Bulletin of Earthquake Engineering (2024) 22:2139-2171
https://doi.org/10.1007/510518-023-01849-x

ORIGINAL ARTICLE

®

Check for
updates

Seismic pounding of adjacent buildings considering
torsional effects

Esra Ozer'

Received: 29 July 2023 / Accepted: 20 December 2023 / Published online: 20 January 2024
© The Author(s) 2024

Abstract

This study aims to evaluate pounding effects in fixed-base models by considering torsional
irregularity. For this purpose, 8 different adjacent building combinations were created by
using 3-dimensional 5- and 9-story building models. In adjacent building models, the most
critical situation was determined by evaluating the gap distance, different sequences of the
same building models and regular or irregular plan view and if the structures are irregular,
their eccentricity cases relative to each other. Nonlinear behavior of structural elements
was taken into account for examine the change in the seismic behavior of structural ele-
ments due to pounding and torsion effects. The nonlinear time history analysis of the adja-
cent models was performed for 11 pairs of spectrum compatible ground motion recordings
in the SAP2000 program. The results of 176 different analyzes show that the displacement
demand, interstory drift ratio, damage ratio and torsional irregularity coefficient values
tend to increase in general with the combined effects of pounding and torsion. The absolute
maximum and most critical values of the relevant parameters were calculated in irregu-
lar structures with pounding where the eccentricity of buildings is in the same direction
and same side. In addition, the large standard deviation of the result values according to
the ground motion records indicates that care should be taken in choosing the number of
ground motion records.

Keywords Seismic pounding - Torsion behavior - Adjacent buildings - Eccentric
pounding - Nonlinear time history analysis

1 Introduction

The areas with dense population are generally encountered adjacent buildings with insuf-
ficient gap distances because of commercial and architectural reasons. In the study con-
ducted by Dogan and Giinaydin (2009), it is stated that 64% of the buildings in Eskisehir
have insufficient gap distance. The insufficient gap may cause adjacent structures to collide
with each other under seismic loads. This situation, which causes severe damage or even
collapse in buildings on a local or global scale, constituted 40% of life safety performance
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level and 15% of total collapses in the Mexico earthquake (Miari et al. 2019; Rosenblueth
and Meli 1986; Degg 1992). This pounding effect with undeniable scale is tried to be pre-
vented with various formulations in many international design regulations or decrease of
effects. However, the gap distances recommended in the regulations to prevent collisions
are generally insufficient due to the pounding behavior complicated by many factors such
as torsion, soft story, weak story, soil-structure interaction, story height, structure height
of adjacent buildings, pounding configuration (floor-to-floor collision, floor-to-column col-
lision) (Miari et al. 2019; Miari and Jankowski 2022; Jeng and Tzeng 2000; Cole et al.
2010), nonlinear behavior, ground motion excitation angle to buildings and the frequency
content of the ground motion (Mavronicola et al. 2017).

When the previous studies on the subject are examined; many studies have been con-
ducted on modeling pounding behavior between adjacent structures (stereomechanical or
force-based approach) (Ye et al. 2009). Although there are also many studies on the pound-
ing effect, the building models used are generally single-degree-of-freedom (SDOF) (Wada
et al. 1984; Anagnostopoulos 1988; Jing and Young 1991; Davis 1992; Chau and Wei 2001)
or simplified multi-degree-of-freedom systems (MDOF) (Naderpour et al. 2017; Zhai et al.
2015), and the linear effects in the collision direction are only considered. However, recent
studies in the field of earthquake-induced pounding between three-dimensional(3D) adja-
cent structures have revealed that neglecting possible local inelastic effects in potential
impact situations leads to non-conservative building design and building seismic evalua-
tion that can become inaccurate in some cases (especially inter-story pounding configura-
tion) (Karayannis and Favvata 2005a, 2005b; Cayci and Akpinar 2021; Flenga and Favvata
2021, 2023; Karayannis and Naoum 2018). Because the pounding effect is a parameter that
may redistribute the local inelastic demands of structural members (Flenga and Favvata
2021). Furthermore, Freddi et al. (2017) was point out that verification of both global and
local capacities when seismic performance assessment of structures is performed through
deterministic inelastic analysis procedures are needed. In the study conducted by Anag-
nostopoulos (1988), it was also stated that the outer column elements exposed to pounding
tend to suffer more than the inner column members.

In other studies, the pounding behavior of the colliding buildings was examined accord-
ing to parameters such as mass, story height, building height, period value. These studies
concluded that the farther the values of these parameters of the two buildings from each
other, the more critical the collision is generally (Zhai et al. 2015; Jankowski 2009; Karay-
annis and Naoum 2018). Although most of the studies have developed a general approach
about the effects of symmetrical collision in typical buildings, the results of studies have
moved away from a realistic approach due to ignoring the contact geometry of the colliding
surfaces, the structural eccentricity, the movement in the direction orthogonal to the colli-
sion direction and the friction force.

Different from these, various approaches have been developed regarding the distance of
gap that should be left between 3D buildings considering the colliding buildings are seis-
mic isolated or not (Mavronicola et al. 2020; Rayegani and Nouri 2022; Pant and Wijeye-
wickrema 2012; Barros et al. 2013; Mazza and Labernarda 2020; Ye et al. 2009), taking
into account or not the soil-structure interaction (Ghandil and Aldaikh 2017; Cayci and
Akpinar 2021) or modeling them as conventional fixed-base (Lopez-Garcia and Soong
2009). In a study conducted by Favvata (2017), it was stated that the minimum gap dis-
tance that should be left between reinforced concrete buildings with different story heights
depends on the limit condition taken into account and the seismic hazard level. Flenga and
Favvata has been developed another approach based on the probabilistic evaluation of ine-
lastic local demands of structural members (Flenga and Favvata 2021). For this purpose,
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different linear and bilinear regression analyzes were performed. Although the results
obtained are limited to the fragility curves of a reinforced concrete building, it is the first
realistic probabilistic study in this field. Because the local inelastic behavior of structural
elements in adjacent models with the same and different story heights is taken into account
and evaluated probabilistic, simultaneously.

On the other hand, it was first time by Karayannis and Favvata (2005a), stated by that
pounding effect of adjacent buildings with different story heights situation was more criti-
cal than the collision behavior of adjacent buildings with the same story height. Addition-
ally, the outer columns of the taller building that were subject to collision were modeled
with distributed plastic hinges in order to examine the possible nonlinear effects of the
collision in more detail and realistic. In line with the results obtained, it was stated that
the external columns hitting the slab may show local collapse behavior by being exposed
to shear forces above their capacity and ductility demands above their capacity, in case
of strong ground motion due to nonlinear behavior (Favvata et al. 2009; Karayannis and
Favvata 2005a, b). It has been concluded that this situation (floor-to-column collision)
may disrupt the stability of the building and even bring the system to the collapse per-
formance level (Jing et al. 2023). For this reason, this effect is defined as an important
reason for ensuring structural stability (Eurocode-8 2008). Similarly, this critical effect
(floor-to-column collision) was examined by Shakya and Wijeyewickrema (2009) by taking
into account the soil structure interaction under near fault and far fault effects. The result
obtained showed that the demand values obtained in reinforced concrete buildings with dif-
ferent story heights under near fault movements are even more critical when the soil-struc-
ture interaction is not considered. Efraimiadou et al. (2013) examined the pounding effect
on 9 different regular and irregular structures with the same and different story heights. It
has been stated that while pounding behavior may be beneficial for one of the buildings, it
is harmful for the other and this harm has been more than the benefit. For this reason, the
use of energy-absorbing materials to prevent collisions and energy dissipation devices that
reduce the impact of collisions have been the focus of other studies, recently (Mavronicola
et al.2020; Rayegani and Nouri 2022; Abdel Raheem 2014). Unlike other studies Jiang
et al. (2022) stated that the impact forces in case of floor-to-floor impact are greater than
inter-story impact according to experimental and analytical studies.

