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Protection of Reinforced Concrete Columns from Pounding-
Induced Effects in Adjacent Buildings
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ABSTRACT

The pounding damage is one of the most common seismic damage types observed after past
earthquakes in adjacent reinforced concrete (RC) buildings having insufficient gap in-
between. Particularly in highly populated regions, there are numerous adjacent RC buildings,
in which pounding can cause severe damage or total collapse. Many previous reconnaissance
reports following earthquakes have emphasized severe column damage due to pounding with
the slab of adjacent building. In this paper, a retrofitting method is presented to reduce the
seismic damage caused by pounding on existing RC structural elements in cases where
collision is unavoidable. Pounding effects are investigated by using 4- and 7-story RC
buildings with unequal floor elevations. As a retrofitting solution for pounding, steel columns
and neoprene rubber pads are placed at the mid-height of the story so that the pounding takes
place between the neighbouring slab and added steel columns instead of existing RC
columns. The mid-column pounding of existing RC buildings with and without retrofitting
are numerically investigated. In the numerical model, buildings are connected by link
elements to produce the pounding in-between. Nonlinear response history analyses are
performed using 11 different real ground-motion records. Pounding forces, peak floor
accelerations, inter-story drift ratios, story shear force distributions, and plastic hinge
distributions are obtained and compared for each of the pounding conditions. The analysis
results reveal that the proposed retrofitting method protects the existing RC columns from
brittle type of shear failure and reduces the destructive effects of pounding.
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1. INTRODUCTION

Earthquakes are one of the most common natural disasters that result in loss of life and
property in the seismically active regions. Adjacent buildings can collide due to the
insufficient seismic gap between them or due to their out-of-phase vibrations [1,2].

This phenomenon is referred to as pounding, which is one of the common causes of damage
observed during earthquakes. Especially in metropolitan cities, there are numerous buildings
with insufficient seismic gap between them, and these adjacent buildings are under the risk
of structural damage due to pounding in future earthquakes. Therefore, it is necessary to
minimize the risks arising from earthquake-induced pounding damage.

Leaving sufficient seismic gaps ensuring that a collision does not occur between adjacent
buildings is the most effective method for preventing the occurrence of pounding. Therefore,
a minimum seismic gap that shall be placed between two buildings has been specified to
avoid pounding in building design codes. In the Turkish Building Earthquake Code (TBEC-
2018) [3], the minimum size of gap shall not be less than the value obtained by multiplying
the coefficient (o) by the square root of the sum of squares of displacements obtained in
adjacent buildings for each floor. If all floor levels of adjacent buildings are the same at all
stories, the coefficient (o) is 0.25R/I; otherwise, the coefficient is 0.5R/I. R and I represent
the structural system behaviour factor and importance factor, respectively. In addition, gap
distance shall not be less than 30 mm up to 6.0 m height and shall be increased by 10 mm for
each additional 3.0 m above 6.0 m and shall be arranged to allow independent movement of
building blocks in all earthquake directions. In some studies, the adequacy of the seismic gap
specified in building codes is investigated [2,4]. There are other studies conducted to
determine the minimum seismic gap required to prevent a collision [5-9].

Mostly, during the construction stage, the seismic gap calculated according to the earthquake
design code requirements is neither considered nor inspected properly between adjacent
buildings.

Fig. 1 — Examples of Pounding failures. [13]
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The collision between buildings can cause local damages or total collapse. Slab to column
collision is much more critical due to large shear forces imposed on the columns as a result
of pounding [10-12]. The shear capacity of the columns can be exceeded as a result of the
impact of the adjacent slab that has very high in-plane stiffness and capacity. As a result,
occurrence of column shear damage can lead to partial or total collapse of the buildings as
shown in Fig. 1.

Pounding has been observed in many past earthquakes. Following the 1985 Mexico City
Earthquake, it was reported that 40 percent of the buildings collided with each other, and
pounding damages were observed in 15 percent of the severely damaged buildings [14]. The
same phenomenon was observed in Loma Prieta Earthquake (1989), which affected over 500
buildings and caused pounding damage in over 200 buildings [15]. After the 1999 Kocaeli
Earthquake in Turkey, severe column damage was reported as a result of a collision between
a six-story building and a two-story neighbouring building [16]. Following the earthquake,
reconnaissance studies and reports revealed that the pounding caused significant damage to
the RC buildings [17-21]. Many experimental and numerical studies have also show that
pounding affects the seismic behaviour of buildings [22-29].

Thus, retrofitting methods to avoid the pounding have been the topic of many previous
studies.

