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ARTICLE INFO ABSTRACT

Keywords: The problem of seismic impact between torsionally coupled multi story moment frame buildings is investigated
Pounding in this paper. Five pairs of adjacent structures spaced at various separation distances are considered. The
Torsion

buildings are 4-10 stories in height. Although a common plan being symmetric with regard to lateral stiffness is
considered, a mass eccentricity variable from zero to 30% of the plan dimension is assumed. By three-dimen-
sional modeling of the nonlinear torsional buildings having common story elevations, the seismic pounding
happen anywhere along the adjacent buildings edges. Effect of impact and torsional eccentricity are studied by
comparison of nonlinear dynamic responses of buildings at different clear distances under 11 consistent
earthquakes. The responses include pounding forces at stories, story drifts, story shears and plastic hinge ro-
tations. It is shown that how pounding incidents increase for larger eccentricities and how pounding occurs even
at the clear distances prescribed by seismic design codes. The combined effect of torsional eccentricity and

Nonlinear dynamic
Consistent earthquakes
Clear distance

pounding results in amplifying the nonlinear response of structure especially for the peripheral frames.

1. Introduction

The seismic pounding can happen between closely spaced adjacent
structures during large earthquakes. In such an event, the impact force
is applied as a shock on a dynamical system. Such a shock force can
alter totally the design responses, as anticipated, for the system under
study. Moreover, the local damage sustained by the structural elements
under direct impact force, can result in local or global failure in extreme
cases.

Because of complexity and existence of many uncertainties in
modeling and estimation of pounding, both as an event and as an extra
force, it has been the tradition of building codes to set a rule to distance
the buildings at an amount to practically eradicate the possibility of
impact. Some researchers focused on the adequacy of these prescribed
separation distances and possibility of estimating the safe separation
distance to avoid pounding. Penzien [1], Lin [2], Jeng et al. [3], Hong
et al. [4], Yu et al. [5] and Lopez-Garcia and Soong [6] employed dif-
ferent methods to estimate the required separation distance to avoid
seismic pounding between adjacent buildings. Hao and shen [7] uti-
lized the random vibration procedure to estimate the minimum re-
quired separation distance to preclude earthquake-induced pounding
between adjacent asymmetric structures. Barros and Khatami [8] in-
vestigated the influence of separation distance on pounding between
adjacent buildings under near-fault earthquake excitation.
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An appropriate model is necessary to simulate pounding effects
between adjacent structures and several linear and non-linear models
have been proposed so far for the same purpose. Jankowski [9] de-
veloped a non-linear viscoelastic model of pounding force to simulate
the structural pounding during earthquake. The results showed that
their model possessed a better accuracy compared to other linear
models but it required more experimental studies to assess the range of
the model’s parameters for different pounding conditions. Mate et al.
[10] studied various pounding elements in the problem of impact of
adjacent buildings. They showed that the elements composed of non-
linear springs developed smaller impact forces compared with the
linear impact elements.

Many attempts have been undertaken by various researchers to in-
vestigate the detrimental effects of seismic pounding in the past,
especially after the 1985 Mexico City earthquake that exhibited many
instances of pounding. The larger volume of the research works in the
past 30 years on pounding has been on simple one-dimensional or two-
dimensional models of adjacent buildings. However, Jankowski studied
the seismic pounding of a 5-story concrete building to a 6-story one
using a three dimensional model [11]. Using nonlinear dynamic ana-
lysis, it was shown that the shorter building was more affected by the
impact phenomenon due to increase of its lateral displacements and
plastic strains. In another work by Favvata [12], the ponding of a real
RC frame structure with an adjacent shorter and stiffer structure was
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Fig. 1. Typical plan of the buildings.
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Fig. 2. The design response spectrum.
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Name Section dimension (cm) Section wall thickness (cm)
C1 18 1.75
Cc2 20 1.75
C3 22 1.75
C4 24 1.75
C5 26 1.75
C6 28 1.75
Cc7 30 1.75
Cc8 34 1.75
Table 2
Column sections.
4-Story Building Story Axis 1 Axis 2
A B A B
1,2 C5 C5 C5 C5
3,4 Cc2 Cc2 Cc2 Cc2
7-Story Building Story Axis 1 Axis 2
A B A B
1,2 C5 C5 C5 C5
3 C3 C5 C5 C5
4,5 C3 C4 C4 C4
6,7 C1 C1 C1 C1
10-Story Building Story Axis 1 Axis 2
A B A B
1-3 Cc7 c8 Cc7 Cc8
4-6 (€9 C6 (€9 Cc7
7-10 Cc4 Cc4 C4 C4
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investigated. The results indicated that in all of the examined cases, the
external column of the taller building was always in a critical condition
due to shear action and high ductility demands.