On the other hand, in many of these studies, it has been stated that torsion amplifica-
tions can increase due to pounding, torsion behavior is an irregularity situation that we
encounter much more frequently than pounding, and the pounding behavior becomes more
complex with torsion (Karayannis and Naoum 2018; Chau et al. 2004; Wei et al. 2009;
Fiore et al 2013; Kuo 1974; Tabatabaei 2011; Jing et al. 2023). However, studies examin-
ing both pounding effects and torsional behavior have been quite limited.

Combined of torsion and pounding effects were first studied by Leibovich et al. (1996)
on two symmetrical SDOF models when the gap distance between buildings is variable.
Papadrakakis et al. (1996) and Mouzakis and Papadrakakis (2004) developed 3-dimen-
sional (3D) collision models. Hao and Shen (2001) investigated the appropriate gap dis-
tance for two SDOF towers with torsional behavior. In the studies conducted by Gong and
Hao (2005), torsional pounding under bi-directional earthquake loading on symmetric and
asymmetric SDOF models was examined. Wang et al. (2009) investigated the nonlinear
torsional pounding behavior on SDOF tower models. In their study, Karayannis and Naoum
(2018) examined asymmetric pounding on multi-story structures with three ground motion
records. The asymmetry was achieved by the fact that the starting and ending points of the
buildings in the direction orthogonal to the collision are not aligned (withdraw, not on the
same row, or asymmetry in the interaction area). Mazza and Labernarda (2022), on the
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other hand, investigated the pounding behavior of irregular buildings in plan. One of the
3D structures is modeled with fixed base and the other with a base isolator.

In the adjacent systems, it is quite important to consider the torsion effects on structure
with pounding, especially on eccentric building due to seismic response of the structure
is affected by pounding, torsion and their combined effects. Thus, in this study, the tor-
sion and pounding behavior of symmetrical and asymmetrical with the same start and end
alignment 3D fixed-base models (which are most common in city centers), is examined
by taking into account the nonlinear behavior of the structural elements for more realistic
approach. The nonlinear behavior is reflected in the model through plastic hinges defined
at both ends of the beam and column elements. Additionally, the most critical situation
in terms of torsional and pounding amplifications was also determined by evaluating the
asymmetry of the asymmetrical buildings relative to each other. For the combined exami-
nation of torsion and pounding, symmetrical and non-pounding mid-rise 5- and 9-story
reinforced concrete (RC) frame models were taken as reference. Asymmetric and adjacent
models were derived from reference models. The dynamic analysis of the models in the
time history using 11 spectrum compatible ground motion pairs was made in the SAP2000
program. As a result of the analysis, the changes in the parameters of maximum displace-
ment, interstory drift ratio, damage scatter and torsion coefficient were compared for
pounding/without pounding and symmetric/asymmetric models.

2 Building properties and modeling
2.1 Properties of regular and irregular structures

In the scope of the study, completely symmetrical 5 and 9-story two reference buildings
without any structural irregularities were modeled separately. 2018 Turkish Building
Earthquake Code (TBEC-2018) was taken into account in the modeling of the 3-dimen-
sional (3D) reference buildings. The mass center (CM) and the rigidity center (CR) of the
fixed-base models coincide with each other in the direction of both principal axes. Concrete
compressive strength is 30 MPa, longitudinal and transverse reinforcement yield strength
is 420 MPa. Stress—strain relationship for reinforcement, concrete and confined concrete
were given in Fig. 1. The story heights of reference buildings are 3.2 m. The slab thick-
ness is taken into account as 120 mm for all models. The weight of each slab was added
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Fig. 1 Stress—strain relationship a reinforcement, b concrete and confined concrete
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to the related beam members as 4.7 kN/m since the slabs are not considered as structural
elements. Live load was selected 5 KN/m? (TS498 1997). The stiffness contribution of infill
walls was ignored. Because Inel et al. (2008) has stated that the infill walls are more criti-
cal in low-rise reinforced concrete buildings composed of weaker members. However, used
models in this study were designed with stronger reinforced concrete members respect to
the most recent code TBEC-2018. Additionally, the infill walls are separated from the rein-
forced concrete frames at early stages of damages. For this reason, the stiffness contribu-
tion of infill walls was ignored, and infill walls were defined as the distributed load (3.25
kN/m) on the relevant beam elements. The buildings used in the study were assumed to be
located near Pamukkale University in Denizli, Turkey on soil type ZC defined in TBEC-
2018 which is similar to soil type C in FEMA-450 (FEMA-P-450 2003) for the design
purposes. Longitudinal reinforcement ratios in the column members range between 1.00%
and 1.15% which typical in Turkish building stock. Column and beam dimensions, rein-
forcement arrangement and axial force value are provided in Fig. 2. The design capacity
principles that meet ductility conditions were adopted during the design phase. Addition-
ally, interaction surfaces N-M,-M, of columns examples based on real values were given
in the figure.

In order to reflect the nonlinear behavior on the model, firstly, moment—curvature ana-
lyzes were performed on the critical sections of the column and beam elements by using
the SEMAp program. In the analyzes made using the Mander confined concrete model
(1984), parameters such as the size of the sections, the content of longitudinal and trans-
verse reinforcement and the level of axial load were used. Then, the rotation values cal-
culated from the obtained curvature values were defined in the user-defined plastic hinge
input interface of the SAP2000 program (SAP2000 CSI). The force—deformation relation-
ship of a typical plastic hinge was given in Fig. 3. Detailed explanations of the points (A,
B, C, D, E) defining this relationship were made in the study of Inel and Ozmen (2006).
Additionally, IO, LS and CP correspond to Immediate Occupancy, Life Safety and Col-
lapse Prevention performance levels, respectively. Finally, the defined plastic hinges were
assigned to the relevant critical sections. Plastic hinges at column members were applied
considering M,-Mj interaction since time history analyses performed as bi-directional. The
effective section stiffness of column and beam members were defined 0.70EI and 0.35EI as
defined in TBEC-2018 respectively. Since the structural members are designed according
to the capacity design principles, shear hinge definition was not made.