Anagnostopoulos [30] proposed the placement of impact-absorbing materials between the
reinforced concrete structures to reduce the pounding effects. Many studies investigated the
effect of use of impact-absorbing materials on the response of colliding buildings [31-35].

Using supplemental energy dissipation devices reduces the maximum lateral displacements
of the building. However, such supplemental energy dissipation devices may not be sufficient
to prevent pounding in all conditions. Structural pounding can be avoided by increasing the
stiffness of the buildings using shear walls and bracing systems [36,37]. Shear walls reduce
the lateral displacements by increasing the stiffness of the building. If the displacements
could not be sufficiently reduced to the point where the collision is prevented, pounding is
inevitable and existing frame elements that collide with the adjacent building will be severely
damaged. Another mitigation measure proposed in the literature is to connect adjacent
buildings with links to keep structural vibrations in phase without causing pounding [38,39].
Abdel-Mooty and Ahmed [40] proposed a retrofitting solution using localized
interconnections between adjacent parts of the structure. In this case, seismic damage is
especially localized in the connection points of these link elements at existing building
components. Fluid viscous dampers and friction dampers have also been used to mitigate the
pounding effects in adjacent buildings [41]. Pargoo et al. [42] suggested implementing
viscous wall dampers in adjacent structures to reduce the pounding-induced effects.

Many studies have indicated that the most efficient method of preventing pounding is to leave
a sufficient gap between the buildings or to upgrade the stiffness of the structural system by
introducing structural walls in order to minimize the structural displacements to avoid
pounding. The adequacy of the proposed retrofitting methods in terms of preventing
pounding phenomenon includes several uncertainties such as the approximations in
calculating the inelastic displacements. However, there is no retrofitting method or published
study for preventing pounding-induced structural damage for existing buildings that have
already been constructed without sufficient seismic joint, and where pounding is
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unavoidable. This study aims to minimize the seismic damage caused by pounding on
existing RC structural elements in cases where collision is unavoidable. For this purpose,
existing adjacent RC buildings are retrofitted with steel columns and neoprene rubber pads
which are added to the existing structural system of buildings. Therefore, pounding will take
place between the added steel columns and the slab of the adjacent building. By this
retrofitting approach, existing RC columns can be protected by diverting the collision to the
steel columns. Then the pounding forces will be transferred from the pin connected steel
columns to the slabs, whose in-plane capacity is the largest compared to the capacity of any
other structural component of the exiting substandard RC buildings. Like the capacity design
principles adopted in the seismic design of buildings, the proposed retrofitting approach
receives use of the capacity of the strongest link, which is the in-plane capacity of slabs, in
the existing substandard RC building when pounding takes place.

2. PROPOSED RETROFITTING METHOD

The proposed retrofitting approach is intended to prevent column damage when pounding is
unavoidable. In order to protect the existing RC columns from pounding effects, steel
columns are placed at each story of the buildings by partially removing the infill wall and
pounding is ensured in these elements instead of existing substandard RC columns. Steel
columns added to the structural system of the buildings are shown in Fig. 2. The additional
steel columns are placed such that the pounding first takes place with them by extending steel
beam elements at the pounding level. Therefore, added steel columns by means of the
proposed retrofitting approach can only be effective in the case of floor-to-column pounding.

. - - | I - neoprene

rubber pad «f—
steel
. . I I ' . co“l“‘n
| 4
Bmn = -
I

(a)
Fig. 2 - (a) Proposed retrofitting method, (b) sectional view of columns, (c) connection
detail.
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The steel columns are connected to the floor with a simple support at both ends (Fig. 2(c)).
With this connection detail, only axial loads are transferred to the floors where the steel
column is supported. The floors that have very high in-plane stiffness and capacity distribute
the impact forces to the vertical structural members in accordance with their stiffness.
Furthermore, neoprene rubber pads are placed on the steel columns to provide additional
damping in the system during the collision and to prevent local damage that may occur on
steel columns and the concrete slab.

3. BUILDING FEATURES AND MODELING
3.1. Properties of Adjacent Buildings

Low and mid-rise RC buildings constitute a significant portion of Turkey's existing building
stock. Therefore, the study focused on 4- and 7-story RC buildings that represent typical
members of the existing building stock. Building models are determined from an inventory
study that is investigated about 500 RC buildings by Inel et al. [43]. 4- and 7-story buildings
are designed according to previous seismic codes. The reason for selecting these two RC
buildings is that the pounding phenomenon can take place due to their different dynamic
characteristics ensuring that their vibration modes will not be in phase and pounding can take
place in between.

