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Abstract.  Several municipal seismic vulnerability investigations have been identified pounding of adjacent structures as one
of the main hazards due to the constrained separation distance between adjacent buildings. Consequently, an assessment of the
seismic pounding risk of buildings is superficial in future adjustment of design code provisions for buildings. The seismic lateral
oscillation of adjacent buildings with eccentric alignment is partly restrained, and therefore a torsional response demand is
induced in the building under earthquake excitation due to eccentric pounding. In this paper, the influence of the eccentric
seismic pounding on the design demands for adjacent symmetric buildings with eccentric alignment is presented. A
mathematical simulation is formulated to evaluate the eccentric pounding effects on the seismic design demands of adjacent
buildings, where the seismic response analysis of adjacent buildings in series during collisions is investigated for various design
parameters that include number of stories; in-plan alignment configurations, and then compared with that for no-pounding case.
According to the herein outcomes, the effects of seismic pounding severity is mainly depending on characteristics of vibrations
of the adjacent buildings and on the characteristics of input ground motions as well. The position of the building wherever
exterior or interior alignment also, influences the seismic pounding severity as the effect of exposed direction from one or two
sides. The response of acceleration and the shear force demands appear to be greater in case of adjacent buildings as seismic
pounding at different levels of stories, than that in case of no-pounding buildings. The results confirm that torsional oscillations
due to eccentric pounding play a significant role in the overall pounding-involved response of symmetric buildings under
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earthquake excitation due to horizontal eccentric alignment.
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1. Introduction

Buildings in very crowded urban cities are a foremost
concern for destructive seismic pounding risks. Out-of-
phase response to neighboring buildings can be a source for
serious damage during strong earthquakes due to pounding.
The utmost severe cases of seismic pounding on buildings
were detected during the 1985 Mexico earthquake, with
heavy damage or collapse of 3 to 4.5% of total damaged
buildings (Bertero 1986). Pounding among nearby buildings
could cause worse damage as adjacent buildings have
inadequate separation gap or energy dissipation systems to
accommodate the relative movements of neighboring
buildings. Investigations of structural pounding damage
during recent earthquakes (Kawashima and Unjoh 1996,
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Naserkhaki et al. 2013, Abdel Raheem 2014) has classified
the configurations of buildings according to sensitivity to
the pounding damages into three categories: building with
equal height of story (floor-to-floor pounding); building
with non-equal height of stories (inter-story pounding,
Shakya et al. 2008, Karayannis and Naoum 2018); massive
adjacent buildings pounding; eccentric pounding and
buildings in row. The seismic pounding among adjacent
structures in row causes a repeated hammer that is exerted
on each other, the damage due to end building pounding of
in-row adjacent buildings is the utmost prominent among
the commonly recognized vulnerabilities (Jeng and Tzeng
2000, Bull et al. 2010). The seismic lateral oscillation of
adjacent buildings with eccentric alignment is partly
restrained, and consequently a torsional movement is
induced in the adjacent buildings with eccentric alignment
during an earthquake excitation due to eccentric pounding.
The eccentric pounding magnifies the response relative to
symmetric impact. Torsional response may be induced in
symmetric structures because either spatial variation of the
ground excitation (Kuo 1974, Tabatabaei 2011) or eccentric
alignment.