Irregular structures were created by changing the distance between the centers of mass
and the centers of rigidity of the reference models. The distance between the two centers is
20% of the length of the buildings in the y direction (e, =0.2h). The reason for the change
being made only in the y direction is the idea that the eccentricity in the direction orthogo-
nal to the collision direction of the buildings sequent in the x direction can better reflect the
combination pounding and torsional amplifications. The column and beam element dimen-
sions and vibration period values of the first 3 modes and, are given in Table 1 and the plan
views of the models are given in Fig. 4. Additionally in the table, modal participating mass
ratios (C,,) in translation and rotation direction show that the first mode is dominant and
represents the significant part of structural response and deformations.

2.2 Adjacent models and link elements

Adjacent models were derived from different combinations of the regular and irregular
structures. To represent the pounding (-p) and non-pounding (-np) situation, 2 cm and 4
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Table 1 The dimensions of the carrier system element, dominant vibration period values and modal partici-
pating mass ratios for the models

Model Regular Regular Irregular Irregular
5-Story 9-Story 5-Story 9-Story
T, (s) 0.87 1.33 0.84 1.30
T, (s) 0.82 1.18 0.78 1.16
T5 (s) 0.78 1.16 0.71 1.12
Ci 0.8338 0.8085 0.8219 0.8012
Cin 0.1034 0.0984 0.1075 0.1014
Co3 0.0397 0.0388 0.0433 0.0400
Beam Elements (mm X mm) 300x 500 300x500 300x 500 300x 500
Column Elements (mm X mm) 400x400 400x400 400x400 400x400
450%450 500% 500 450x450
500x 500 600x 600 500% 500
700x 700
750750

m gaps were left between the buildings, respectively. On the other hand, the effects of dif-
ferent sequences (row effect) of the same building models on seismic performance were
evaluated by changing the places of the buildings relative to each other. Because frequency
content of ground motion records differs significantly by time in each direction. When the
positions of the building models are replaced by each other, the obtained results will also
be different. To overcome this uncertainty, two different cases were considered for each
adjacent building combination. In the first case, low- rise building model defined on the
left side while high-rise one was on the right side. The placement of buildings was inverted
in the second case. Each time history analysis was repeated for the cases. Additionally, the
torsional effect was discussed for combinations of reference models without irregularity
(e0) and combinations of models with irregularities. Besides, in combination of building
models with irregularities, two different situations were created to examine the difference
that may occur in case the positions of the building rigidity center (CR) change relative to
each other. In the first of these, the centers of stiffness in both buildings are in the same
direction and side (e20), and in the second, they are in the same direction but on different
sides (e40). For the e40 combinations, instead of using a different building model, symmet-
rical according to the x-axis of the irregular 9-story model was used. In Fig. 5, the com-
binations of e0, €20 and e40 were given. CM and CR represent center of mass and center
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Fig.5 Plan and three-dimensional view of the considered adjacent buildings a €0, b €20, ¢ €40 and d link
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of rigidity, respectively. The eccentricity in the y direction (e,) is 20% of the building size
(h) in this direction. Considering all conditions, the combination of pounding and torsion
effects in adjacent models was evaluated for 2 different gap distances, 2 different building

rows and 3 different eccentricities.

On the other hand, combination parameters of adjacent buildings are mentioned with a
specific naming scheme throughout the text. When the gap distance between the buildings
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is 2 cm, the pounding situation is expressed with "-p", and if the gap distance is 4 m, the
non-pounding situation is expressed with "-np". If the 5-story model is on the left and
9-story model on the right "-59" and the opposite is expressed with "-95". Models were
represented by “e0” if they consist of reference buildings without torsional irregularity. If
the models consist of irregular buildings and the center of stiffness of these buildings is on
the same side, they were represented by “e20”, and if they are on the different side, they
were represented by “e40”. For example, p-e0-59; refers to the underlined 9-story model in
the adjacent model, where there is a 2 cm gap between regular buildings 5-story on the left
and 9-story on the right. Similarly, p-e20-59; refers to the underlined 5-story model in the
adjacent irregular structure, where the centers of stiffness of irregular buildings 5-story on
the left and 9-story on the right are on the same side and there is a 2 cm gap between the
buildings. Also, np-e40-95; refers to the underlined 5-story model in the adjacent irregu-
lar structure, where the centers of stiffness of irregular buildings 9-story on the left and
5-story on the right are on the different side and there is a 4 m gap between the buildings.

Additionally, forced-base impact model details are given for adjacent buildings con-
nected from column to column at the level of story slabs (Fig. 5). Although column to
column connection methods are widely used in the literature (Flenga and Favvata 2021,
2023; Shakya and Wijeyewickrema 2009; Miari and Jankowski 2022), other impact mod-
els are developed like spatial impact model proposed to better investigate pounding effects
(Mavronicola et al. (2017) In the spatial impact model the position of deformed structures
is considered in modellig and determines the arbitrary location of the pounding point of the
calculated impact forces based on the geometry near the impact (Polycarpou et al. 2014).

On the other hand, the Kelvin model components used in this study and shown in Fig. 6
consist of linear spring, viscous damping, and the gap distance defined between adjacent
buildings (Muthukumar and Desroches 2004, 2006). If the clearance distance between
the buildings is sufficient, the spring and damper will not work, so no force transfer will
occur. However, if the gap between the buildings is insufficient, the viscous damping and
the spring work under pressure (at the time of collision) and force transfer occurs between
the buildings.

- Ug(®)
a. b.

Fig. 6 Kelvin model (a) and force—deformation relationship (b) (Muthukumar and Desroches 2004, 2006)
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The force on the link element is calculated according to Eqgs. 1-3. The possible col-
lisions occur at story levels as the adjacent buildings have the same story height. Since
both buildings have rigid diaphragms, it is assumed that the collision occurs between
two rigid bodies. Therefore, the spring stiffness (K;) must be greater than the sum of the
axial stiffnesses of the colliding stories (Muthukumar and Desroches 2004; Mahmoud and
Jankowski 2011). In analytical and experimental studies dealing with concrete-to-concrete
collision, spring stiffnesses were taken between about 1e10 and lell N/m (Ghandil and
Aldaikh 2017; Shakya and Wijeyewickrema 2009). In this study, the stiffness value was
chosen as 1e10 N/m. In Eq. 2-3, ¢, K}, e, m; and m, represent the viscous damping coef-
ficient of link element, the spring stiffness, the energy efficiency coefficient, and the masses
of the adjacent buildings, respectively (Anagnostopoulos 2004). In many studies, the coef-
ficient e has been taken as 0.65 for concrete-to-concrete collision (Jankowski 2005; Cayci
and Akpinar 2021). The damping ratio value (€) for this coefficient was obtained as 0.136.
The maximum seismic weights for the 5-story and 9-story buildings were calculated as
32,623.2 kN and 12,753.8 kN, respectively. All of the link element properties were deter-
mined for these weights.