Buildings have RC frame system constituted by beams and columns with no structural wall.
Plan view of ground story for both buildings is shown in Fig. 3. In both buildings, the sizes
of the structural system elements are smaller at the upper floors. The column and beam
dimensions of 4- and 7- story buildings are given in Table 1.

4-story building has a total length of 15 m in the x-direction, 10 m in the y-direction. 7-story
building has a total length of 19.5 m in the x-direction, 13 m in the y-direction. Story heights
in both building models are 2.8 m. In the design of both buildings, as per TBEC-2018, the
importance factor of both buildings and the soil class is taken as “1” and ZC (very dense
sand, gravel, or very stiff clay), respectively.

Concrete compressive strength of both building models is 16 MPa. Nominal yield strength
of both longitudinal and transverse reinforcements of 4- and 7-story buildings are 420 MPa
and 220 MPa, respectively.
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Fig. 3 - Plan view of ground story for buildings (a) 4-story, (b) 7-story.
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Table 1 - The column and beam sizes of 4- and 7- story buildings.

Building model | Story level | Column label Column size (cm) Beam size (cm)

Cl 30%60
C2 25x%55
from 1 to 2 C3 25x%60

4-story C4 30x55 25%x60
Cs5 30%65
C6 25%50

from 3 to 4

C7 25x55
C8 30x65
from 1 to 2 Cc9 30x70
C10 30x75

25%60
Cl1 30%60
from 3 to 4 Cl12 25x%60
7-story C13 30x70
C11 30%60
5 Cl12 25x60

C13 30x70 25%50
C14 30%60

from 6 to 7

Cl5 25%50

Steel columns that are placed in the mid-bays on the collision surface of RC buildings are
made of S235 (structural steel with a nominal yield strength of 235 MPa). Columns section
is HESOOM of standard European sections. Neoprene rubber pads have dimensions of
200%200%25 mm. The nominal hardness of the rubber bearings is 60 on the Shore A scale,
which has the shear modulus, G of 1.1 MPa. The design of all components of the retrofitting
scheme including the connection details to the RC slab is made such that they will not be
exposed to any seismic damage under the impact forces during collision.

3.2. Nonlinear Modeling of Buildings

Three dimensional numerical models are developed for both buildings in SAP2000 [44]. The
base of the columns is assumed to be fully restrained. Slabs are considered to be rigid
diaphragms for the in-plane behaviour due to their larger cross-sectional area. The rigid
diaphragm constraint is employed to reflect this behaviour of the slabs. In the nonlinear
calculation method, effective stiffness coefficient values used for cracked sections of
reinforced concrete sections are considered as per TBEC-2018.
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Plastic hinges have been defined at both ends of columns and beams in reflecting non-linear
behaviour in building models. P-M2-M3 plastic hinge is assigned for columns to consider
the interaction between bi-axial flexure and normal force, whereas M3 plastic hinge is
employed for beams. User-defined hinge properties are used in this study. The moment-
plastic rotation relationship of the plastic hinges defined in the SAP2000 is given in Fig. 4.
'A', 'B', 'C', 'D', and 'E'. Moment-rotation relation of each plastic hinge are determined
according to section geometry, material properties of reinforcement steel, confined and
unconfined concrete, and axial load level on the RC members.

Moment

B|LD SD CP C

Rotation

Fig. 4 - Moment-rotation relationship of the plastic hinge.

Mander's model is selected for concrete material models to define unconfined concrete and
confined concrete [45]. Modulus of elasticity of concrete is taken as 20000 MPa according
to TBEC-2018 for concrete class C16. The strain corresponding to the maximum strength of
unconfined concrete is 0.002, the crushing strain is 0.0035, and the spalling strain is 0.005.
The characteristics of the confined concrete model vary depending on the cross-sectional
characteristics of the RC members and the detailing of the longitudinal and transverse
reinforcement.

Two different grades of steel, which are S420 and S220, have been considered. Modulus of
elasticity of reinforcement steel is taken as 200000 MPa. Yield strength, ultimate strength,
failure strain, and yield strain values are given in 7able 2.

Table 2 - Mechanical properties of reinforcement.