The phenomenon of earthquake-induced pounding
between buildings has recently been intensively studied
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using various structural models and different models of
collisions (Anagnostopoulos and Spiliopoulos 1992, Davis
1992, Jankowski 2006, Mahmoud and Jankowski 2011,
Abdel Raheem et al. 2018a, 2019). However, the analyses
for torsional response due to eccentric collisions, are very
limited. Buildings may collide in torsion mode arising due
to buildings’ configuration irregularity (Abdel Raheem et
al. 2018c) or due to in-plan eccentric alignment
arrangement of adjacent buildings causing eccentric
pounding. Among seismic torsional pounding studies,
Leibovich et al. (1996) investigated the influence of impact
eccentricity on two symmetric linear elastic single-story
models with symmetrically and asymmetrically aligned for
numerous gap sizes and torsional eccentricity to lateral
frequency ratios. Papadrakakis et al. (1996) established a
3D finite element analysis for the simulation of the
pounding response of two or more adjacent buildings. The
effect of various in-plan configurations of adjacent
buildings as well as the consequence of stiffness
irregularities in plan are examined. Gong and Hao (2005)
used a single-story model subjected to bi-directional
earthquake excitation to do a parametric study on the
lateral-torsional-pounding responses of adjacent structures.
Wang et al. (2009) adopted the Hertz contact model to
simulate  lateral-torsional ~ pounding  between  two
asymmetric single-story buildings. Fiore et al. (2013)
proposed an analytical model to simulate the coupled
lateral-torsional pounding between two equal height
adjacent buildings, in view of humerous pounding scenarios
conferring to the position of the adjacent buildings during
vibration. Rajaram and Ramancharla (2014) studied the
eccentric pounding of adjacent buildings with different
setbacks, it has been identified that the increase in the
setback distance causes magnification in impact force.
Torsional coupling of the seismic response of adjacent
buildings makes them to impact at the corners. This
phenomenon acts like an amplification factor for the
torsional response (Farahani et al. 2019). Combination of
the torsional response and pounding at the corners makes
the peripheral frames to be the most critical ones in many
cases regarding the nonlinear response and ductility demand
(Karayannis and Naoum 2017).

From the above studies, torsional pounding is evident
during earthquakes and most of these studies focus only on
torsional pounding between two adjacent buildings.
However, it is quite usual seismically induced oscillations
of a structure in a block of buildings to be partially
restrained in lateral displacements and consequently a
torsional movement to be introduced in the building due to
eccentric pounding. In this paper an attempt to study the
influence of the eccentric seismic pounding on the design
requirements for reinforced concrete buildings with
different story heights is presented. So, three adjacent
buildings are considered with different setback eccentric
alignment under a set of ground motion records to assess
the torsional behavior due to different setbacks between
nearby buildings in series. A parametric study on the effects
of eccentric impact on the response of symmetric multi-
story adjacent buildings with horizontal eccentric alignment
and different heights is formulated. The eccentric alignment
configuration implies that the earthquake induced
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Fig. 1 Three-, six- and twelve-story adjacent buildings: (a)
Typical floor plan, (b) Elevation

oscillations of the tall building is laterally partly restrained
by the other structure and therefore a torsional movement is
introduced in the adjacent buildings during an earthquake
excitation. Therefore, a significant torsional movement is
induced as if there was plan asymmetry and building
configuration irregularity (Abdel Raheem et al. 2018d). The
torsional movement depends on the impact interaction area
and eccentricity of the impact forces resultant to the
stiffness centers of the collided buildings.

2. FE modelling for seismic response analysis

2.1 Physical model for the interaction of adjacent
Buildings

The medium-rise reinforced concrete buildings has been
widely used in the building construction industry. These
buildings are constructed with diverse patterns and
structural systems. Fig. 1 shows three different selected
models with height variety of 3-, 6-, and 12-stories. The
story height is 3 m for all the building’s stories with bay
width 5 m in both directions. The used reinforced concrete
material properties in analysis and design has a compressive
strength of f. = 30 MPa (M30), unit weight y, =
25kN/m3® and E = 24 GPa of modulus of elasticity.
The used reinforced steel has yield strength of F, =
360 MPa and Poisson’s ratio v = 0.2. The dead load
(DL) and live load (LL) as gravity loads and lateral
earthquake loads are included for the building design. The
dead loads take account of the own weight of the structural
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Table 1 Cross-sections and rebar for columns of all buildings

Buildin Story No From1lto3 From4to 6 From7to9 From 10 to 12
g Column position ~ Sizerebar  p;%  Size rebar ps %0 Size Rebar  ps%  Size rebar ps %0
60x60 0 50x50 0 50x50 0 40%40 0
corner 24T22 2.53% 20720 2.51% 20T16 1.60% 20T16 2.50%
12-Story Edge Zggg 1.86% ggigg 2.11% gg;gg 2.51% ‘2‘8;‘1‘2 2.50%
80x80 0 70x70 o 60x60 o 50x50 0
Internal 28725 2.15% 28722 2.17% 24722 2.53% 20722 3.04%
corner ggﬁg 1.60% ggﬁg 2.50%
50x50 o 40x40 o
6-Story Edge 20T20 2.51% 20T16 2.50%
Internal g%gg 2.53% 28:'32 3.04%
corner ‘2‘8;‘1‘2 2.50%
3-Story Edge 38:_41'2 2.50%
Internal gg;gg 2.51%