The pounding phenomenon becomes much more complicated if the
effects of other existing parameters, including torsional response, are
taken into account. Several research tasks have been devoted to con-
sidering simultaneous effects of pounding and torsional coupling
[13-18].

Rajaram and Ramancharla [19] evaluated the seismic response of a
pair of adjacent single story reinforced concrete (RC) structures with
mass eccentricity. They observed greater impact forces at larger clear
distances though the number of impacts was reported to be unchanged.
The softer building was more influenced by pounding consequences.
Fiore and Marano [20] studied simple models of adjacent torsional
buildings on rigid bases under seismic impact. They utilized a nonlinear
viscoelastic element for transfer of the pounding force. They concluded
that the torsional response had a detrimental effect on the number of
impacts and lateral displacements of buildings, especially in the lighter
and softer structure.

Gong and Hao [21] studied the effects of pounding in single story
torsional buildings. To activate torsion, the mass center was displaced
relative to the center of stiffness. It was observed that the torsional
impact resulted in increase of column shears in stiffer and its reduction
in softer buildings. Moreover, pounding increased the torsional re-
sponse in both buildings, especially in the stiffer one. The building code
requirements pertaining the clear distance were deemed not to be
adequate to prevent impact in adjacent structures.

The objective of the present study is to investigate the seismic
pounding between torsionally coupled adjacent structures. As men-
tioned in the above related literature, utilizing 3D nonlinear building
models for predicting the earthquake-induced pounding between tor-
sionally coupled adjacent buildings remains a research need. Therefore,
3D nonlinear building models are employed for the purpose of the
current study. More details are presented in the following sections.

2. Design of the studied buildings

Steel special moment frame buildings being 4, 7, and 10 stories high
are investigated. All of the building are common in their plans that is
15 x 15m with three equal spans in each direction (shown in Fig. 1).
The story heights are identically 3.3 m. The fixed-base buildings are
considered to be resting on a soft soil (soil type D, ASCE 7-10 [22]) for
design purposes. The location of buildings is assumed to have a very
high seismicity. The buildings function is residential occupancy. The
design acceleration spectrum of the buildings is shown in Fig. 2. The
columns and beams are selected to have box and I sections, respec-
tively. The buildings are designed based on AISC360-10 [23]. Char-
acteristics of the designed structural members are shown in Tables 1-3.

The fundamental periods are calculated to be 1.1, 1.96, and 2.33 s
for the 4, 7, and 10-story buildings, respectively. It is to be mentioned
that when designing the buildings, they are assumed to have no ec-
centricity (except of the minimum value of the code) to retain the same
basis for comparison. Unsymmetricity is included later in nonlinear
time history analysis by displacing the mass center.