Reinforcement Yield Strength Ultimate Strength ~ Yield Strain, Failure Strain,
class (MPa) (MPa) &y Esu
S220 220 264 0.0011 0.12
S420 420 550 0.0021 0.08

The moment-curvature relationship of the RC members is obtained using the cross-section
analysis conducted in XTRACT [46]. The obtained moment-curvature values are used in the
definition of plastic hinges to be lumped at critical sections of RC members. P-M2-M3
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interaction and M3 hinges are assigned at the ends of columns and beams, respectively to
identify the attainment of their capacities during the nonlinear analysis. The performance
limits of Limited Damage (LD), Significant Damage (SD), and Collapse Prevention (CP) for
the flexural hinges are specified from section analysis and the requirements of TBEC-2018.
Table 3 shows the damage levels for flexural response in terms of material strains specified
in TBEC-2018. In the definition of moment-rotation relation, the plastic hinge length is
considered to be the half of the section depth (L, = H/2) as recommended in TBEC-2018.

Table 3 - Strain based damage levels as per TBEC-2018.

Damage Levels Concrete Limit Condition Steel Limit Condition

Limited Damage (LD) el? = 0.0025 el? = 0.0075

Significant Damage (SD) esP = 0.75¢5° &SP = 0.75¢5P
P = 0.0035 + 0.04,/0,¢

Collapse Prevention (CP) efP = 0.40¢g,

<0.018

where €, is concrete compressive strain, & is the steel strain and &g, steel strain at the
maximum tensile stress and w,, is the ratio of mechanical reinforcement of the effective
stirrup. w,,, is calculated according TBEC-2018 as;

Wye = UsePsnh,min f;::e (D
te=(1-20)(1-2) (1-22) 5 pu =2 @

where ay, is the efficiency coefficient of transverse reinforcement, pgj, is volumetric ratio of
transverse reinforcement, psp min is the minimum of the volumetric ratio of the transverse
reinforcement in two horizontal directions, f,. is the yield strength of transverse
reinforcement, f,, is compressive strength of concrete, a; is lateral distance between the axes
of the longitudinal bars, which are supported by the transverse reinforcement, b, and h, are
size of the cross-section between the axes of the transverse reinforcement of core concrete, s
is the spacing of transverse reinforcement, Ay is area of transverse reinforcement for
rectangular section, b, is cross section dimension of concrete core of column (distance
between the centers or outermost rebars).

Shear hinges are also assigned to each frame member to determine whether its shear capacity
has been attained during the analysis. Due to its brittle nature, only ultimate state limit is
specified for the shear hinges assigned at the mid-span of the members to distinguish the
shear hinges with the flexural hinges.

Flexural and shear hinges are assigned to steel columns placed on the pounding surface. In
this way, the demands that will occur on the steel column are monitored. Plastic moment
strength (M,) and nominal shear strength (V,) of steel columns are calculated according to
Turkish Structural Steel Code [47] as follows;
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M, = E,W,, (€)
Vy = 0.6F,A,,Cyy )

where F) is the yield strength of structural steel, 7, is the plastic section modulus about x-
axis, A, is the area of the web, C,; is the web shear strength coefficient, which is 1.0.

3.3. Examined Pounding Cases

Although there are buildings adjacent to the neighbouring building having the same floor
elevations, the majority of the existing buildings are adjacent to the neighbouring building
with different floor elevations. In this case, pounding takes place between the floor of one
building and the columns of the other building. Story heights of both building models are 2.8
m. One of the buildings is moved in vertical direction in the numerical model so that
pounding occurs in the mid-height of the columns. Slab-to-column collision models are
established by connecting building models with link elements. Then, slab-to-steel column
collision model is established by placing the steel columns in the mid-bays on the collision
surface of 4-story and 7-story buildings. Moreover, individual 4-story and 7-story buildings
where no pounding takes place are also examined for comparison purposes. Pounding models
and link elements are presented in Fig. 5.

(© (d)

Fig. 5 - Pounding cases for (a) no collision, (b) pounding model of non-retrofitted
buildings, (c) pounding model of retrofitted buildings, (d) link elements.
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Several impact models are used to simulate the pounding between colliding buildings in
literature [48-50]. Because of its simplicity and ease, the linear elastic spring model is
commonly used in previous studies. In the linear elastic spring model, linear spring with a
high stiffness is used to simulate impact once the gap between adjacent buildings closes. The
spring is only activated when the calculated relative distance in the closing direction is greater
or equal to the specified gap distance. In such a case, pounding takes place and spring
stiffness becomes effective. The force-displacement relationship of a link element is shown
in Fig. 6.. The impact force F(?), based on linear elastic spring model is determined as
follows;

(k@) —d), st)—d>0
Fo = { 0, 5(t)—d <0 (5)

6() = w;(®) —w (1) (6)

where k is the stiffness of the spring, §(t) is the depth of interpenetration, u;(t) and u;(t)
are the displacements of the two adjacent buildings and d is the gap distance.