ps % is the dimension ratio of steel to concrete

components, the weight of flooring cover (1.5 kN/m?) and
panel wall loads intensity of 10 kN/m’ on all beams. As a
residential building, a selected 2 kN/m? of live load is
considered. ECP-201 (ECP 2012) is adopted for the
structural and seismic design for the studied buildings. The
parameters of the seismic design are 0.3 g as peak ground
acceleration PGA regarding to the earthquake zone (5B),
while the important factor is taken as y = 1. The response
spectrum of type 1 is considered while soil factor S = 1.8
is taken as for soil class (D). For the MRF buildings
R = 5 is selected as a reduction factor. From structural
design which has been carried out according to ECP-203
(ECP 2007, Abdel Raheem 2013, Abdel Raheem et al.
2015), the floor slab thickness is 0.15m as a slab-beam
system while the dimensions of floor beams are
0.3x 0.7 m. Table 1 shows the columns’ cross sections
details of reinforcement and cross section dimensions.

2.2 Mathematical modeling and nonlinear dynamic
analysis procedures

The computer program used in this research is the finite
element analysis package ETABS (CSI 2013, ETABS 2016,
Abdel Raheem et al. 2018b). The finite element mesh used
here for the modelling of each structure utilizes one-
dimensional beam-column element for each structural
member, where the geometric and material nonlinearities
are considered during structural FE modelling and analysis.
The beam-column element with lumped plasticity is used,
where the inelastic behavior is concentrated in zero-length
plastic hinges at the element’s ends, a 3D interaction
surface N — M, — M, is used to model the plastic hinge
behavior. The equilibrium equations for nonlinear static and
nonlinear time history analysis consider the deformed
configuration of the structure. The nonlinear relation of
force-deformation can capture the nonlinear behavior,
which can take the material nonlinearity into consideration

within ductility and limit-state behavior. Using the plastic
hinge properties, the yielding and post-yielding can be
modelled. According to FEMA-356 (FEMA 2000) or ASCE
41-13 criteria (ASCE 2013), based on the material of
element and the properties of the section, the properties of
hinge could be calculated automatically. The practice on
seismic design of buildings demonstrates that masonry infill
walls entirely alter the behavior of building’s frames due to
enlarged initial stiffness and low deformability. However, it
is hard to assess the infill contribution to the lateral stiffness
and strength and its effects on the behavior of moment
resisting frame building, as failure modes could be in either
the masonry or the surrounding frame. Thus, due to
numerous uncertainties concerning the infill arrangement as
non-structural elements and openings through walls,
complications in modelling infill wall-frame interaction are
hard to be quantified and typically disregarded in structural
analysis and design (Karayannis and Favvata 2005a, b,
Elwardany et al. 2017, Abdel Raheem et al. 2019).

2.3 Spectrum compatible input acceleration time
histories

In this study, nine-ground motions’ time histories have
been chosen as input earthquake excitation for seismic
pounding nonlinear dynamic analysis. The input excitation
in the form of acceleration time histories is required to be
well-matched with the design response spectra at the target
site. In order to match the proposed elastic design spectrum
ECP (ECP 2012), the chosen input excitation records
(Ancheta et al. 2013) have been scaled using a time domain
scaling method. The SeismoMatch software (Abrahamson
2006) is employed to scale the selected records. For the
response history analysis, the crucial parameters as an
indicator of the damage potential of the earthquake
excitation are calculated for real and matched ground
motion records and presented in Table 2. The ground
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Table 2 key parameters of real and matched nine-ground motion records

motions are scaled in accordance with the seismic code
provisions (NEHRP 2003) such that for each period
between 0.2T, and 1.5T,, the average of the 5%
damped response spectra for the suit of ground motion is
not less than the corresponding ordinate of the target
response spectrum, where T; is the fundamental period of
the structural system.

