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Abstract: Seismic bearings have been used to mitigate the harmful effect of the earthquakes. Torsion
mode, one of the most important irregularities, generally increases the shear forces to the vertical
members such as columns and shear walls in turn this may results in brittle failure of the reinforced
concrete (RC) members. Accordingly, it is vital to eliminate the torsion failure mode or switch to the
higher modes with lower mass contribution. This study has evaluated the seismic performance of a
high-rise building with torsion mode through push-over analysis including nonlinear time history
analyses. The damage conditions of RC structural members are defined considering the Eurocode
definitions and general performance assessments of the building have been evaluated accordingly.
Lead rubber bearings have been used for base isolation system. By using enough number of rubber
bearings, the dominant torsion mode (first free vibration mode) has been shifted to higher modes.
Various earthquake records have been used in non-linear dynamic analysis to evaluate the positive
effects of the bearings. The results revealed that proper arrangement of rubber bearings in structural
plan of ground floor can effectively improve dynamic behavior of a high rise building with torsional
instability to achieve better seismic performance.

Keywords: performance; rubber bearing; pushover; time-history; torsional instability

1. Introduction

Many either newly designed or existing buildings may suffer from the harmful effect
of dominant high torsion modes in case of an earthquake mainly due to the asymmetric
placement of vertical structural members particularly reinforced concrete shear walls in
the structural plan of the building. In most cases due to architectural limitations, it is not
easy to arrange the places of the structural members where it challenges structural design
engineers and eventually this challenge may end up with large distance between mass
and rigidity centers. Luck of design experience of the structural designers may also result
in building plans with torsional instability. Several earthquake investigations show that
torsion has substantial negative effect on the performance of buildings with increasing
forces to its members and may cause collapse of the building [1] particularly for those
buildings with low material qualities and improper reinforcement details [2]. Figure 1 [3,4]
shows two buildings having torsion dominated behavior and heavily damaged during
earthquakes where one of the buildings is just brand new before even accommodation
where it clearly shows the poor engineering design. There are plenty similar examples
of building failures from past earthquakes that show the effects of torsion failure. This
clearly shows that buildings with torsional irregularity are more vulnerable under seismic
influences compared to the regular buildings.
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Figure 1. Failure of buildings due to torsional instability (Images by Idris Bedirhanoglu [3,4]). (a) Van
earthquake, 2011 [3]. (b) Halabja earthquake, 2018 [4].

For those kinds of irregular buildings, the inelastic response models are more appro-
priate to understand seismic behavior the structural system. Inelastic strains should be
considered in nonlinear models which allows suitable force-deformation material model
in nonlinear dynamic analysis. Many variables may have different effects on the perfor-
mance of the buildings particularly the ones with irregularities such as torsion. Force-based
method (FBD) and displacement-based method (DBD) have been commonly used to evalu-
ate the performance of the structures. The DBD method may give more realistic prediction
of damage levels where this method directly provides plastic hinge deformations for the
target displacement. Through combining this method to the capacity design principles,
nonductile formations can be avoided and more economical outcomes can be achieved [5,6].

On the other hand, there are some studies regarding the torsion effect but studies on
limiting the effect of torsion are very limited particularly for real buildings including shear
walls. Athanatopoulou [7] investigated critical angle of the earthquakes on a virtual asym-
metric structural plan. Fontara [8] used asymetric simple storey bulding for investigattion
and it was found that seismic incident angle, ground-motion reference axes and seismic
intensity level have important effects on the structural responses. Askouni [9] investigated
the effect of soil-structure interaction on the behavior of symmetric and asymmetric RC
framed buildings. Seo and Hun [10] used lead-rubber bearing (LRB) isolation systems
with super elastic shape memory alloy (SMA) bending bars functioning as damper and
self-centering devices. The research concluded that SMA bending bars provide more flexib-
lity and recentering force to the superstructure. Study by Buzuk [11] where 11 earthquake
records were implemented in performance analysis of 24 story RC building shows that
using Turkish Building Earthquake code (TBEC) [12] and Eurocode [13] produces parallel
outcomes. Rahul [14] investigated effect of the height of the building on the torsional
behavior of base isolation considering a small asymmetric plan, and it was observed that
friction pendulum system has effectively decreased the torsional rotation when compared
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to lead rubber bearing. It has also been observed that base isolation is less effective in case
of near fault earthquakes and generally they concluded that base isolation will decrease the
torsional amplification but still may lead to torques that cannot be ignored. In base-isolated
structures, although the superstructure responses are reduced considerably by addition
of the isolation devices to the structural system, torsional amplification may be important
depending on the device and superstructure eccentricity as well as the lateral and torsional
flexibility [15].