Fe { Kk(u1 — Uy —gp) +ck(1‘41 —uz), (”1 —uz) 28,
0, (uy — uy) <g,

L= 2t K, —
€ = e )
In(e)

\/ 72 + (In(e))* )

(D

EJ:_

2.3 Torsional irregularity

One of the most common types of irregularities in buildings is torsional irregularity. This
type of irregularity, which develops depending on the distance between the center of mass
(CM) of the structure and the center of rigidity (RM), can cause unwanted vibration move-
ments in the structure. Generally, in cases where the symmetrical layout of the structural
system elements cannot be achieved (especially if the elevator bucket is surrounded by
shear wall elements and the elevator bucket is far from the center of the building and the
compensatory symmetry is not created in the building) it is highly likely to encounter this
type of structural irregularity. Depending on the asymmetrical distribution, the relative
drift values of the building corner points may move away from each other and exceed the
limits allowed by the regulation as in Fig. 7.

The control parameter developed for torsional irregularity in TBEC-2018 is called the
torsion coefficient (1,,;) and the irregularity coefficient is calculated according to Eqs. 4-5
(TBEC-2018). Parameters of 4, .k, 4; ., and 4; in the formulas are represents the maxi-
mum, minimum and average relative story displacements at the story level i, respectively.
If the coefficient calculated based on the relative story displacements is above the 1.2 limit
value, there exists torsional irregularity in the building and the 5% additional eccentricity
rate, which should be taken into account depending on the change in the live loads in the
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// i+l story level

K
/ /K i story level

i Earthquake direction

Fig.7 Torsional irregularity case (TBEC-2018)

building, should be increased with a certain coefficient. If the calculated torsion coefficient
is greater than 2, it may require a change in the calculation method used in the building
design. In each step of the time-history analysis, the torsion coefficients were calculated in
all models according to the relevant equations and the effects of torsion and pounding were
interpreted.

Ny = (Ai)max >12 (4)
bi — T\ .
(Ai)average
(Ai)mwc B (Ai)min
(Ai)average = f (5)

3 Ground motion records

There are easily accessible databases for the real acceleration records used in the dynamic
time history analysis method. In this study, Pacific Earthquake Engineering Research
(PEER) database was used for the selection and scaling of earthquake records. While
selecting and scaling, TBEC-2018 requirements were taken into consideration (TBEC-
2018). In accordance with the building location and soil class, the design spectrum was
obtained for earthquake with a probability of 10% to be exceeded in 475 years. In order
to ensure the 3D time history dynamic analysis conditions in TBEC-2018, 1.3 times the
design spectrum obtained was calculated and 11 pairs of ground motion records com-
patible with this spectrum were selected and scaled. It was attention that the number of
ground motion and ground motion pairs to be selected for the same ground motion should
not exceed three. Since the spectral matching method provides a more consistent, realistic,
and less scattered average response with fewer number of ground motion recordings (Kay-
han et al. 2011; Ozmen et al. 2019), the scaling process was performed using the spectral
matching method. The same scale coefficient was applied to both horizontal components
(H; and H,) of the ground motion pairs. The average of the SRSS spectra of scaled ground
motions was not less than 1.3 times the design spectrum in the 0.27), to 1.57), period range.
The T, represents the fundamental period of the structure. The properties of the selected
and scaled ground motion records are given in Table 2. The obtained elastic acceleration
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spectra for the 5% damping ratio and the average of the ground motion records are given
in Fig. 8. Although the scatter of the selected records is high, the average values are very
close to the TBEC-2018 spectrum requirement (1.3 times design spectrum). Additionally,
both components of scaled ground motion pairs were applied to the building at the same
time in the direction of the principal axes (0 and 90 degrees) respect to TBEC-2018 regula-
tions. Then, the components were replaced with each other and again were applied at the
same time in the principal axes to building. The obtained results were evaluated separately
for both principal axis directions (X, Y).

4 Results and discussion

This study investigates the seismic behavior of adjacent buildings by considering pounding
and torsion effects. The effect of gap distance between adjacent buildings, row arrange-
ment of building and eccentricity were also investigated within the scope of seismic per-
formance. A detailed comparison is made for adjacent models subjected to 11 pairs of
spectrum-compatible ground motion. A total of 176 different nonlinear time history ana-
lyzes were performed for 8 different models. Within the scope of this study, many param-
eters such as displacement demands, interstory displacement demands, torsion coefficient,
damage scatter and minimum distance to avoid collision were obtained and compared.
The obtained maximum displacement values are normalized by building height while the
maximum interstory displacement values are normalized by story height to obtain “roof
drift ratio (RDR)” and “interstory drift ratio (IDR)” values, respectively. Although many
pounding events were observed during the ground motion record, the values of the rel-
evant parameters were determined for both pounding and non-pounding models for the
moment when the maximum pounding (link) force was calculated. By choosing the same
moment of the ground motion in pounding and non-pounding models, whether the impact
restricts the displacement demands, changed how the interstory drift ratios with the effect
of the pounding and the effect of torsion on this pounding are investigated. In addition, the
change in damage distribution due to pounding and/or eccentricity and the minimum gap
distance that should be left between buildings to prevent collision were also examined.

An example for the p-e0-95 model and RSN-302-90 ground motion recording is given
in Fig. 9. Although many collision events were observed throughout the ground motion
recording, the moment when the absolute maximum link force (F;,;) was calculated was
determined. Then, for this moment, displacement, interstory drift ratio and torsional coef-
ficients of each adjacent buildings were calculated. On the other hand, since the link force
calculated for non-pounding models is zero for all earthquake situations and models, the
relevant calculations were made for the moment when the link force of the pounding model
is maximum.

4.1 Evaluation of displacement demands

In order to evaluate the impact of pounding and eccentricity on the RDR demands, both
separately and together, the demands of the pounding models were proportioned to the
non-pounding models (pounding/non-pounding) and the demands of the irregular struc-
tures to the regular structures (e/e,). The ratios of RDR values are shown in Fig. 10. In
general, the average displacement demands of models with pounding increased in the
x direction compared to the non-pounding model, while the change in the y direction
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Fig. 8 Elastic acceleration spectrum for 5% damping of ground motion records used in the study
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Fig.9 Parameter values at the time of pounding

was negligible. Although the average displacement demands in the x direction have
decreased in the €0-59 models among the 5-story models and the e40-95 models among
the 9-story models, an increasing trend has been caught again when the building row
of the same models has changed. When the building row is changed, the ratio of the
displacement demand of the pounding model and the displacement demand of the non-
pounding model varied the most for e40 buildings in the x direction (Fig. 10a, b). This
change rate was determined as maximum of 24.1% and 31.5% for 5-story and 9-story
buildings, respectively. The change in the building row and the pounding effect caused
change of at most 6% in the y direction. While it was calculated in the x direction that
the average displacement demands increased up to maximum 1.42 times with the effect
of only pounding, it was determined that the displacement demands for individual
ground motion could increase up to 6.23 times. However, in the y direction, the effect of
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Fig. 10 Roof drift ratios of adjacent building models subjected to the scaled ground motion set

only pounding was negligible in most of the models both average values and individual
ground motions. Because the highest average increase was 1.04 times in the 5-story €20
structure, and the least increase was calculated as 0.96 in the 5-story e0 model. For this
reason, the changes in the y direction were quite limited compared to the changing rates
in the x direction (Fig. 10a—d).
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On the other hand, while one of the adjacent buildings is generally positively affected
by the pounding behavior, the other may be negatively affected (Fig. 10a—d). For example,
while a 5-story building is most sensitive to pounding and/or eccentricity effects in the e40-
95 combination, the situation is the opposite for 9-story building. Similarly, while 9-story
building is most sensitive to collision and/or eccentricity effects in the e0-59 combination,
the situation is the opposite for 5-story building. However, while there is always a restric-
tion in one, there may not be an increase in the other. For example, in the e40-59 combina-
tion, average demand values of both buildings increased compared to the non-pounding
situation. For this reason, impact of pounding and/or eccentricity for each building com-
bination respect to row arrangement, inelastic behavior, structural irregularities, scatter of
damage etc. may be change. However, when a general evaluation is made, considering the
standard deviation values along with the average values, it is possible to say that the shorter
and less flexible structure are more sensitive to only pounding behavior.