3. Nonlinear modeling

Five pairs of the considered steel moment frame buildings are stu-
died in this paper. Referring to the number of stories, (4, 4), (4, 7), (4,
10), (7, 10), and (10, 10) pairs are investigated. For instance, a (4, 4)
pair means a 4-story building adjacent to a 4-story building. The non-
linear modeling of the buildings and the pounding elements between
the adjacent structures within OpenSees is mentioned in the following.
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Table 3
Beams section properties (Bays in Fig. 1 from left to right or up to down).
Story Axis 4-Story Building 7-Story Building 10-Story Building
Bay 1 Bay 2 Bay 3 Bay 1 Bay 2 Bay 3 Bay 1 Bay 2 Bay 3
Axis 1 IPE300 IPE330 IPE300 IPE300 IPE360 IPE300 IPE330 IPE400 IPE330
Axis 2 IPE330 IPE330 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
Axis 3 IPE330 IPE330 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
Axis 4 IPE300 IPE330 IPE300 IPE300 IPE360 IPE300 IPE330 IPE400 IPE330
Axis A IPE330 IPE300 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
Axis B IPE330 IPE330 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
Axis C IPE330 IPE330 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
Axis D IPE330 IPE300 IPE330 IPE360 IPE270 IPE360 IPE360 IPE360 IPE360
2.0 4 *~ k=1x10N/m
15 . ——k=1x10"N/m
1.0 ."-é’ 3 k=5x10"N/m
. 2 = k=1%108 N/m
F 0 gz { k=5x10° N/m
§ 0.0 k=1x10°N/m
@ 05 1 2 ——k=1x101"N/m
1.0 0.8 0.9 1.0 L1 12
: Ratio of the story shear with pounding to the one without pounding
-1.5
-2.0 10 ~_ X
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 9 =8
. 8 et k=1x10°N/m
Strain 5
2 Z k=1x10"N/m
Fig. 3. The Steel02 material [24]. g k=5x107N/m
§ 4 k= 1x10°N/m
3 ; k=5%105N/
; ¥ m
e | ¢ k=1107N/m
0.8 0.9 1.0 11 12 ——k=1x10"N/m
Ratio of the story shear with pounding to the one without pounding
1 _® Fig. 6. Convergency analysis for the stiffness of the link element.
Y
Table 4
Width of the separation joint.
_@ Adjacent structures Width of the separation joint (m)
=] CM
= 4, 4 0.19
T cs qey — 4,7 0.25
! e 4,10 0.18
@ 7,10 0.33
4@ 10, 10 0.38
3.1. Structural members
= 3@5=15m —® Out of the available options, including distributed and concentrated
I plasticity, the latter is selected for modeling of nonlinear behavior in

Fig. 4. Eccentricity of the center of mass.
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bending in the beams and columns, because of its mutual simplicity and
good accuracy. For this purpose, nonlinear moment-rotation hinges are
assigned to the end sections of the members, centered at a distance
equal to the section depth from the end point of the member. The
nonlinear relation is constructed by dividing the section into long-
itudinal ‘fibers’. The moment-rotation behavior of the section is the
resultant of the one-dimensional nonlinear behavior of the fibers, de-
fined by their stress-strain relation. The stress-strain behavior of the
steel material of the section can be selected out of the available options
of the software. The steel02 material of OpenSees [24] is selected be-
cause of its inclusion of strain hardening and the Bauschinger effect and
its smooth transition from the elastic to plastic regions that results in a
better convergency in nonlinear dynamic analysis. The stress-strain
relation of steel02 is shown in Fig. 3.
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Table 5
(a) Characteristics of the records. (b) RSN numbers (PEER database code) of the
records selected for each building pair.

(a)
RSN Event Year Unscaled PGA (g) Scale
number ——— factor
H1 H2
57 San Fernando 1971 0.29 0.27 1.54
78 San Fernando 1971 0.11 0.10 1.81
286 Irpinia Italy — 01 1980 0.10 0.08 1.44
755 Loma Prieta 1989 0.15 0.49 1.59
1484 Chi-Chi Taiwan 1999 0.25 0.21 1.43
1616 Duzce Turkey 1999 0.03 0.04 1.43
3747 Cape Mendocino 1992 0.14 0.18 1.44
3750 Cape Mendocino 1992 0.25 0.26 1.45
3753 Landers 1992 0.22 0.20 1.43
3757 Landers 1992 0.14 0.14 1.43
4214 Niigata Japan 2004 0.20 0.23 1.53
4868 Chuetsu-oki 2007 0.32 0.36 1.44
5265 Chuetsu-oki 2007 0.46 0.34 1.53
5663 Iwate 2008 0.50 0.66 1.79
6971 Darfield New 2010 0.16 0.16 1.44
Zealand
(b)
Adjacent buildings
Order 4,4 4,7 4,10 7,10 10,10
1 57 57 57 78 78
2 286 286 286 286 286
3 755 755 755 755 755
4 3750 3750 3750 3747 3747
5 1484 1484 1484 1484 1484
6 1616 1616 1616 1616 1616
7 3753 3757 3757 3757 3757
8 4214 4214 4214 4214 4214
9 4868 5265 5265 5265 5265
10 5663 5663 5663 5663 5663
11 6971 6971 6971 6971 6971
1.6 ] Design Spectrum !
1.4 . = = = Acvrage (Unscaled) :
12 | Aevrage (Scaled) :
i - = 02T ]
— 1.5T !
= 1
& i
]
[}
]
[}
— ]
- _‘——_h_—-_:—_—ﬂ
25 3.0 35 4.0

Fig. 7. Scaling of average response spectra for the (4,10) pair of adjacent
buildings.