2.4 Structural impact model

Fig. 2 shows the compression-only gap element that can
be utilized to simulate the pounding force between the
adjacent buildings. To overcome the linear viscoelastic
model drawback, the energy dissipation simulation is
modeled by introducing the linear dumper. (Zhu et al. 2002,
Pekau and Zhu 2006, Komodromos et al. 2007, Jankowski
2010, Polycarpou and Komodromos 2010). The pounding
force of impact model F, is calculated as

F ={1<5+c8 §>G  \where
"o 5 <G
6=ui—uj—G,5=ui—u]~ (1)

where § and § defines the relative displacement and
velocity between colliding elements. K and ¢ are the
stiffness and damping for the impact model, respectively.
w;, u; and 1, 1, are the displacement and velocity of the
element's nodes i, j and G is the separation gap. Several
studies have been discussed the different potentials for the
determination of the gap element stiffness (Wada et al.
1984, Anagnostopoulos 1988, Maison and Kasai 1992,
Watanabe and Kawashima 2004). For the gap element K,
the impact stiffness herein can be determined as the greater
value of either the lateral stiffness of the stiffer building or
the axial stiffness of the collided floor at the impact level.
(Kawashima and Shoji 2000, Unjoh et al. 2003, Abdel

. Spectra PGA PGV PGD Specific ~ Arias  Housner Period T,

Earthquake / Station My I\aatch g m/sec cm Epnergy Intensity  Intensity (sec) )
San Simeon, CA. / 6.52 Real 0.13 13.10 7.72 497.3 0.21 40.29 0.13
RSN3994-36153090 ' Match 0.38 33.80 7.93 1133.6 1.27 123.0 0.38
Morgan Hill, USA/ 6.19 Real 0.19 11.02 3.12 500.3 0.34 48.6 0.19
RSN457- G03000 ' Match 0.52 26.20 4.32 856.3 1.42 118.8 0.48
Christchurch, NZ / 6.20 Real 0.29 33.52 16.99 1479.6 1.13 100.56 0.29
RSN8124-RHSCN86W ' Match 0.45 37.20 18.14 1667.6 1.82 140.41 0.45
L'Aquila, ltaly / 6.30 Real 0.52 35.91 4.47 565.9 1.37 91.60 0.51
RSN4481-FA030YLN ' Match 0.63 43.62 3.68 714.3 2.08 111.69 0.62
Loma Prieta, USA/ 6.93 Real 0.65 38.12 591 1487.2 6.27 128.35 0.64
RSN811-WAHO090 ' Match 0.60 35.35 5.69 1299.5 5.90 119.80 0.58
Imperial Valley, USA / 6.53 Real 0.60 46.75 20.22 2655.4 3.97 174.64 0.59
RSN160- H-BCR140 ' Match 0.57 40.62 15.79 17215 2.92 126.76 0.56
Bam, Iran / 6.60 Real 0.81 124.12 33.94 7989.2 7.83 389.31 0.79
RSN4040- BAM-L ' Match 0.65 64.89 20.07 2802.4 4.80 147.44 0.64
Kobe, Japan / 6.90 Real 0.83 91.11 2111 7581.8 8.38 363.11 0.82
RSN1106-KIMO000 ' Match 0.45 36.94 12.33 2054.2 2.29 139.71 0.44
Chi-Chi, Taiwan / 762 Real 0.86 93.16 4166  10247.2 6.41 395.38 0.85
RSN1231-CHY080-N ' Match 0.53 37.16 39.54 3786.0 1.88 141.20 0.52
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Fig. 2 Viscoelastic impact model

Raheem 2009, Guo et al. 2012, Shrestha et al. 2013, Abdel
Raheem et al. 2019).

3EI
- O]
Where E is the material elasticity Young’s modulus, A
is the impact contact area, and the building width is
expressed by symbol b in the impact direction. The
equivalent cantilever model for the stiffer building has the
moment of inertia I whereas the building height up to the
impact level; h. The stiffness amplification factor; y = 50
is selected based on sensitivity analysis. This value was
assessed based on some practical considerations, supported
by a limited sensitivity study which showed that the system
responses are not sensitive to changes in the stiffness of the
impact elements. The dashpot constant; ¢ of the impact
elements determines the amount of energy dissipated during
impact. Rational values of this constant can be assigned by
linking it to the coefficient of restitution, in terms of which
the plastic impact of two bodies has typically been studied
and for which experimental data are (Goldsmith 1960). if
two masses m,and m, , which collide with arbitrary
velocities, it is easy to express the dashpot constant ¢ of
the impact element in terms of the coefficient of
restitution r, by equating the energy losses during impact.

c=2 /K—mm1+”:rj , (= 3)

K=y% or

—Inr

m2+(In71)2
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(a) 3-12-6 configuration of adjacent buildings

(b) Plan of longitudinal alignment
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(d) Two-bay setback (10 m setback)

(c) One-bhay setback (5 m setback)

Fig. 3 Longitudinal and eccentric alignment of adjacent buildings in series

where K = stiffness of the impact spring. For the
applications herein, a value of the coefficient of restitution
r = 0.65 was assumed, which corresponds to a damping
ratio ¢ = 0.14. Based on studies from literature it may be
admitted that the influence of the damping is rather
negligible, and the system response is not noticeably
sensitive to changes of the spring stiffness
(Anagnostopoulos and Spiliopoulos 1992, Karayannis and
Naoum 2018).

