structures considered in this study are taken from an earlier study 
by Jankowski [10]. The mass, damping ratio and initial stiffness are taken as 7.5× 104 kg, 0.05, 
1.32× 109 N/m for the left building and 3.0× 106 kg, 0.05, 1.75× 106 N/m for the right building. 
According to these parameters, one of the two buildings is flexible ( 2.1=nT s) and lighter (left 

building) while the other building is stiffer ( 3.0=nT s) and heavier (right building). Furthermore, the 

yield strength for the left and right buildings are taken as 
lyf = 1.369× 105 N, and 

ryf = 1.442× 107 N, 

respectively. The numerical values for the parameters of the nonlinear viscoelastic model for the 
pounding force are taken as β =2.75× 109 N/m3/2, =0.35ξ and e = 0.65 [10]. 

4.2. Input ground motion 
 

A set of 3 horizontal ground motion records with different peak ground accelerations (PGA) are used 
as input to adjacent buildings. These records are the first horizontal component of the 1989 Loma 
Prieta recorded at SF Intern. Airport with 0.24g PGA and site-source of 64.4 km, the 90° horizontal 
component of the 1999 Kocaeli recorded at Sakarya recording station with 0.37g PGA and site-source 
of 3.1 km and the first horizontal component of the 1995 Kobe earthquake recorded at KJMA with 
0.82g PGA and site-source of 0.60 km. These records represent strong ground motion records with 
different frequency content, total duration, site-source distance and local soil conditions. 

4.2. System responses 
 

In this paper, the response of adjacent buildings is assessed in terms of the maximum ductility 
demand, the pounding force 1f , input and dissipated energies and damage indices of Eqns (2.1-2.4). 

The input energy to the structure by the earthquake and the associated damping, hysteretic, elastic and 
kinetic energies dissipated by the structure can be estimated from the energy balance of the equation of 
motion for the structure (see Eqn. 3.1) as [21-23]: 
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Eqn. 4.1 represents the relative energy terms for the left building. Here )(tE I  is the earthquake 

relative input energy to the structure since ground starts shaking until it comes to rest. )(tEK  is the 

relative kinetic energy )2/)()(( 2
11 tumtEK &= and )(tED  is the energy absorbed by damping. The 

energy )(tES represents the total relative energy absorbed by the spring and is composed of the 

recoverable elastic energy and the hysteretic cumulative plastic energy )(tEH . )(tEP  is the energy 

arising due to pounding force between the two buildings. Similar energy terms for the right building 
can be determined from the equation of motion following the same procedures for the right building. 

 
5. NUMERICAL RESULTS AND DISCUSSION 
 
This section provides numerical illustrations of the formulation developed in this paper for fixed-base 



adjacent insufficiently separated buildings. In the numerical analysis, the acceleration records have 
been scaled to 0.50 g PGA to ensure inelastic response of structures and the separation distance d is 
taken equal to 0.05 m. The separation distance is changed later to examine its effect on the response of 
adjacent buildings. The parameters of the damage indices are taken as ==

rl uu µµ 6.0, and γ  = 0.15. 

The structural response of both buildings is calculated using Newmark- β  method in the Matlab 
platform (α = 0.25, β = 0.50 and t∆ = 0.005 s).   
The numerical results for adjacent buildings are presented in Figs. 5.1.-5.5. Fig. 5.1. shows the 
response quantities for left and right buildings under Loma Prieta earthquake record. Specifically, this 
figure depicts the displacement, pounding force and damage indices in time domain for both buildings. 
Note that pounding occurs between the two buildings twice for a very short time duration which is 
seen in the displacement plot where displacements of left and right buildings intersect. The plot of the 
pounding force implies also that pounding starts at the same time instant and lasts for a very short 
duration of time. Notice that the pounding force is the same quantity for both buildings. However, its 
effect on each building may be different (recall that the left building is flexible while the right building 
is rigid and that the two buildings have different responses under the same earthquake). With this in 
mind, we show the hysteretic loops (hysteretic force versus displacement) and the pounding loops 
(pounding force versus displacement) for both buildings under the 1999 Kocaeli ground acceleration 
in Fig. 5.2. The figure reflects the fact that the building on right has more hysteretic loops and more  

0 10 20 30 40
-0.2

-0.1

0

0.1

0.2

time (s)

D
is
pl
ac
em

en
t

 

 
Displacement(Left building)
Displacement(Right building)

0 10 20 30 40
0

0.5

1

1.5

2
x 10

6

time (s)

F
or
ce
 (
N
)

 

 
Pounding force

0 10 20 30 40
0

1

2

3

time (s)

D
am

ag
e 
In
de
x

 

 

Park&Ang (LB)
Park&Ang (RB)

0 10 20 30 40
0

0.2

0.4

0.6

0.8

time (s)

D
am

ag
e 
In
de
x

 

 
Powel&Allahabad (LB)
Powel&Allahabad (RB)

0 10 20 30 40
0

1

2

3

4

time (s)

D
am

ag
e 
In
de
x

 

 
Fajfar&Cosenza (LB)
Fajfar&Cosenza (RB)

0 10 20 30 40
0

0.2

0.4

0.6

0.8

time (s)

D
am

ag
e 
In
de
x

 