3.2. Effect of torsion

For comparative analysis of this paper, it is imperative to have the
same structural members within a symmetric plan and then by making
some torsional eccentricity, to evaluate the pounding behavior of the
same buildings. This is performed in this study by varying the location
of the mass center as observed in Fig. 4. To refrain from introducing too
many different cases, equal simultaneous eccentricities are introduced
in the x and y directions in the plan. Totally, 5 cases of the eccentricity
ratio (i.e. ratio of eccentricity to the plan dimension) are assumed as
0%, 5%, 10%, 20%, and 30%.
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3.3. The pounding element

Various mechanical models have been proposed for impact. The
linear elastic model, the plastic impact, the Hertz theory of impact, the
nonlinear oscillator model, and, the viscous impact model are among
them. The Hertz theory of impact was developed by Timoshenko and
Goodier [25]. It has been shown that this theory is an appropriate
model for a stiff sphere impacting a thick plate at ordinary velocities.
For softer materials and higher velocities, the effects of plastic de-
formations and strain rate must be considered.

The linear viscoelastic model is shown in Fig. 5. It utilizes a dashpot
for dissipation of energy during impact. The damping ratio ¢ is only a
function of the restitution factor e in this model. For £ = 0, a perfectly
elastic impact (e=1) occurs. The damping coefficient ¢ and the
damping ratio ¢ are calculated in this model using Egs. (1) and (2)
[26-28]:

o= 2 Jk(mlmz)
my +ny,

(@)
_ In(e)
72 +(In(e))? 2

where k is the stiffness of the spring, m; and m, are values of the masses
of the two colliding bodies, and e is the restitution factor usually
varying between 0.6 and 0.7 [26-28] that is taken to be 0.65 in this
study.

Stiffness of the impact spring, that works only in compression, can
be estimated from different available relations out of which the two
mentioned in the following are more widely used [29]:

k:ZEA/L 3)
_ 4 [RR, 19 34,
T30+ k)\VR+R T aE T N4me® 4)

According to Eq. (3), the impact stiffness of the same-level floors is
considered to be sum of their in-plane stiffnesses that are functions of
the elastic modulus E, the section area A, and the length along the
impact force L. In Eq. (4), the pounding stiffness depends on properties
of the impacting bodies including the Poisson's ratios v;, elastic moduli
E;, masses m;, and the unit masses p,. Stiffness of the link has to be
increased until no change is observed in the structural responses. Mu-
thukumar and Desroches [29], and Madani et al. [30] adopted link
stiffness values from 1x10° to 1x10'! N/m for analysis of pounding in
multistory buildings.

The adjacent structural models of this study were analyzed under
the Elcentro earthquake using a range of stiffness values for the
pounding stiffness, being 1.0x10® to 1.0x10'"! N/m. Since in the previous
studies, among the response parameters, the story shears have been
reported to be most sensitive to the properties of the pounding element,
in this study convergency of the same parameter was evaluated using
increasing values of the pounding stiffness. It was observed that as-
suming stiffness values larger than 1.0x10° N/m for the pounding ele-
ment made no change to the response values. A sample of the ver-
ification analysis is shown in Fig. 6 where ratio of the maximum story
shear with pounding to the one without pounding is shown for different
values of the link stiffness. This study results in selecting the pounding
element stiffness to be 1.0x10° N/m. Occurrence of pounding is simply
confirmed when the axial force of the pounding element is nonzero.

Since pounding is not uniform under torsional response and can
occur only at a corner, two pounding elements are used with each
pounding element located at a corner of the plan adjacent to the nearby
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Fig. 8. The normalized pounding force.

Table 6
Number of impacts at the roof of the 4-story building for clear distance of the
code.