3. Numerical results and discussion

To study the effect of torsional pounding on the design
demands of adjacent symmetric buildings with eccentric
alignment, two different setbacks for eccentric alignment
are considered as shown in Fig. 3. A parametric study on
the effects of eccentric impact on the response of symmetric
multi-story adjacent buildings with horizontal eccentric
alignment is formulated. The responses were observed
along both x and y directions for all the three adjacent
buildings with reference to the four corners Al, A4, D1, D4
of the adjacent buildings as shown in Fig. 1(a). Two cases
of eccentric pounding are investigated and compared to the
reference case of longitudinal pounding for horizontal in-
plane alignment of adjacent buildings: One-bay setback
eccentric alignment, where pounding takes places along
two-bay of 10 m; two-bay setback eccentric alignment,
where pounding takes place along one-bay of 5m. The
initial gap distance between the adjacent structures could
help towards ameliorating the consequences of the

pounding. The in-contact case most probably exhibits the
heaviest consequences due to the pounding in comparison
to the corresponding cases with an initial gap distance
between the interacting structures. However, it could not be
a fact, since the interval of a very small gap size stands for
the case of nearly fully continuous structure, the initial gap
distance effects significantly depend on its normalized
value relative the minimum required gap size to prevent
pounding for the considered excitation record, studied
response and its impact/ rebound direction, and input
excitation (Jankowski et al. 2000, Abdel Raheem et al.
2018a). The initial gap distance allows the building to
generate lager relative velocities before collision, which
increases the impact force (Cole et al .2011).

3.1 Response demands in longitudinal direction

For the three different in-plan Alignment configurations
of 5m and 10m, in addition to adjacent buildings
without a setback, the nonlinear dynamic analysis has been
carried out for separation gap of 2 cm between buildings is
considered. Table 3 shows peak displacement response at
pounding level for the different buildings under San Simeon
earthquake. The results are compared to the no-pounding
and longitudinal pounding cases. For the 6-story and 3-story
exterior buildings and the 12-Story interior one, in both
rebound and impact directions, the building peak
displacement response demands is reduced by the
longitudinal pounding. With the two sided-impacts for the
interior 12-Story building at both 3 and 6™ story level, due
to the pounding in the impact direction, the displacement
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Table 3 Peak displacement responses at pounding level (m)
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Impact between 3- and 12- Story buildings

Impact between 12- and 6- Story buildings

3-Story building

12-Story building 6-Story building

Earthquake Response (3 level) (6™ level)
Rebound Impact direction Rebound  Rebound Impact direction Rebound
No pounding -0.057 0.077 -0.033 0.030 -0.079 0.072 -0.113 0.115
Longitut_iinal -0.049 0.030 -0.033 0.025 -0.080 0.055 -0.071 0.093
Poupding 14 61 0 17 1 24 37 -19
. One-bay -0.051 0.044 -0.036 0.026 -0.083 0.064 -0.072 0.098
San Simeon D1-D4 Al-A4  D1-D4 D1-D4 Al-A4
% -11 -43 9 -13 5 -11 -36 -15
Two-bay -0.055 0.070 -0.035 0.034 -0.090 0.081 -0.097 0.108
D1-D4 D1-D4 D1-D4 Al-Ad
% -4 -9 6 13 14 13 -14 -6

Table 4 Peak pounding forces induced at different story levels under Loma Prieta earthquake (MN)