| . q F (1)
— W —
) 7 5

Fig. 6 - Force-displacement relationship for linear elastic spring model

The impact model is simulated by using nonlinear link element in SAP2000. When the gap
distance closes during motion, the axial stiffness of the slab triggers in the stiffness matrix.
The axial stiffness of the building's floor slab in the pounding direction is used to calculate
the stiffness of the link element. The stiffness of link elements (k) is recommended to be
greater than the axial stiffness of the slab of the adjacent buildings [30,51,52]. Based on the
study of Altinel [53], the stiffness for the link elements is chosen as 35 times the axial
stiffness corresponding to the effective area on the slab section where the pounding takes
place. Hence k is calculated as;

ke=""x35 (7)

56



Sueda ALTAN OYMANLI, Ozgiir AVSAR

where E is the modulus of elasticity of concrete, A is the effective cross-sectional area of the
slab, L is the length of the slab in the direction perpendicular to the contact surface.

The gap distance between the adjacent buildings is defined in the link element. If pounding
occurs, the gap distance is critical in the seismic response of both buildings. Although gap
distance is variable in existing buildings, a constant gap distance of 40 mm is selected in this
study to reflect an insufficient gap distance specified by TBEC-2018 to observe pounding. In
order to make consistent comparisons, the same gap distance, 40 mm, is also considered in
the retrofitted buildings, which includes steel columns and neoprene rubber pads. However,
in real life applications of the proposed retrofitting approach, the additional steel column and
neoprene rubber pad reduce the gap between the existing adjacent buildings.

The link elements defined in SAP2000 are used to model the neoprene rubber pad that will
be added to the collision surface of the steel columns. The neoprene rubber pad is modeled
as a spring connected in series to the link element. The axial stiffness of neoprene rubber
pads adopted from Naeim and Kelly [54] calculated as follows:

EcA

K, = e (®)
E. = 6.73GS? ©)
s=2 (10)

where K, is axial stiffness, E, is elasticity modulus, 4 is the area of neoprene pad, t, is the
neoprene pad thickness, G is shear modulus, S shape factor, a is the side dimension of the
square pad.

4. GROUND MOTION SELECTION AND SCALING

Real ground motion records obtained during earthquakes are used in nonlinear time history
analyses. Recorded ground motions are selected and scaled with respect to the requirements
of TBEC-2018. TBEC-2018 requires the selection of a minimum of 11 ground motion
recordings, where at most three ground motion records can be selected from the same
earthquake event. The selected ground motion records are scaled such that the average of the
response spectra values should be greater than the ordinates of the TBEC-2018 target
spectrum between the period range 0.27, and 1.57,, where T, is the natural period of the
building model.

In this study, the PEER (Pacific Earthquake Engineering Research) strong ground motion
database = has been used for selecting the ground motion records
(https://ngawest2.berkeley.edu/). Table 4 shows the main characteristics of the selected
earthquake records. Since the analyses is performed along the x axis where the pounding
takes place, only one of the horizontal components of the earthquakes is used. The component
with the highest PGV value is chosen.
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Table 4 - The properties of the selected earthquake records.

. . G PGV PGD
Record NoEarthquake Name Station Magnitude Component
d & P (g (cm/s) (cm)
RSN-879 Landers Lucerne 7.28 260° 0.73 133.40 113.92
RSN-821 Erzincan, Turkey Erzincan 6.69 NS 0.39 107.14 31.99
RSN-180 ggpe“al Valley- g1 Centro Array #5 6.53 230° 038 96.90 75.22
RSN-529 N. Palm Springs  North Palm Springs 6.06 210° 0.69 6599 16.17
RSN-1602 Duzce, Turkey Bolu 7.14 90° 0.81 65.88 13.10
RSN-959 Northridge-01 gz;wga Park - Topanga ¢ 9 196 039 6329 13.17
Imperial Valley- o
RSN-183 06 El Centro Array #8 6.53 140 0.61 5449 41.78
RSN-1052 Northridge-01 Pacoima Kagel Canyon  6.69 360° 043 5138 7.22
RSN-767 Loma Prieta Gilroy Array #3 6.93 90° 0.37 4543 24.11
RSN-727 Superstition Hills- Superstition Mtn 6.54 1350 084 4350 5.3
02 Camera
RSN-1165 Kocaeli, Turkey  Izmit 7.51 90° 0.23 3829 24.29

2.5

—_ —_ o
o W =
I I I
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W
I

= =TBEC-2018 Target

Mean

Individual Spectra
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3.0

Fig. 7 - Elastic response spectra of the selected ground motion records.