Record no. Number of impacts for each eccentricity

0% 5% 10% 20% 30%
57 0 0 0 0 0
286 0 0 0 73 90
755 0 4 25 26 49
3750 0 0 0 38 67
1484 15 106 110 114 191
1616 0 0 0 0 0
3757 0 0 0 0 0
4214 0 0 0 0 0
5265 0 0 0 0 0
5663 0 55 80 85 130
6971 0 0 0 0 0

building. According to ASCE7-10, width of the separation joint, dyr, is
calculated using Eq. (5):

Sur = Gm1)? + Bm2)?

where &y, and 6y, are the design lateral displacements of the adjacent
buildings 1 and 2 calculated using Eq. (6):

(%)

Cd 5max

6M i = I,

(6)
in which &, is the maximum displacement using the design (linear)
spectrum, Cy is the displacement amplification factor (equal to 5.5 for

steel special moment frames) and I, is the importance factor (equal to
unity for residential buildings). Table 4 shows the width of the
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separation joint calculated using Egs. (5) and (6), Tables 1-3, and
Fig. 1.

In this study, it will be assumed that the adjacent buildings are
spaced at 0%, 50% and 100% of the distances required by the code as
listed in Table 4 to evaluate its effect on the structural responses.

4. The ground motions

As explained previously, the buildings are assumed to be resting on
the soil type D. Therefore, within the database PEER NGA [31],
earthquakes recorded on the same soil Type at an intermediate distance
of 20-50 km and a magnitude within 6-7.5 Richters are picked up. This
resulted in 56 earthquake records as of April 2016. Then, within the
records of the same earthquake from various stations, the one having a
scale factor nearest to unity is selected. The scale factor is a number that
if multiplied by the response spectrum of an earthquake, nowhere be-
tween 0.2T and 1.5T it falls below the design spectrum, where T is the
fundamental period of the building under study. The above condition
results in 11 pairs of ground motion components. For the pair of ad-
jacent buildings, the records having scale factors closer to unity be-
tween the two buildings is selected. The unique scale factor of the re-
cords selected for each building or building pair is calculated first by
constructing an SRSS response spectrum for each pair of horizontal
components of the ground motions and then scaling the average of the
SRSS spectra for each building or building pair. This process results in
Table 5 where the earthquakes selected for each case and their scale
factors are collected.

For instance, the average response spectra are shown in Fig. 7 for
the (4,10) pair of buildings before and after scaling along with the
design spectrum. The two horizontal components of each ground mo-
tion are applied to the system concurrently.
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Fig. 9. Distribution of the story drifts normalized to those of the similar single building.

Table 7
Maximum percentages of the story drift reduction (MDR) and increase (MDI) of building pairs with respect to the similar single building drifts.
Shorter building Taller building Shorter building Taller building
Ecc (%) Story MDR Ecc (%) Story MDR Ecc (%) Story MDI Ecc (%) Story MDI
4,4 30 1 3 - - - 30 3 14 - - -
4,7 20 1 22 0 5 12 - - - 30 7 26
4,10 10 1 20 30 9 8 20 4 20 6 15
7,10 0 6 20 0 10 14 30 4 20 8 25
10, 10 30 10 9 - - - 0 1 17 - - -
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Table 8
Maximum percentages of reduction (DR) and increase (DI) of the story drift ductility demands for the building pairs with respect to the case of a similar single
building.

Shorter building Taller building Shorter building Taller building
Ecc. (%) Story DR Ecc. (%) Story DR Ecc. (%) Story DI Ecc. (%) Story DI
4,4 0 1 67 - - - 30 3 30 - - -
4,7 30 1 79 0 7 55 - - - 30 3 42
4,10 30 1 80 0 10 75 - - - 20 3 20
7, 10 20 7 70 0 10 75 0 3 10 30 3 32
10, 10 0 10 75 - - - 30 3 25 - - -
Vpair d=0 Vpair d=0
Vsingle Vsingle
14 1 14 +
121 12
1T+ 1
08 T 0.8
0.6 0.6
04 + 0.4
02 1 0.2
0 - i 0
1 2 3 4 1 2 3 4 5
Story number Story number
Becc=0% Becc=5% Becc=10%
Becc=20 % Becc=30 % Bece=0 % Becc=5 % Becc=10 % Becc=20 % Becc=30 %
Voair d=0.5 Vpair d=0.5
Vsingle Vsingle
14 1 L4 T
12 ¢+ 12 7