Impact between 3- and 12- Story buildings

Impact between 12- and 6- Story buildings

Story Longitudinal Eccentric Eccentric Longitudinal Eccentric Eccentric
Pounding One-bay Two-bay Pounding One-bay Two-bay
Story 6 - - - 15.53 14.43 9.27
Story 5 - - - 12.98 1.10 6.19
Story 4 - - - 9.25 5.32 4.50
Story 3 8.61 6.20 3.96 6.00 4.24 3.62
Story 2 7.72 4.34 1.99 0.00 0.70 0.93
Story 1 0.00 0.00 0.00 0.00 0.00 0.00
Fous -=-=-Corner A4 Bous ‘ ---Corner A4
E ——Corner D4 E ——Corner D4
E 0.1 g 0.1 e b
Boos "\’ 2005 ' II Ir::l ; “, :'
2 2 L LTRSS i B B
0 0 MVM’U\J M ¥ ':; i 1 TR
Y i J’:‘ CH A HARHIAY
0.0 0.05 TR p-ttat
culy vE o hwwv v ey
v e ]
-0.1 -0.1 !
t
-0.15 4 -0.15
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)

(a) 6-Story Building one-bay setback

(b) 6-Story Building two-bay setback

Fig. 4 Longitudinal displacement time-histories for different in-plan alignments during Kobe earthquake

response demand has been increased. The maximum
increasing at both 3 and 6" levels is 24% of that case of
no-pounding. In the rebound direction, the displacement
response demand decreased with 17% at the 3" story level
of that case of no-pounding.

The eccentric pounding effects on the seismic design
demands of adjacent symmetric buildings with eccentric
alignment are investigated through one-bay and two-bay
setback alignment between adjacent buildings, the
displacement responses for buildings’ corners and the
torsional responses due to eccentric impact were observed
as shown in Fig. 4. Moreover, Table 3 shows that as the
setback distance increase; i.e., the impact contact interaction
between buildings decreases, the longitudinal displacement
peak responses for both exterior buildings has been reduced
with range 9-43% of that from no-pounding case, while the
peak response for interior 12-Story building displacement

response demand increases by maximum 14% in both 3™
and 6™ levels due to different in-plan alignment. In addition,
it can be seen the displacement demand in the direction of
the earthquake excitation could decrease/increase due to the
movement restraint provided by the adjacent buildings at
this point of the building whereas at the same time
significant displacement demands are observed in the
normal direction.

Table 4 presents peak pounding force induced by Loma
Prieta earthquake for different in-plan alignment
configurations. For different story levels, the pounding
between 3-story and 12-story buildings and between 12-
story and 6-story buildings from other side displays the
higher value of the impact force for longitudinal pounding
case without a setback. In general, the longitudinal
pounding introduces the higher impact force compared to
the eccentric impact which occur with setback eccentric
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Fig. 6 Response envelops for different in-plan alignments under San Simeon earthquake

alignment cases, which could be attributed to the lager area
of impact interaction, the adjacent floors of the buildings
experience frontal surface to surface pounding. On the other
hand, when different setbacks are considered, the eccentric
alignment of mass centers of adjacent buildings floors will
lead to torsional responses due to eccentric poundings. As
shown in Fig. 5, collisions between adjacent buildings at the
3" level are 21 times when longitudinal pounding is
considered. However, when setback S=5 m is considered,
the corresponding pounding events are 27 times. More
pounding events but smaller pounding forces are observed
when different setbacks are considered. This is because the

entire mass of the floor is involved in the pounding if
building only responds in one direction, which results in
larger pounding force owing to large inertial resistance,
whereas only partial mass of the floor will contribute to the
inertial resistance when torsional or eccentric pounding
occurs. As shown in Table 4, the pounding between 6-story
building and 12-story buildings at 2™ story level displays
that the value of the impact force for two-bay setback S=10
m higher than that for one-bay setback S=5 m, while no
pounding events observed in case of longitudinal pounding,
the pounding forces are caused by the torsional rotations of
stories.
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Fig. 7 Maximum envelope of torsional rotation response for different in-plan alignments

3.2 Response demand in the transverse direction

From the symmetry of buildings model, the transverse
response not observed in no-pounding and longitudinal
pounding cases. While, the transverse response of adjacent
buildings is developed due to eccentric pounding because of
the difference in in-plan alignment configuration “setback”.
Fig. 6 shows the story responses of an adjacent building in
the transverse direction. The response of the 3-Story and the
12-Story building was taken at corner “A4” while corner
“D1” is considered for 6-Story building response. As shown
in Fig. 6, by increasing setback distances the response of
building in the transverse direction is increasing. The
torsional movement is introduced in the adjacent buildings
due to the induced plan asymmetry caused by the restraints
imposed by the pounding between the adjacent structures.
The results clearly show that high requirements in terms of
torsional moments and column shear strength are developed
due to the eccentric pounding.