The target design spectrum is defined by considering the coordinates, the soil type, and the
earthquake ground motion level of the buildings. This information is used in the seismic
hazard map of Turkey (https://tdth.afad.gov.tr) to obtain the design spectrum for the
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investigated buildings. The target design spectrum corresponds to the seismic hazard level
(DD-2) with 10 percent probability of exceedance in 50 years in TBEC-2018 for the specific
location in Eskigehir city center with latitude coordinate of 39.763946°N and longitude
coordinate of 30.514724°E. The soil type is ZC (very dense sand, gravel, or very stiff clay).
Fig. 7 shows the elastic response spectra of the selected ground motion records with a
damping ratio of 5 percent. As shown in Fig. 7, since the average response spectrum is greater
than the considered target design spectrum, the scale factor is taken as “1” for all earthquake
records satisfying the criteria specified by TBEC-2018. Therefore, original ground motion
records are employed in the analyses without interfering with their content.

5. ANALYSIS RESULTS AND DISCUSSION

Nonlinear response history analyses are performed for four numerical models using the
selected 11 earthquake ground motion records. Four numerical models are composed of two
individual numerical models of 4-story and 7-story buildings termed as “reference”,
pounding model of the existing adjacent buildings termed as “non-retrofitted”, and finally
pounding model of the retrofitted adjacent buildings termed as “retrofitted”. Pounding forces,
peak floor accelerations, inter-story drift ratios, and story shear force distributions obtained
from the nonlinear time history analysis are recorded. The response of the original buildings
and retrofitted buildings with steel columns are compared based on the selected engineering
demand parameters. Comparisons are made for the average results of the selected 11 ground
motion records for each of the numerical models. Plastic hinge distribution caused by the
pounding effects of both buildings is also investigated for a specific ground motion record.

5.1. Pounding Forces

When the specified gap between the two buildings closes, the stiffness of the link elements
activate and pounding forces develop in the link elements. Thus, the time and the pounding
force can be determined for each link element when the collision occurs. Fig. 8 shows the
variation of the pounding forces in both retrofitted and non-retrofitted models for the two
ground motion records. In the retrofitted model, collision occurred at each floor in all
earthquake ground motion records. Pounding took place only on the steel columns. There
was no collision in the existing RC columns. The pounding-induced demands were prevented
from being accumulated at a specific floor level by distributing the pounding effects
throughout the building height by the applied retrofitting technique. As a result, a relatively
more uniform distribution of pounding-induced seismic effects is ensured throughout the
floors of the retrofitted building compared to the non-retrofitted one. Pounding forces reduce
at the lower floors of the retrofitted building as a result of the decreasing displacement
demands at the lower stories. The pounding forces are much greater in the non-retrofitted
building. On the fourth floor of non-retrofitted building, pounding force was 3.13 times
greater for Imperial Valley Earthquake record. The largest pounding forces took place on the
fourth floor of both retrofitted and non-retrofitted buildings for Superstition Hills Earthquake
record, which are almost the same. Seismic damage, on the other hand, is mostly localized in
the fourth floor of the non-retrofitted building, resulting in brittle type shear failure in existing
RC columns.
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Fig. 8 - Variation of pounding forces at each floor (a) for Imperial Valley Earthquake
record (Array #5), (b) for Superstition Hills Earthquake record.
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5.2. Peak Floor Accelerations

Peak floor acceleration is an important engineering demand parameter for the safety of the
building's contents and the comfort of its residents [55]. Peak floor acceleration values
provide information about the seismic forces that will impose on the structural and
nonstructural components. Fig. 9 shows the average peak acceleration values at each floor
for all pounding models. For both buildings, pounding increases the floor accelerations at
each floor. In 4-story building, the maximum average peak floor acceleration values of
pounding models occurred in fourth floor of the building due to larger displacements. The
maximum peak floor acceleration in retrofitted building is less than that in non-retrofitted
building. In 4-story building, the maximum peak floor acceleration of the retrofitted and non-
retrofitted building is 1.72 and 2.08 times larger than the reference building, respectively. In
7-story building, the maximum peak floor acceleration of the retrofitted and non-retrofitted
building is 1.69 and 1.94 times larger than the reference building, respectively. In general,
the pounding takes place in all floors of the retrofitted buildings. However, in non-retrofitted
buildings, the pounding localized mostly in a single floor where the pounding first takes
place. Because the pounding demands are distributed throughout the retrofitted models rather
than localized in one floor as in the case of non-retrofitted building, the floor accelerations
of retrofitted building are lower than the ones for non-retrofitted building. There is a jump
even in the average peak floor accelerations at the fourth floor of both 4-story and 7-story
non-retrofitted buildings. As also observed in the pounding force variations in Fig. 8,
pounding took place mostly in the fourth floor only for the non-retrofitted building. This
caused the localization of pounding effects at the fourth floor of both non-retrofitted
buildings. On the other hand, as the pounding occurred in all floors of the retrofitted models,
there is no distinct jump in the average peak floor acceleration values.
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Fig. 9 - Average peak floor accelerations for buildings (a) 4-story, (b) 7-story.