In Fig. 10e-h different from these, only eccentricity increased the average displacement
demands in all 9-story models while decreased in some of the 5-story models. In the non-
pounding models (models with only eccentricity), the building row effect is not discussed.
Because the difference in these models is independent of the row effect and is due to the
difference in the seconds at which the maximum link force occurs. While only eccentric-
ity increased the displacement demands up to 1.55 times on average in x-direction, it was
observed that this increase may be up to 6.62 times for individual ground motion record. In
addition, while only eccentricity in x-direction increased the displacement demands up to
1.46 times on average in y-direction, it was observed that this increase may be up to 5.27
times for individual ground motion record. The increase in maximum displacement values
resulting only from eccentricity was calculated the most in €20 buildings.

When the effects of pounding and eccentricity are evaluated together, it is possible to
say that all models cause increase in the calculated displacement demands for principal
directions. With the combination of both effects, while the average displacement demands
in x-direction increased up to 2.20 times, it was observed that this increase could be up
to 17.02 times for each ground motion record. In addition, while the combination of both
effects increased the displacement demands up to 1.59 times on average in y-direction, it
was observed that this increase in y-direction may be up to 5.72 times for individual ground
motion record. When the building row was changed, the average RDR demands changed
up to 37.0% in the x direction and %57.1 in the y direction combination with the pound-
ing and eccentricity effects. In addition, the highest increase in displacement demands due
to eccentricity and pounding effects for both 5-story and 9-story models calculated in €20
models.

To summarize briefly, the RDR demand rates may decrease or increase with the only
pounding effect or only torsional effect. It is seen that positive or negative effects may also
occur depending on the characteristics of 22 ground motion. However, when both effects
are evaluated together, RDR magnifications are more prominent especially in 5-story and
€20 models. Additionally, the row arrangement of buildings affected RDR demands by up
to 37% on average in critical direction. On the other hand, it should not be forgotten that a
higher increase rate does not mean that the RDR demands are larger.

Since the displacement demands in Fig. 10 are calculated for the moment of collision,
there is strong possibility that they may underestimate the impact of the pounding and/
or eccentricity in terms of average values. The displacement in the direction of collision,
which is generally expected to be decrease compared to non-pounding models, and Fig. 10
is generally the rate of demands at the time of restriction. For this reason, the average dis-
placement values for pounding behavior in Fig. 10 shows partly meaningless influence of
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Fig. 11 The percentage displacement differences of the 5-story structures in the free direction and collision
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Fig. 12 The percentage displacement differences of the 9-story structures in the free direction and collision
direction

the pounding and/or eccentricity effect between the examined adjacent structures. In order
evaluate obtained results in detail, the absolute maximum displacement demands of the
colliding buildings in the direction of free (free) and in the direction of collision (coll)
were also calculated in Figs. 11 and 12. Figure 11a compares the case with pounding to the
case non-pounding, while Fig. 11b compares the presence or absence of eccentricity in the
case with pounding and Fig. 11c compares the case with pounding and eccentricity with
the case non-pounding and non-eccentricity. Thus, how much the displacement demands
of buildings in the collision and free directions decrease or increase is examined in more
detail.

Accordingly, the increase (max 14%) in the displacement demands of 5-story models
in the free direction due to pounding was less than the decrease (max 17%) in the collision
direction (Fig. 11a). In the 9-story models, the increase (maximum 10.8%) and decrease
(maximum 9.6%) rates were calculated to be closer to each other than in the 5-story model
(Fig. 12a). However, it may express that in general, decrease of roof displacements in the
collision direction was more severe than the increase in the free direction. Because the cer-
tain ratio of collision impact is absorbed with plastic deformations of structural members.
Also, considering other parameters such as material damping, the collision momentum will
not cause an equal increase in the free direction. In addition, the increase and decrease
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rates in the 5-story models were greater than in the 9-story model (Figs. 11a and 12a).
Therefore, it is possible to say that shorter and less ductile structures are more sensitive to
pounding effects.

On the other hand, due to the eccentricity effect, the average displacement demands
increased in both the free direction and the collision direction in all 5- and 9-story models
(Figs. 11b and 12b). The highest difference between the increase rates in the free direction
and in the collision-direction was calculated in the 5-story model as %290.2. In the 9-story
model, the increase amounts in both directions were generally higher than 5-story and gen-
erally closer to each other. For this reason, the difference between the increase rates in the
free direction and in the collision-direction is maximum %38.9. Although the certain ratio
of increase in higher building might related with whiplash effect it is possible to say that
longer and more ductile structures are more sensitive to eccentricity.

Figures 11c and 12c examine the changes in the average displacement demands in the
free direction and in the collision direction in all p-e20 and p-e40 models, taking as ref-
erence the np-e0 models in which there is no collision and eccentricity. Accordingly, in
5-story models, displacement demands increased by an average of maximum 23.9% in the
free direction due to both pounding and eccentricity effects, while they decreased by an
average of 8.2% in the collision direction. In the 9-story model, displacement demands
increased both in the collision direction and in the free direction. While the amount of
increase reached 41.6% in the free direction, it was calculated as 7.3% in the collision
direction. On the other hand, the increase rate in the displacement demands of the models
due to both pounding and eccentricity effects was calculated at most in the 9-story model,
while the decrease rate was calculated at most in the 5-story models. The results showed
that if pounding and eccentricity effects are present at the same time, the shorter and more
rigid building can be affected in a relatively in a positive way due to restriction, while the
longer and more ductile building is affected relatively negatively.

4.2 Evaluation of IDR demands

The interstory drift ratio (IDR) is seen as an important indicator of possible damage to the
building (Yang et al. 2010). Because, even if the building has made the same roof displace-
ment according to the ground motion records, the distribution of the displacement demands
on the interstory may vary. For this reason, it may be misleading to make an evaluation
based on the roof displacement demands only.