1

0.8 0.8
0.6 0.6
0.4 0.4
02 0.2
0 - 0
1 2 3 4 1 2 3 4 5 6 7 8 9 10
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Becc=0% Becc=5% Becc=10%
Becc=20 % Becc=30 % Becc=0 % Becc=5% Becc=10% Becc=20 % Becc=30 %
Vpair d=1 M d=1
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14 7 14 7
1.2 + 12 +

1 1
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0 0 "
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Fig. 10. The story shears normalized to the values without pounding.
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Table 9
Maximum percentages of the story shear reduction (SR) and increase (SI) of building pairs with respect to the case of a similar single building.
Shorter building Taller building Shorter building Taller building
Ecc (%) Story SR Ecc (%) Story SR Ecc (%) Story SI Ecc (%) Story SI
4,4 - - - - - - 30 4 21 - - -
4,7 20 1 12 - - - 0 4 23 0 5 41
4,10 5 1 11 - - 0 4 19 0 5 26
7, 10 5 2 9 5 2 0 7 27 0 8 20
10, 10 - - - - - - 30 9 13 - - -
Opair d=0 Opair d=0
gsingle 651'71919
20 T 20 +
1.8 + 1.8
1.6 + 1.6
14 1 1.4
1.2 + 1.2
1.0 + 1.0
0.8 08
0.6 0.6
0.4 0.4
00 0.0 i BE BNE AN [
) ) 3 4 1 2 3 4 5 6 7 8 9 10
Story number Story number
Becc=0 % Becc=5% Becc=10% Becc=0 % Becc=5% Becc=10%
Becc=20 % Becc=30 % Becc=20 % Becc=30 %
epair d=0.5 gpuir d=0.5
esingle esingle
20 7 20 T
1.8 + 1.8 +
1.6 + 1.6 +
L4 + 14 +
12 + 12 +
1.0 + 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 - 0.0
1 2 3 4 1 2 3 4 5 6 7 8 9 10
Story number Story number
Becc=0 % Becc=5% Recc=10% Becc=0 % Becc=5% Becc=10%
Becc=20 % Becc=30 % Becc=20 % Becc=30 %
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1.0 1.0
0.8 0.8
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5. Numerical results
5.1. Introduction

As stated in Sections 3, (4,4), (4,7), (4,10), (7,10) and (10,10) pairs
of buildings are studied (where the digits refer to the number of stories
of adjacent buildings). The mass eccentricity is regarded to be the same
in both horizontal directions (see Fig. 4) in both buildings. It is assumed
to be 0%, 5%, 10%, 20% and 30% of the plan dimension. The 30%
eccentricity is considered both to account for rare cases and to make an
interpolation possible. Sign of the eccentricity is obviously of no im-
portance because of the dynamic nature of the analysis. Equality of the
eccentricity ratio in both buildings and in both horizontal directions
makes a more critical situation. Such an assumption might seem to be
conservative but otherwise it would result in too much number of cases
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considering also other variables including earthquakes, buildings and
clear distance cases. On the other hand, especially for smaller ratios,
such eccentricities can often happen because of relocation of the live
load or the torsional input of ground motion.

The clear distance between the adjacent buildings is considered to
be 0%, 50%, and 100% of the value required by the code (see Section
3.3). Therefore, since the analysis is performed under 11 earthquakes,
totally 990 nonlinear time history analyses are implemented for this
part of study. The pounding force, drift, shear force, maximum ductility
demands, and resultant of the plastic hinge rotations of each story are
calculated. The latter quantity is the absolute sum of the plastic hinge
rotations of the beams and columns of each story at each moment. The
maximum values of the above response parameters are calculated for
each earthquake. The average of the maximum values of each quantity
is presented in the following. To save space, the comprehensive
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Fig. 12. The PHR ratios for each frame of the (4,10) building pair normalized to those of the similar frame of single buildings for a clear distance ratio of zero.
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response results are presented only for the (4,10) pair of the buildings.
The summarized results of the plastic hinge rotations and ductility
demands will be shown also for other pairs. The complete set of the
results can be found elsewhere [32]. The analysis results are presented
in a normalized form. The pounding force is normalized to the weight of
the shorter building and other results are normalized to the corre-
sponding response of the single building case (i.e. the one without
pounding).