3.3 Torsional response demands

Torsional oscillation has been the cause of major
damage to buildings subjected to strong earthquakes,
ranging from visible distortion of the structure to structural
collapse. The torsional vibrations occurred due to the
variation in the displacement responses for corners of the
building because of the difference in in-plan alignment
configuration of adjacent buildings “setback”. Fig. 7
presents the maximum torsional rotation response envelops
for different in-plan alignment configurations that confirms
the trend of eccentric impact effect on the torsional rotation
response demands of the adjacent building. For the exterior
3-Story building which had a one-sided impact, Fig. 7
shows that the torsional response is decreased by increasing
the setback distance. It can be seen however, that the
torsional vibrations of the interior 12-Story building which
had a two-sided eccentric impact and other exterior 6-Story
building are substantially increased as the result of
increasing the setback distance. The torsional vibrations of
the adjacent buildings due to eccentric pounding are
important components of the overall structural responses.
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Fig. 8 Story rotation time histories of the 3-Story building
for different in-plan alignment configurations

The results indicate, however, that structural pounding may
significantly influence the torsional behavior of adjacent
buildings. In the case of the 3-storey building, the increase
in the peak value of the rotation angle at the top floor is
equal to 13.9 %. On the other hand, the torsional response
of the 6-storey building significantly decreases due to
pounding. The change in the peak value of the rotation
angle at the top floor of this structure during the earthquake
is as large as 45.7 %. The rotational response of
asymmetric-plan buildings leads to unequal displacement
demands on the floor diaphragm. The building rotates about
its center of rigidity. This causes large increase in the lateral
forces and displacement demands in lateral load resisting
elements, in proportion to their distance from the center of
rotation. In such cases, corrective measures should be taken
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in the structural design of the building. In effect, the upper
part of the building transmits an eccentric shear to the lower
part, which causes downward torsion of the transition level
regardless of the structural symmetry or asymmetry of the
upper and lower floors.

Figs. 8-10 show the comparison between the different
setbacks’ vibration time histories of the rotation angle at the
top floor of the adjacent 3-, 6- and 12-story buildings beside
3 and 6" levels of the 12-Story building, respectively. The
figures indicate that the torsional responses of the building
sometimes increase or decrease as the result of increasing
the setback distance. For the exterior 3-story building which
had a one-sided impact.

Fig. 8 shows that the increase in the peak value of the
rotation angle at the top floor of this structure during
L’Aquila earthquake is 37.3% while the response is
decreased by 34% during Kobe earthquake by increasing
the setback distance. Likewise, for the other exterior 6-story
building, Fig. 9 reveals that the torsional responses of the
building are also increased by 61.4 % during Kobe
earthquake and decreased by 10.7 % during Christchurch
earthquake as the result of increasing the setback distance.
It can be seen from Fig. 10, however, that the torsional
vibrations of the interior 12-Story building which had a
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two-sided eccentric impact are substantially increased as the
result of increasing the setback distance during Kobe
earthquake. In the case of two-bay setback, the increase of
the peak value of the rotation angle at the 3rd and the top
level is as high as 61.5% and 96% respectively. While
during Christchurch earthquake, these responses have been
decreased by increasing the distance of setback. The
reduction in the peak value of the rotation angle is found as
2.4% at 3rd level while it is 14% at the top level. These
results indicate that the torsional response demands of
adjacent symmetric buildings depend on in-plan alignment
of the buildings where the relative the positions of the
geometric center of the buildings is the main factor that
causes torsion. While the magnification in these demands is
relying on the vibration characteristics of the building itself
and in relation to the dynamic characteristics of the input
excitation.

The results of the study show that torsional vibrations of
both structures are important components of the overall
structural response, affecting both the number of collisions
and the entity of overall displacements. Results also
indicate that pounding force and torque reach their
maximum values at the stories around the impact level.
Overall it was found that impact eccentricity amplifies the
response relative to symmetric impact, but the effect is not
proportional to first impact eccentricity. It can clearly be
deduced that eccentric pounding causes significant torsional
movement and high value torsional moments in adjacent
buildings although its plan view is symmetric and, in the
cases, it vibrates without the pounding effect it presents
insignificant torsional moment and consequently no
torsional movement. It has been observed that the
developing torsion increases as the height of the adjacent
structure increases. Furthermore, high shear forces are
developed in the direction normal to the earthquake
direction although the plan view of the building is
symmetric in both directions.