There are some studies on eliminating the negative effects of irregularities including
torsion are available. Adibramezani et al. [16] investigated torsional behavior of sample
buildings having L shape plans. This study concluded that torsional moments can be
decreased even in case with the large structural eccentricities and this reduction is more
for lower story buildings. Naderpour et al. [17] investigated effect of hybrid control by
combining base isolation and tuned mass dampers on the behavior of low and high-rise
buildings. The results showed that influence of base isolation is much larger comparing
to the influence of non-traditional tuned mass dampers. Shiravand and Ketabdari [18]
observed that friction pendulum system balances the applied forces with mass of the
building and prevent the occurrence of the torsion. As can be seen studies on mitigations
of buildings with torsional irregularity are limited and mostly together use of lead rubber
bearing, and friction pendulum system cases has been investigated. On the other hand, all
the studies on the topic have used virtual sample plans which is far from representing real
structural plans of existing high-rise buildings and some of the do not consider shear walls.
It should be note that most of the design regulations requires a minimum certain amount
of shear walls particularly for high-rise buildings. According to the best knowledge of the
authors there is not any available studies in the literature that considered a real structure
with shear walls and having torsional irregularity particularly high-rise structures with RC
shear walls.

This work mainly focusses on eliminating or decreasing the negative effect of torsion
mode by using seismic isolation techniques. To alleviate the effect of torsion, the use of
rubber bearing has been investigated through displacement-based performance analyses.
This study is based on analysis of a constructed high-rise building with torsional issues
which are caused by improper arrangements of RC shear walls during the design process.
Buildings with and without having rubber bearings have been considered. User-defined
plastic hinge model (see Section 3.2) has been used and response quantities are defined by
strains and rotations. Performance analyses are performed by nonlinear static pushover
procedure and time history analyses. The analysis mainly focusses on eliminating or
decreasing the negative effect of torsion mode by using seismic isolation techniques.

2. The Model Building System

An RC building with shear walls was designed asymmetrically which led to long
distance between mass and rigidity centers has been analyzed to investigate its seismic
performance under the effects of strong ground motions. The building has 14 stories
including basement and one-story penthouse as seen in Figure 2. The slabs are flat with
RC beams and the building is 49 m in height. The RC structural system is a frame system
of columns and shear walls (Figure 2c). This building was constructed with a torsional
irregularity due to pure engineering design. The building has 15 columns, 6 long shear
walls and 18 short shear walls. The five of the long shear walls (>3 m) were placed in
x-direction. To balance allocation of the shear walls in both directions, 12 short shear walls
(<2 m) were placed in y direction, the rest were in x direction. The total length of the shear
walls is 37 m in x and 30 m y direction. On the other hand, if the inertia moment is consid-
ered, the building is far from having equivalent rigidity in both directions. Therefore, this
design approach has caused serious structural issues like torsional problem. Asymmetric
rigidity of the shear wall system has deteriorated the torsional stability and furthermore
shear walls were generally concentrated in the plan center of the building. Although
the sectional areas of shear walls are almost the same in both directions (6.94 m? area in
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x direction, 6.34 m? area in y direction), the total inertia moments of shear walls are
Iy = 496 m* and I, = 2.96 m*, where x and y are global axes. However, the shear walls
should have been positioned in the outer of the building to prevent the torsional issues.
This building was constructed in 2018 and many existing structures may have the same

torsional instability problem.
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Figure 2. Building model with columns and shear walls.

The building is discretized as given in Figure 2b to construct finite element model
which is required in the analyses. Mesh areas are generated in three dimensions (3D) by
using various mesh sizes. The mesh intervals have been assigned related with the size
of the member in lateral and vertical direction. Material properties are taken from the
structural project, the characteristic strength of concrete, f., is 25 MPa and the modulus
of elasticity, E. is 31 GPa. Steel bar parameters yield strength fy is 420 MPa and steel
modulus of elasticity Es is 210 GPa. Furthermore, it is located in a high seismic zone of
Turkey (city of Diyarbakir) and corresponding seismic design acceleration is 0.27 g. In
order to determine the soil properties on which the structure was built, boreholes with a
length of 20 m were drilled at four points, undisturbed samples were taken at different
depths from each borehole, and indeX, classification, shear strength and consolidation tests
were performed on the samples taken. In addition, a geophysical study was carried out
by making seismic measurements at a depth of 30 m along two lines. The structure was
built on a gravelly clay soil and there is no groundwater available. From the laboratory test
results performed on the samples taken from the soil, the bearing capacity value of the soil
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was determined as 294.2 kN /m? and the bearing coefficient of was 35,610 kN/ m3. More
details can be found in the reference [19].