5.2. The pounding force

Maximum values of the pounding force Fp normalized to the weight
of the shorter building (W), are presented in Fig. 8 for different ec-
centricities and various clear distance ratios d.

It should be noted that without torsion, pounding would occur along
the whole width of the floor plans of the adjacent buildings. With tor-
sion, the impact happens only at one corner. In rare cases when the
impact is much severe, it can change the direction of rotation of a floor
and the impact extends in a certain interval of time to other points of
the floor edge. Therefore, pounding does not occur along the whole side
of the plan simultaneously with torsion and the pounding force is de-
creased. Increasing the clear distance between buildings again reduces
this force and limits the pounding instances to the upper floors as is
clearly observed in Fig. 8. For instance, the pounding force decreases
from 0.90 of the building weight for no clear distance and no torsion to
about 0.01 for the clear distance of code and a 30% eccentricity. It can
be said that pounding is also likely to happen at the clear distance of the
code but at a much smaller force. Table 6 shows number of impacts at
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the roof of the 4-story building for different values of eccentricity at the
clear distance of the code. It is interesting to see that how increasing the
eccentricity adds to the number of impacts though at smaller forces.

5.3. The story drifts

The story drifts normalized to the ones of similar single building are
shown in Fig. 9

According to Fig. 8, impact occurs in most cases for the above
buildings. Therefore, it is anticipated that under the impact incidents,
the buildings tend to act as lateral barriers for each other and to lower
the difference between lateral motions of contacting stories. But for the
stories of the taller building over the shorter one, a ‘splash’ effect occurs
that can result in larger drifts. The same behavior is seen in Fig. 9, al-
though variation of the drifts is small on average. The drift ratio de-
creases as the clear distance increases and this is the direct consequence
of the pounding force reduction (see Fig. 8).

Table 7 shows maximum increase and decrease of the story drifts in
different cases. As expected, the maximum drift reductions are obtained
for the shorter buildings and the maximum drift increases are reported
for the taller buildings.

The maximum variations of the story drift ductility demands be-
tween the stories of the buildings with respect to the corresponding
values of the similar single buiding are shown in Table 8.

As seen in Table 8, variation of the story drift ductility demands
more or less follow the same trend as of the story drifts. In other words,
in most cases the reduction ratio is larger for the shorter building. On
the opposite, the increase ratio is larger for the taller building.
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5.4. The story shears

Distribution of the story shears V normalized to the values without
pounding is shown in Fig. 10.

As expected, the story shears overpass the ones without pounding at
the stories that experience the most severe effects of the pounding force,
i.e. the 4th story in the shorter and the 5th story in the taller building.
In the latter case, it happens in the 5th story because lower than that the
shorter building acts as a lateral bearing. Also, increase of the story
shear should be larger for no eccentricity since in this case, as explained
above, the pounding force is larger. This reasoning appears to be valid
in most cases in the above figure and in similar figures for other

ecc=0%
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building pairs. The few cases where increase of eccentricity has in-
creased the story shear correspond to when torsional response has re-
sulted in occurrence of pounding at a story with no pounding in the case
of no eccentricity. Moreover, the story shear ratio of the lower and
upper stories of the shorter building increased and decreased respec-
tively with increasing the clear distance. It is obviously because of the
pounding force effect (see Fig. 8).

Table 9 shows the maximum increase and decrease of the story
shears in different cases. As can be observed, maximum variations of
the story shears are mostly reported for the small eccentricity ratios and
this could be related to the fact that at smaller eccentricities, the
pounding happens along the whole side of the plan and therefore, the
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Fig. 13. The PHR ratios for each frame of the (4,10) building pair normalized to those of the similar frame of single buildings for a clear distance ratio of 0.5.
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Fig. 13.

pounding force effects are amplified. The taller building acts like a
lateral barrier for the shorter one and this leads to reduction of the story
shear in the shorter buildings. However, no remarkable reduction has
been recorded for the taller buildings and considerable story shear in-
creases have been obtained for the stories just over the adjacent shorter
buildings, because of the sudden lateral stiffness reduction and the so-
called splash effect.