 

Hysteretic (LB)
Hysteretic (RB)

(a)

(b)

(c)

(d)

(e)

(f)
 

Figure 5.1. Response parameters for fixed-base buildings to Loma Prieta record  (a) Displacements (b) Pounding 
force (c) Park and Ang damage index (d) Powell and Allahabadi damage index (e) Fajfar and Cosenza damage 

index (f) Damage index based on hysteric energy 

dissipated hysteretic energy compared to the building on left. It can be noticed also that the pounding 
loops for the building on right is wider compared to that on left. This observation is supported by the 
higher values of ductility factor and damage index for the building on right compared to the same 
quantities for the building on left. For instant, µ = 1.99, DIPA = 0.54, DIAP = 0.20, DIFC = 0.27, DIH = 

0.41 for the left building while µ = 2.35, DIPA = 0.97, DIAP = 0.27, DIFC = 0.89, DIH = 0.63 for right 



building. Note that, according to Park and Ang damage criterion, the left building experiences 
unrepairable damage while the right building is fully collapsed. In fact, the obtained numerical values 
of energies reflect that the hysteretic energy is substantially higher than the pounding energy which 
can be expected given that pounding occurs for short durations (note that for a sufficiently large 
separation distance pounding may not occur leading to zero pounding force and zero pounding 
energy). The same fact is also reflected in the input and dissipated energies for both buildings where 
those for left building are EI = 25.06 kN m, ED = 20.46 kN m and EH = 12.17 kN m while those for the 
right building are EI = 1474.60 kN m, ED = 857.67 kN m and EH = 703.52 kN m. 
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Figure 5.2. Hysteretic and pounding forces for adjacent buildings under Kocaeli record 

Fig. 5.3. and Fig. 5.4 show the input energy and dissipated (yielding, damping and kinetic) energy for 
the fixed-base adjacent buildings under the Loma Prieta earthquake record (far-fault) and the Kobe 
earthquake record (near-fault), respectively. For the given structures and separation distance, it has 
been observed that near-fault earthquakes exert less input energy on adjacent structures than far-fault 
earthquakes. Consequently, adjacent buildings dissipate less energy under near-fault earthquakes 
compared with far fault earthquakes. In both cases, however, the input energy to both structures is 
dissipated mainly by yielding and damping mechanisms. The strain and kinetic energies are very small 
compared to the yield and damping energies. The kinetic energy reaches its maximum value during the 
strong phase of the ground acceleration and diminishes by the end of the ground shaking. To examine 
the effect of the separation distance on peak response quantities of adjacent buildings, the value of the 
gap distance between adjacent buildings (d) is varied between 0 and 0.20 m and the peak response of 
both buildings is determined for each separation distance. Fig. 5.5. shows the peak damage indices for 
both buildings under the 1995 Kobe earthquake. It is seen that the separation distance has substantial 
influence on the peak response of both buildings. For example, the peak damage indices increase when 
the separation distance decreases. Pounding does not occur between adjacent buildings for a separation 
distance of about 0.10 m where the damage indices for adjacent buildings stabilize and approach 



constant values. This implies that the damage index for both buildings does not include contribution 
from pounding since the pounding force vanishes and pounding effects diminish. 
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Figure 5.3.. Input and dissipated energy for adjacent buildings under Loma Prieta earthquake (far fault) 
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Figure 5.4. Input and dissipated energy for adjacent buildings under Kobe earthquake (near fault) 
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Figure 5.5. Influence of separation distance between adjacent buildings on damage indices under Kobe 
earthquake 

6. CONCLUSIONS  
 

This paper tackles damage assessment of adjacent buildings with fixed bases under earthquake loads. 
Earlier studies on response analysis of adjacent buildings under earthquake loads have focused on 
pounding effect in terms of the displacement, velocity and acceleration and associated pounding force. 
This study explores the ductility, pounding force, input energy and dissipated energy by damping and 
yielding and damage indices in neighboring buildings caused by earthquake loads. Damage indices 
include those developed by Park and Ang, Fajfar and Cosenza, Allahabadi and Powell and the damage 
index estimated based on hysteretic energy dissipated by yielding. These response parameters are 
believed to be of significant importance in assessing damage of adjacent buildings since they provide a 
quantitative measure of damage level and, hence, a decision on necessary repair can be taken. For 
instant, the inelastic response of both structures may not provide an efficient measure of the structural 
performance compared to damage indices which provide a quantitative measure of the structural 
performance. Additionally, this study has investigated the influence of the separation distance between 
adjacent buildings on the associated structural response and damage indices. It has been concluded 
that damage indices increase as the separation distance decreases due to the effect resulting from the 
pounding force between adjacent buildings.  

In the present study, pounding of simple structures of equal height modeled as SDOF systems with 
elastic-plastic force-deformation relationship is studied. Future research work will focus on 
investigating damage of adjacent MDOF structures of different heights with degrading nonlinear 
models, accounting for formation of plastic hinges. In this case, a weighted summation of local 
damage indices of individual structural members can be used as an estimate of the global damage 
index for the structure. Additionally, examining the damage of adjacent buildings under probabilistic 



ground motion inputs is also of significant interest to structural engineers and will be considered in a 
future study. 
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