The pounding induces, in addition to the local damage it
usually causes, an increase in the structural response. The
local damage could be around the impacting areas on each
building, and is directly related to the collision force, while
the global damage can occur through the building as a result
of the collision’s momentum transfer, which change the
velocity of both buildings. The developed shear strength
and ductility demand increase for the columns that are close
to the impact locations, these demands could be critical and
exceed the available shear strength and ductility capacity. In
the floor-to-floor interaction, the eccentric story pounding
causes significant torsional movement and high value
torsional moments in the adjacent building although its plan
view is symmetric. The torsional movement which is
induced due to the eccentric pounding highly influences the
distribution of the developing shear forces in the columns. It
is noted as a general remark that floor-to-floor eccentric
pounding causes significant torsional movement even in
buildings with symmetric plan view. Pounding induced
torsional vibration changes significantly the column shear
strength and ductility demands and rather increases the
shear strength and ductility demands of columns along the
perimeter that experience high displacement due to the

rotational movement of the building. The torsional
movement depends on the impact interaction area and
eccentricity of the impact forces resultant to the stiffness
centers of the collided buildings.

4. Conclusions

Seismic  pounding is an extremely nonlinear
phenomenon and a severe load case that could be a source
of major structural damages. Seismically induced
oscillations of a building in a block of buildings in a city
center is likely to be partly restrained in lateral
displacements and therefore, torsional behavior to be
introduced. In this paper, the effects of eccentric pounding
on the seismic response demands for the adjacent
symmetric buildings in series with eccentric alignment have
been studied. The global response demands have been
analyzed, where, three adjacent buildings in series with
different heights of 3-, 6-, and 12-stories are modelled using
the finite element software ETABS. Numerical
investigation has been conducted to perfectly describe and
evaluate the real behavior of colliding adjacent buildings in
series and its impact on global responses. The pounding
response of building in series of adjacent buildings is
affected by the alignment position of the building in the
row, the in-plan alignment of the adjacent buildings, input
excitation frequency content and vibration properties of
adjacent structures. The torsional response of symmetric
buildings under seismic pounding due to horizontal
eccentric alignment makes their design for earthquake
actions substantially more complicated than the design of
symmetric buildings whose response is purely translational.
Moreover, maximum stress appears more likely at the
corners of the contact owing to eccentric poundings.

The results of this study clearly showed the sensitivity
of the system response to the parameters affecting the
pounding phenomenon, i.e., characteristics of the
earthquake excitation, dynamic characteristics of buildings
and their in-plan alignment. The pounding between adjacent
buildings that have different in-plan setback alignment
causes torsional responses even if it is symmetrical owing
to eccentric impacts. The results show that by increasing the
setback distance, the response demands of adjacent
buildings may be increased or decreased depending on
vibration characteristics of the building itself and in relation
to the dynamic characteristics of the input excitation. The
torsional vibrations of adjacent buildings are important
components of the owverall structural response, affecting
both the number of impacts and the entity of overall
displacements. When the setback distance increases, the
number of impacts increases but its magnitude decreases
due to just partial mass of the floor is involved in the
pounding. The results indicate that torsional vibrations due
to eccentric pounding play an important role in the overall
pounding-involved response of symmetric buildings under
earthquake excitations due to horizontal eccentric
alignment. In the floor-to-floor interaction, the eccentric
story pounding causes significant torsional movement and
high value torsional moments in the adjacent building
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although its plan view is symmetric. The torsional
movement which is induced due to the eccentric pounding
highly influences the distribution of the developing shear
forces in the columns. It is noted as a general remark that
floor-to-floor eccentric pounding causes significant
torsional movement even in buildings with symmetric plan
view. Pounding induced torsional vibration changes
significantly the column shear strength and ductility
demands and rather increases the shear strength and
ductility demands of columns along the perimeter that
experience high displacement due to the rotational
movement of the building. The torsional movement depends
on the impact interaction area and eccentricity of the impact
forces resultant to the stiffness centers of the collided
buildings.
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