Figure 13 compares of IDR ratios of pounding model/non-pounding model and irregu-
lar structure / regular structure. The IDR values calculated at all stories were determined at
the maximum IDR story when at moment the link force was maximum. The IDR demands
of all models in the x direction increased with the effect of only pounding, except for the
5-story regular structures and the highest average increase was 1.55 times in e40 structure
for x direction. Additionally, it was determined that the IDR demands in the x direction
for individual ground motion may increase up to 6.67 times. The change in the y direction
was negligible compared to x direction. Because, while the highest average increase in the
y direction was 1.04 times, it was maximum 1.95 times for individual ground motion (for
9-story €20 building). Further, some buildings were also decreased trend in average IDR
values for y direction (Fig. 13a—d). When the building row was changed, the IDR demand
rates of the pounding model compared to the non-pounding model changed maximum by
50.5% and 6.9% for the 5-story and 9-story models, respectively. This is an expected result

@ Springer



Bulletin of Earthquake Engineering (2024) 22:2139-2171 2157

~
~

5-story-x 9-story-x - aw
v ry avristd dev
o6 o6
£ R
E g
55 S5
o o
o a
4 o
o o
z z
-3 - -3
o j=2)
£ g
22 1.55 T2
3 1.21 $. 10 8 - 3 v _ 2 N
o - £ - - 1.03 [ .07 2110 1.03 19,2009, .2 1 02
090 g 097 - l 3 | | )
0 T - — T T ) 0 T T T T T )
€0-59 €0-95 €20-59  €20-95  e40-59  e40-95 €0-59 €095  e20-59  €20-95  e40-59  e40-95
a b.
7 7
5-story-y 9-story-y
2° 2°
g g
55 55
o o
a o
&4 L4
o o
z z
=3 =3
j=2} (2}
£ £
g ’ 1.03 g ?
3 1.00 1.00 1.02 1,01 = o 100.....:.1:94
.................... Bl G SRR '} ; 1.00.
a1 = = = * T o1 &gy ® &5 ®ooe
0 0
€0-59 €0-95 €20-59  €20-95  e40-59  e40-95 €0-59 €0-95  e20-59  €20-95  e40-59  e40-95
c. d.
10 10
5-story-x 9-story-x
8 8
6 6
S o
L Ll
o 4 © 4
165
2 144 2
1.38 -
T o o Lotz 5108, 2108 T a1, =122 L 3
=084 098 058" T0.98 098
0 0
e20—59‘e20-95‘e40-59‘e40-95 e20-59‘520-95 €40-59 | 40-95 e20-59‘eZO-QS‘e40-59‘e40-95 920»59‘920»95‘940-59‘940-95
Pounding Non-Pounding Pounding Non-Pounding
e. f.
10 10
5-story-y 9-story-y
8 8
o 6 .6
] Ll
o 4 o 4
2.08
202 - 226 - 227
2 - - 2 1.56 1.62
- 2146 = -149 D143 = 1.37
........ A A 108 [ s109 AU AONOI DUUIOUR. O OUIOTG: Joocel JEONIORS.
0 0
€20-59 ‘ €20-95 ‘ e40-59 ‘ €40-95 | e20-59 ‘ €20-95 ‘ €40-59 ‘e40-95 €20-59 ‘ €20-95 ‘ e40-59 ‘ €40-95 | 20-59 ‘ @20-95 ‘ e40-59 ‘ e40-95
Pounding Non-Pounding Pounding Non-Pounding
g. h.

Fig. 13 Interstory drift ratios of adjacent building models subjected to the scaled ground motion set

considering that the shorter building is more sensitive to pounding behavior in adjacent
structures.

On the other hand, the average IDR demands in case of only eccentricity increased for
all models except the x direction of some models (Fig. 13e-h). The maximum average in
the x direction compared to regular building was 1.22 times for €20 and 9-story structure,
while it was calculated that this increase may be up to 6.86 times for each ground motion
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record in the x direction. Additionally, the maximum average in the y direction compared
to regular building was 2.27 times, while it was calculated that this increase may be up to
6.10 times for each ground motion record in the y direction. In the case of only eccentricity
and considering that buildings are more sensitive for x-directional loading situations, it is
thought that although the increase in the y direction is higher, the increases are not signifi-
cant compared to the x direction. For this reason, considering the standard deviation values
along with the average values, it is possible to say that 9-story models are more sensitive to
eccentricity.

When the effect of pounding and eccentricity in the x direction are evaluated together,
it is possible to say that all 5-story models caused an increase in the calculated IDR values.
In 9-story models, on the other hand, a decreasing trend was observed in IDR values in
general. Considering that the IDR demands generally have higher (critical) values in the
lower stories, it is thought that this decrease is due to the fact that the 5-story model acts as
a support for the 9-story model. On the other hand, when the effect of pounding and eccen-
tricity in the y direction are evaluated together, it is possible to say that all 5-story and
9-story models caused an increase in the calculated IDR values. Because in this direction
all of buildings are free (not restricted).

Additionally, the low-rise building usually subjected IDR amplifications on the pound-
ing stories. With the combination of both effects, it was observed that while the IDR
demands increased in the x direction maximum up to 1.65 times on average, this increase
may be up to 10.77 times for each ground motion record. This increase ratio in the y direc-
tion was up to 1.04 times on average. For this reason, it is possible to say that the increase
in IDR demands in the direction perpendicular to the collision is quite limited compared
to those in the direction of the collision. When the building row was changed, the average
IDR values increased maximum average 25.6% and maximum %79.3 for x direction. In
addition, the highest increase in IDR demands, due to torsion and pounding effects, is cal-
culated for the €20 models among both 5-story and 9-story models for the first five stories
where the IDR are critical.

In order to better reveal the differences between the modeling approaches and both
effects, the distribution of IDR values on each story is examined in Fig. 14. The relative
drifts in the first five stories of the 9-story model reduced with support in the x direction
while the upper stories increased significantly due to the whiplash effect. Although IDR
values in the first five stories increased in the y direction, the increase ratios were limited
with maximum average 1.03. The average maximum increase rate on the upper storys in
the y direction increased to 1.06 times.

To summarize briefly, in terms of IDR values, shorter and more rigid buildings are gen-
erally negatively affected on the storys where collision occurs, while taller and more duc-
tile buildings are more positively affected due to the restriction on these stories, which are
critical in terms of IDR demands. However, on stories where there is no collision, the taller
and more ductile building is exposed to greater drift demands due to pounding, torsion and
whiplash effects. On the other hand, it is possible to say that the calculated IDR increases
are more critical, especially for €20 models.

4.3 Torsional coefficient values
The ratio of the torsion coefficients calculated for all models according to the pounding and

eccentricity conditions is given in Fig. 15. It has determined that the torsion coefficients
due to the pounding effect increased in all models and both principal directions except the
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force

some 9-story structures (€0-95 model and e40-59 model). While the average maximum
increase in the x direction with only pounding was up to 1.06 times, it is possible to say
that it may be up to 2 times when evaluated separately for individual ground motion record.
Additionally, the average maximum increase in the y direction with only pounding was
up to 1.13 times, it is possible to say that it may be up to 2.79 times when evaluated sepa-
rately for individual ground motion record. While the RDR and IDR parameters changed
significantly with the effect of pounding only compared to the non-pounding condition, the
torsion coefficient parameter showed a very limited change. For this reason, the changing
ratio of torsion coefficient respect to building row arrangement also maximum limited with
13% for €20 model (Fig. 15a—d).