5.3. Inter-Story Drift Ratios

Inter-story drift ratio (ISDR), a fundamental indicator for seismic damage for structural and
non-structural components, plays a critical role in structural performance. During an
earthquake, if the ISDR is excessive, both structural and non-structural components will be
damaged. Thus, the ISDR is restricted to a certain limit in building design codes in order to
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protect the components of the buildings. Fig. 10 shows the variation of ISDR in 4- and 7-
story buildings.

The effect of pounding on the variation of ISDR is not as pronounced as in the case of peak
floor acceleration distribution. Compared to the reference 4-story building, the maximum
increase in ISDRs at the fourth story of the retrofitted 4-story building is 21.8 percent, while
it is 15.4 percent at the fourth story of the non-retrofitted 4-story building. Compared to the
reference 7-story building, the maximum increase in ISDRs at the sixth story of the retrofitted
7-story building is 27.6 percent, while it is 15.0 percent at the sixth story of the non-retrofitted
7-story building. In retrofitted buildings, the increase in ISDR values is greater. Since
pounding did not cause any brittle type of shear failure to the columns of the retrofitted
building, retrofitted building has more ductile behaviour and has more displacement capacity
for additional displacement demands.

The maximum increase in ISDR occurs on the sixth story level of the 7-story building and
the fourth story level of the 4-story building. When buildings collide, the floors below the
fourth floor, where the pounding takes place, of the 7-story building have reduced ISDR than
the reference building. The 4-story building reduces the displacement of the first 4 floors of
the 7-story building. However, the floors above the pounding floor of the 7-story building
displaced more by the impact of the post-collision. Thus, for the 7-story building, there is an
increase in ISDRs at the floors above the pounding floor whereas the ISDRs are reduced in
the floors below the pounding floor. This response is clearly observed in Fig. 10(b) referred
as the whiplash effect, which causes changes in the displacements below and above the
pounding floor [2,11,56]. On the other hand, ISDR of the 4-story reference building is less
than the others when the pounding takes place. In both 4-story and 7-story buildings, the
retrofitted buildings have increased ISDR values at each story than the non-retrofitted
buildings. When the brittle type of RC column shear failure is prevented by the introduction
of steel columns for retrofitting purposes, the overall behaviour mode of the buildings is
dominated by the flexural response of the columns.
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Fig. 10 - Average ISDR distribution for buildings (a) 4-story, (b) 7-story.
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5.4. Story Shear Force

Maximum story shear force distributions are given in Fig. 1/ for the two buildings. The
presented average values are the peak value of the sum of the shear forces in the vertical
structural elements at each story under each earthquake record. The increase in the story shear
force is evident at the stories above and below the pounding level. In the 7-story building,
the increase in the shear forces at the floor above the pounding elevation is obvious due to
whiplash effect. The maximum increase in the story shear force of the retrofitted 4-story
building is 36.2 percent at the fourth story, while it is 43.6 percent in the non-retrofitted 4-
story building. The maximum increase in the story shear force of the retrofitted 7-story
building is 22.2 percent at the fifth story, while it is 13.2 percent in the non-retrofitted 7-story
building. Story shear forces have increased in retrofitted buildings. This is due to the fact that
pounding has not caused shear damage to existing RC columns with the addition of steel
columns for retrofitting purposes. Thus, the displacement of the columns increases so does
the shear force demands in the columns.
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Fig. 11 - Average story shear force distributions for the buildings (a) 4-story, (b) 7-story.

5.5. Plastic Hinge Distributions

Plastic hinge distribution is examined under the Erzincan Earthquake ground motion record
where the greatest pounding force occurs among the other selected records. Plastic hinge
distributions of the buildings are presented in Fig. 12. Damage state of the assigned plastic
hinges is determined according to the colored scale shown on the right side of Fig. 12. On
the colored scale, “B” is the beginning of nonlinear behaviour and “E” is the ultimate point,
beyond which the member failure takes place. (I0) corresponds to the limited damage, (LS)
corresponds to the significant damage, and (CP) corresponds to collapse prevention limit
states in TBEC-2018. Pounding significantly changes the plastic hinge distribution of both
buildings. There is an increase in the number of damaged column and beam members at the
upper floors of the buildings after pounding.