5.5. The plastic hinge rotations

Values of the resultants (i.e. maximum absolute sum) of the plastic
hinge rotations (PHR’s, as defined in Section 5.1) of each story nor-
malized to the similar single building are shown in Fig. 11 for the (4,10)
pair case.

A uniform reduction in the PHR is observed with increase of the
clear distance. The pounding force should certainly be the cause of this
variation as confirmed by resorting to Fig. 8 where larger impact forces
are observed at smaller distances. The torsional eccentricity has a non-
uniform effect on the plastic response. The PHR’s of the stories over the
shorter buildings are increased for the same reason mentioned in
Section 5.4. It is more serious for the cases with no clear distance and
may result in increasing the member damage and possibility of collapse
in the upper stories.

To explore the combined effect of torsion and the clear distance, the
PHR ratios are separately exhibited in Figs. 12-14 for clear distance
ratios of 0, 0.5 and 1 for each frame of the buildings.
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It is clearly seen that as the torsional eccentricity increases, the PHR
ratios generally increase for those frames of both buildings that are
located on the perimeter, as expected. Ratio of the response increase is
absolutely maximum for smaller clear distances and can reach values
up to 8 for the mentioned frames. But the amplification factor is much
smaller for the story as a whole and does not surpass 2. It is also in-
teresting to note that while for clear distance ratios of 0.5 and 1 the
PHR ratio is always smaller than unity for the whole stories of the
shorter building, it can reach values up to 5 for a certain frame on the
perimeter. Therefore, the combined effect of smaller clear distances and
larger torsional eccentricities puts the peripheral frames at the worst
situation regarding the nonlinear behavior and ductility demand. The
larger pounding force at small clear distances should act like an am-
plification factor for already largely eccentric frames.

Table 10 collects the maximum ratios of PHR increase and decrease
in different cases. The largest variations of the story PHR’s are observed
for the building pairs having unequal heights. On the other hand, in-
crease of the PHR is mostly seen in the cases with higher torsional ec-
centricity. It shows that torsional eccentricity amplifies effect of the
sudden lateral stiffness change of the taller building in its stories located
just over the shorter building.

The resultant of the plastic hinge rotations of a story is a more
meaningful index for assessing the nonlinear response of that story.
Judging the story behavior based on the maximum rotation or ductility
demand of just one of its hinges, be it the critical plastic hinge, is ex-
tremely conservative.
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6. Conclusions

The simultaneous effects of pounding and torsional eccentricity on
the nonlinear dynamic responses of pairs of 4, 7 and 10-story steel
special moment frame buildings were investigated in this study.
Responses including the pounding force, story drift, story shear and
resultant of the plastic hinge rotations in each story were calculated
under 11 pairs of bi-directional earthquake motions. Through com-
parison of the average of maxima of each response parameter, the
following conclusions were derived for the studied buildings:

Soil Dynamics and Earthquake Engineering 117 (2019) 81-95

1. Pounding of the adjacent buildings can even happen at the clear
distance required by the sample seismic design code although with a
small amplitude.

. During the earthquake, the buildings act as lateral barriers for each
other and therefore, the difference between lateral motions of con-
tacting stories is reduced. However, upper stories of the taller
building may experience larger drifts because of the splash effects.

. Pounding increases the story shear in the top story of the shorter
building and in the story of taller building located just over the
shorter one. This effect is more pronounced for smaller eccentri-

cities.
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Fig. 14. The PHR ratios for each frame of the (4,10) building pair normalized to those of the similar frames of single buildings for a clear distance ratio of 1.
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Table 10
Maximum percentages of reduction (PR) and increase (PI) of the story PHR of building pairs normalized to the case of a similar single building.
Shorter buildin, Taller buildin, Shorter buildin, Taller buildin,
8 g g g
Ecc. (%) Sto: PR Ecc. (%) Sto PR Ecc. (%) Sto PI Ecc. (%) Sto PI
Ty Ty ry ry
4, 4 20 4 27 - - - 30 3 37 - - -
4,7 30 4 54 5 4 7 - - - 30 6 128
4,10 20 4 55 20 1 13 0 4 31 30 8 920
7,10 5 6 49 5 8 14 30 4 22 30 8 93
10, 10 30 7 15 - - - 30 8 69 - - -
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