On the other hand, the torsion coefficient was increase in the x direction average up to
1.29 times with the increase in eccentricity only, it might be up to 2.11 times according
to the ground motion record. In the y direction, the torsion coefficient was also increase
average up to 1.28 times with the increase in eccentricity only, it might be up to 1.85 times
according to the ground motion record.

Additionally, the torsional coefficient in the x direction by combined effect of pounding
and eccentricity increased up to average of 1.24 times, and it increased up to 1.99 times
according to the ground motion record. In the y direction, the torsion coefficient was also
increase average up to 1.26 times with the increase in combined effect, it might be up to
1.93 times according to the ground motion record. When the building row was changed,
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Fig. 15 Torsion coefficient ratios of adjacent building models subjected to the scaled ground motion set

the average torsion coefficient values maximum increased 15.7% for x direction and 22.3%

for y direction (Fig. 15e-h).

In order to better reveal the differences between modeling approaches and both effects,
the distribution of torsion coefficient values at each story is examined in Fig. 16. The tor-
sion coefficient both principal directions generally increased. This increase was calculated
as average maximum of 1.15 times and 1.16 times for the x and y directions, respectively.

@ Springer



Bulletin of Earthquake Engineering (2024) 22:2139-2171 2161

9 » X 9 ? ? X
8 1 8 '-I—?o'
[}
7 7 ée
e0-59 €0-95 —e—e20-59 --o--€20-95 —e—e40-59 --»--e40-95 :
6 6 )
)
5 5 ¢
5 o ® 5 T |= 1’.
X X
4 4 opr-o 4 4 "‘E
[
E‘ 3 3 .’-"'“ 3 3 T-:'“
— ]
22 2 lpo--9-4 2 2 3o
] 1
1 1 - 1 l 1 .HII.
] )
0 0 ile ol 0 .——
0.9 1 1.1 1.2 0.9 1 1.1 1.2 0.9 1 1.1 1.2 0.9 1 1.1 1.2
Pounding n, / Non-Pounding n,
9 ] 9 9.9
y I y
8 I: 8 :0 T
7 7 epbi-o
"
6 6 “«Io--?
) )
5 5 EEs o
E s ; ? N
[Z I I y 4 f‘“"’# Y 4 4 & T-.
]
3 3 ;_’ ‘? 3 ] 3 dnlb-,l
) ]
5 2 o & 2 2 T'".‘
1 ]
1 J 1 &pol---; 1 1 ‘ﬂ"‘
]
0 ——————— 0 - 0 oL G

0.9 1 1.1 1.2 0.9 1 1.1 1.2 0.9 1 11 1.2 0.9 1 1.1 1.2
Pounding 1, / Non-Pounding n,

Fig. 16 Average torsion coefficient ratios along the height of adjacent building models in maximum pound-
ing force

Besides these, how often the building is exposed to torsional behavior during the earth-
quake is another important point. The variation of the torsional irregularity coefficient for
RDR and IDR history is given as an example for 9-story model -95 row and RSN-6915
record in Fig. 17 to better understand the combination effects of torsional irregularity and
pounding on the seismic behavior. Since similar trends were observed in all ground motion
records, these graphs were not given separately for all models. The calculated torsional
coefficients exceeded the irregularity limit of 1.2 many times. There was insignificant dif-
ference in irregular structures for the non-pounding cases than the regular structure. How-
ever, in the case of pounding, both the RDR and IDR values in irregular structures (espe-
cially in the €20 model) increased remarkably, and the frequency of the torsion coefficient
reaching 2 increased also. Thus, it has been seen more clearly that irregular structures are
subject to torsional irregularity more frequently than regular structures, and that the most
critical structure among irregular structure is €20 models.

Consequently, even if the change in torsion coefficient is limited to pounding and/
or eccentricity effects, what is important is how often the building is exposed to torsion
effects at a level that causes irregularity. Although the findings obtained from the study
show a limited effect of only pounding on torsional coefficients, under the combination of
eccentricity and pounding effects, buildings were exposed to torsion effects at a significant
frequency, especially in €20 models.
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Fig. 17 Torsion coefficient (1) scatter for RSN-6915

4.4 Evaluation of damage scatter

Another parameter examined in the study was the effects of torsion and/or pounding
behaviors on damage distribution. Plastic hinge damage state is useful indicator to inves-
tigate the demand level of each member of the structure (Cayci and Akpinar 2021). It is
also a valuable tool to understand the damage mechanism for different dynamic inputs,
as well as the diversity of pounding and/or eccentricity effects. In this aspect, plastic
hinges used to consider the inelastic behavior of structural elements allowed observ-
ing the damage distribution under seismic loads. Thus, the effect of possible increases
in local inelastic demand on structural elements under pounding and/or torsion effects
on seismic performance was evaluated with a more realistic approach. Although the
damage rate and distribution vary for individual ground motion records and building
row arrangement, similar trends as were observed for building models considered in
this study. For this reason, the change in damage distribution respect to models/effects
was investigated through a selected example ground motion record (RSN-3759-90) and
building row arrangement (95). While Fig. 18 shows the damage distribution in column
members, Fig. 19 shows the damage distribution in beam members.

When a general evaluation is made, the column members of the reference models
(np-e0) have reached the state of yielding (B-10), mostly at the lower story levels. The
upper story column members generally remained undamaged (elastic) (A-B). In case
of only eccentricity or only pounding, the number of column members reaching the
yield state and upper damage level (IO-LS) increased and the damage spread relatively
towards the upper stories. Additionally, some column members of 9-story model were
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identified upper damage level (IO-LS) than yield level in case of only pounding and
only eccentricity. In the case of both pounding and eccentricity, while all the bottom
story column members for p-e20 models were reached an upper damage level (I0-LS),
relatively less column members for p-e40 models were reached this level. Addition-
ally, compared to the only eccentricity and only pounding cases and damage rate was
increased even more. Moreover, it is possible to say that the damage to the column ele-
ments of 9-story models were increased relatively on the stories where the collision
occurred, and especially on the 6th story. The reason for this increase observed on the
6th story can be expressed as the 5-story building acting as a support.

On the other hand, both the number of damaged elements and the level of damage
have increased significantly in beam members compared to column members since
strong column-weak beam behavior is considered in modelling stage. In case of only
eccentricity or only pounding, both the damage rate and damage level of beam mem-
bers increased respect to reference models, similar to the column members. While the
damage distribution was generally concentrated in the lower stories in the case of only
eccentricity, the damage was generally concentrated in the colliding stories levels in the
case of only pounding and observed upper damage level in this story levels than others.
While the highest damage level determined in the beam elements of the reference mod-
els was exceeded Life Safety damage level, where it was exceeded Collapse Prevention
damage level in models with pounding and/or eccentricity. Especially in p-e20 models,
there is a significant increase in the number of elements at exceed Collapse Prevention
damage level compared to p-e40 models.