When Fig. 12 (b) and (c) are compared with Fig. 12 (a), it is observed that the plastic rotation
demands in ground story beams and columns of 4-story building have increased, whereas the
plastic rotation demands in ground story beams and columns of 7-story building have
decreased. This result is consistent with the fact that pounding causes an increase in the
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ISDRs of 4-story building and a decrease in the ISDRs of a 7-story building below the
pounding floor as shown in Fig. 10.
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Fig. 12 - Plastic hinge distribution for the Erzincan Earthquake record (a) reference
buildings, (b) non-retrofitted buildings, (c) retrofitted buildings.
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As shown in Fig. 12 (b), shear failure in several columns of the non-retrofitted buildings has
been observed at the stories where pounding takes place. In the retrofitted building, although
the pounding takes place in each story, no shear failure is observed in the added steel columns
or in the existing RC columns. Therefore, by introducing steel columns for retrofitting
purposes, the existing RC columns are protected from any brittle type of shear failure. This
leads to more ductile behaviour with increased ISDRs, and plastic rotation demands in the
lower stories. Therefore, the detrimental effects of collision between adjacent buildings are
minimized and the overall seismic response of the buildings is improved by eliminating the
column shear failures.

6. CONCLUSIONS

In this paper, the effectiveness of the proposed retrofitting strategy for protecting existing RC
columns against pounding effects has been investigated. Firstly, 3D numerical models of the
4- and 7-story RC buildings representing the existing building stock are developed in
SAP2000 program. Then, steel columns with neoprene rubber pads were introduced in the
retrofitted buildings. Nonlinear time-history analyses were conducted with 11 different real
ground-motion records. The variations in pounding force, peak floor accelerations, ISDRs,
story shear forces, plastic hinge distributions are examined for all pounding cases. The
analysis results for each engineering demand parameter are compared for reference buildings,
non-retrofitted buildings, and retrofitted buildings. Following conclusions were drawn based
on the results of this study:

. With the introduction of steel columns in retrofitted buildings, pounding takes place
in each story with reduced pounding forces. This enables a relatively more uniform
distribution in the pounding-induced seismic effects along the height of the building.
Whereas, in the non- retrofitted building, pounding forces are much larger and the
seismic damage is mostly localized in the pounding story causing brittle type of shear
failure in RC columns.

. The peak floor accelerations are observed to be increased due to pounding. The
increase in peak accelerations at floors with larger displacements is especially
pronounced as a result of pounding. Because pounding demands are distributed
throughout the retrofitted building, the increase in peak floor accelerations is less in
retrofitted buildings compared to the non-retrofitted buildings. Distinct jumps in the
average peak floor accelerations were observed in the non-retrofitted building as a
result of localization of pounding in a single floor.

. The variation in the ISDR 1is not as significantly affected by pounding as it is in the
case of peak floor accelerations. There is an increase in the ISDR of 4-story building
with pounding. Because of the change in the dynamic response of the 7-story building,
ISDRs have increased at floors above the fourth story, at which the pounding takes
place. However, in the lower stories of the 7-story building, ISDRs have decreased
due to pounding with the 4-story building.

. Story shear forces have been increased due to pounding. There is greater increase,
particularly in the retrofitted building because the existing columns could resist more
lateral force without shear damage. The largest increase of shear forces took place in
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the pounding stories, which are the roof story of the 4-story building and the fifth story
of the 7-story building.

The distribution of plastic hinges is one of the most significant indicators for the
effectiveness of the proposed retrofitting strategy against pounding. Pounding caused
a significant change in the damage profile of the buildings with an increase in the
number of damaged members. The shear capacity of RC columns in the non-
retrofitted buildings was exceeded during collision, and shear failure was observed in
several columns at the pounding elevation. The existing RC columns in the retrofitted
building did not exhaust their shear capacity because no collision occurred in existing
RC columns. Thus, pounding impact spread throughout the structural members. The
proposed retrofitting method protects the existing RC columns from brittle type of
shear failure as a result of pounding.

The results are valid only for the 4- and 7-storey buildings used in this study. The retrofitting
method can be used by extending the findings to other buildings. Future studies can be
extended to investigate the effectiveness of the proposed retrofitting approach for the adjacent
buildings at which the collision can take place at different column elevations rather than the
column mid-point as is the case in this paper.
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