When the plastic hinge distributions in the pounding and/or eccentricity are exam-
ined, the differences in damage distribution between the models are obvious. Addition-
ally, it was thought that the difference obtained when the percentage of damaged ele-
ments respectt to exceeding the total Life Safety and Collapse Prevention damage levels
in the model/case examined, compared to the reference model/case, would provide a
significant approximation. Therefore, in Table 3, the number of elements exceed the
relevant damage levels is calculated as a percentage. For example, the Collapse Preven-
tion damage level for beam elements of the 5-story e20 model was exceeded by 8.0%
in the pounding model and 2.1% in the non-pounding model. Therefore, if the mod-
els are ranked from the most sensitive to the most stable for pounding and eccentric-
ity effects, it is possible to express them as €20, e40 and e0. This result is similar to
those obtained in the previous sections. On the other hand, it is possible to say that the

Table 3 Percentage difference of total damage compared to reference cases

Model >CP >LS

Pounding Non-Pounding Pounding Non-Pounding

Column Beam Column Beam Column Beam Column Beam

S-story  p-e0 0.00 0.00  0.00 0.00 0.00 5.75 0.00 3.80
p-e20  0.00 8.00  0.00 2.10 0.00 13.25 0.00 5.45
p-e40  0.00 0.50  0.00 2.10 0.00 6.75 0.00 5.45
9-story  p-e0 0.00 2.49  0.00 0.00 0.00 1547  0.00 9.57
p-e20  0.00 3425  0.00 4.81 0.00 28.93  0.00 13.37
p-e40  0.00 13.95  0.00 4.81 0.00 17.88  0.00 13.37
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effects of pounding have greater share in the damage ratios in case of both pounding and
eccentricity.

Consequently, differences in damage distributions were occurred in models under the
influence of pounding and/or eccentricity due to the change in displacement demands and
pounding forces. While the existence of only pounding or only eccentricity cases tend to
increase local inelastic demands in general, most of structural members reached more criti-
cal damage levels when pounding and eccentricity effects considered together However, if
inelastic behavior is neglected, it is not possible to observe member-based damage levels
and collapse (damage) mechanism. Therefore, neglecting possible local inelastic effects
may leads to non-conservative design or evaluation of structures that may become critical
in some cases.

4.5 Minimum distance to avoid collision

To prevent collisions between adjacent buildings, the safe gap distance must be deter-
mined, and this distance must be applied on site. However, determining an exact distance
becomes very difficult depending on many parameters such as the angle of impact of the
earthquake on the building, frequency content, inelastic behavior of structural elements and
torsion. On the other hand, while the determined gap distance may provide very conserva-
tive design for structures that are not expected to be exposed to serious seismic demands,
the applicability of this distance remains very low, especially in city centers. Therefore,
within the scope of the study, it was thought that instead of determining an exact gap dis-
tance to avoid a collision, it might be more logical to determine a sufficient distance at
which collision effects are acceptable. For this purpose, models were used in which the
link forces were calculated to be zero in all earthquake situations, so there was no collision,
and there was distance of 4 m between them. In all relevant models, the maximum negative
displacement values of the link elements were obtained. Since all obtained link deforma-
tion values are less than 4 m, it has been confirmed that there is no collision between the
models. Then, the absolute maximum negative displacement values of link members and
the average of these values for each model are given in Fig. 20 to develop an approach and
create an idea.

The scatter of link deformations obtained depending on the frequency content of indi-
vidual earthquake record sets is high (especially in €20 and e40 models). The required gap
distance to prevent collision, which was up to 184.7 mm in the model without eccentric-
ity (e0), reached 250.1 mm in the e20 model and reached 212.3 mm in the e40 model.
However, considering that making an evaluation in terms of average values rather than

Fig.20 Required gap distance 300 = Average
values to avoid collision in = = = TBEC-2018

average 250

200

150 123.7

=== = Z.Ge = =
100 | 787 753 T = 782

50

Link Deformation (mm)
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individual records would develop a more realistic approach, average sufficient gap dis-
tances were also calculated. Accordingly, in terms of average values, the sufficient gap dis-
tance for the €0, e20 and e40 models was calculated as 78.7, 123.7 and 97.3 mm, respec-
tively. When a general evaluation was made, it was concluded that leaving a gap of 124 mm
would be sufficient, taking into account the torsional enlargements among the models used
in the study. On the other hand, it was determined that torsional behavior increased the suf-
ficient gap distance by 1.57 times on average compared to the regular structures. In addi-
tion, depending on the row (arrangement) of the buildings, the average sufficient gap dis-
tance varied at least 8.2% in e0 models and at most 28.9% in e20 models. This change rate,
calculated depending on the building sequence in e40 models, was determined as 18.6%.

On the other hand, the gap distance that should be left between buildings according to
Turkish Building Earthquake Code (TBEC 2018) regulation is found 11 cm between 5-
and 9-story building models. It was concluded that this determined gap distance respect to
TBEC-2018 regulation, considering the average link deformations, was insufficient for the
€20-59 models. Additionally, this limit was exceeded in 28.8% of the analyses.

5 Conclusion

This study investigates the seismic behavior of adjacent buildings considering torsional
irregularity and pounding effect for mid-rise reinforced concrete (RC) frame buildings with
no shear walls. Torsional irregularity is reflected with static eccentricities due to distance
between rigidity center and mass center of superstructure. Gap distance between buildings
in the Kelvin link element model was selected 2 cm for pounding effect and 4 m for non-
pounding effect. Furthermore, the building row effect was investigated by changing the
location of adjacent buildings relative to each other. The nonlinear behavior of the struc-
tural members has been taken into account for observe the effects of torsional irregularity
and pounding on the seismic behavior separately and together. For this purpose, 176 dif-
ferent nonlinear time history analyses of 3-dimensional 5 and 9-story models were per-
formed considering 11 spectrum compatible ground motion record pairs. The remarkable
outcomes are summarized below:

When the results are evaluated in general, pounding and/or torsional irregularity posi-
tive or negatively may affect the seismic performance and damage scatter of adjacent
buildings depending by the row arrangement of buildings. The largest and critical values
was obtained in terms of demand values, damage ratios and torsion coefficient are usually
calculated in pounding models with torsional irregularity, when the eccentricity is in the
same direction and side for both buildings. For this reason, when calculating sufficient gap
distances in adjacent structures, the increase in demand values due to pounding and torsion
effects should be taken into account and the adjacent buildings should be designed as regu-
lar as possible. In cases where this cannot be achieved, it is recommended that the neigh-
boring building rigidity centers be on different sides. Additionally, the obtained results
indicate that significant scatter exists in displacement demands of individual ground motion
records for all models though this is not the case for average values. Similar to the previous
studies, it is observed that frequency content of several ground motion records affects the
dynamic response of the adjacent buildings. This study underlines the careful selection of
number of ground motion records in dynamic analysis as mentioned in the literature. More-
over, the obtained results showed that neglecting possible local inelastic effects can lead to
non-conservative design or evaluation of structures that may become critical in some cases.
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On the other hand, it is thought that this study is important for design engineers and possi-
ble regulation changes. However, the study needs to be improved in future studies due to its
limitations such as ignoring rotational vibrations caused by eccentric impact, not consid-
ered of soil-structure interaction, use of penetration depth and the low number and variety
of models used. For these reasons, the detailing of the study subject for different building
models, different eccentricity situations, different gap distance between buildings, and in
the event of pounding of buildings, by forming an area instead of the depth of the penetra-
tion are suggested.
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