In earthquake resistance designs, base isolation system has been commonly considered
to restrict the inelastic damage. In addition, an isolation system enables lower cost solutions
by shifting natural periods of the structural system and limiting the relative deformations
and base forces.

In this manner, natural vibration periods can be kept in outside range of the dominant
soil periods provoked by earthquake motions. Thus, resonance effects would be prevented
by considering more flexible bearings. A proper isolation system provides more structural
performance and lower seismic demand [6]. For this purpose, lead-rubber bearings (LRB)
are added as an alternative solution to improve seismic performance and devices are placed
between both ends of the column and shear-walls at the ground floor. The bearing system
consisted of cover plates and rubber layers having steel shims where the configuration of
the bearing device is given in Figure 3. The bearing properties such as bearing height (Hp)
are presented in Table 1. T, is the total rubber thickness, S is the shape factor (the ratio of
loaded area divided by force-free area). High shape factor values provide stiffer bearings,
and the bearing stiffness has been considered through the following relations [20]:
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Figure 3. Rubber bearing system.
Table 1. Characteristic of rubber bearings.
Bearing gie;::;i H, S-Shape T, Ky K, Ko
Type (m) (m) Factor (m) (kN/m) (kN/m) (kN/m)
type-1 0.70 0.205 14.48 0.112 900 261 x 10* 1121
type-2 0.70 0.205 15.60 0.112 1200 351 x 10* 1464
type-3 0.85 0.230 14.58 0.137 1400 328 x 10* 1739

In Table 1, K4, K and K; are the post-yield, the effective and the vertical stiffness,
respectively (Equations (1)-(3)). A is the rubber area and G is the shear modulus of rubber.
Q is the characteristic strength and Dy is the yielding displacement. Fy;;5y and Dy are peak
force and displacement in the isolation device, respectively. Rubber material can deform up
to 400-500% and rubber bearings may be analyzed with the maximum shear-strain levels
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of 150% [21]. To limit the shear displacement of a bearing, the maximum displacement
capacity (Js,) is defined [22,23],

8 = Sur-Togp-g/ (Bu-47?) @

where, Ty is the effective period of the building, Ss1 is the design spectral response factor
at T =15, g is the gravity acceleration, By, is the damping coefficient (Bys = 1.35 for 14.8%
effective viscous damping). Using this approach, the design displacement of the bearing
is 0.428 m including torsional effects. Another restriction for maximum bearing displace-
ment is also presented by 0.7 times of maximum shear strain value [24]. Additionally, a
different shear displacement (Js) restriction is T, > 2 x J5 [25]. Bilinear behavior model
is adopted for LRB devices in the inelastic analyses. As it is known, the seismic bearings
seriously increase the free vibration periods of a structural system. While the fundamental
period (T1) is 2.94 s for non-isolated building, this value has increased to T; = 3.89 s for
the isolated building. The vibration periods are comparatively presented in Table 2. Fur-
thermore, the effect of rubber bearings is showed on an acceleration spectrum as seen in
Figure 4. With increasing period values, lower spectral coefficients have appeared for the
isolated building.

Table 2. Building vibration periods (s).

Type T: T, T3
isolated 3.89 3.78 3.65
non-isolated 2.94 2.75 2.55
S A period
a 1 :
,elongation|

1solated system

nonisolated system

Spectral reduction

i
1
1
1
0 294 3.89 T (sec)

Figure 4. Effect of bearing system on period the building.

3. Performance Based Analysis

The structural design of buildings should compile with structural stability and in-
tegrity without total collapse even after a strong earthquake beside the life safety of people
should be ensured. The traditional FBD procedure is known as strength-based method, and
it considers the equal displacement principle with a force-reduction factor (R) or a ductility
factor (). However, earthquake waves (time-varying and broad-banded) propagate in
complex form and hence the FBD method may not precisely estimate the real performance
levels and the inelastic response displacements during an earthquake. Disadvantages of
FBD method led researchers to focus on the displacement-based method. On the other
hand, the DBD method is based on inelastic material behavior and this method allows to
obtain more economic and precise outcomes. The DBD method initially was introduced
by Kowalsky and Priestly [26,27]. Afterwards, some reports were released of “Vision 2000:
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Performance based seismic engineering of buildings” (1995) [28]. The codes of “Seismic
Evaluation and Retrofit of Concrete Buildings” [29] and “Prestandard and Commentary
for the Seismic Rehabilitation of Buildings” [23] have been widely used as guidelines
in performance assessments. While a structural damage is related to the strain capacity,
plastic hinges provide valuable information of the damage mechanism. Performance based
assessment targets for a performance objective (damage level based on a limit state) related
with an earthquake hazard. This procedure predicts the displacement/rotation demand
and calculates the structural member capacities. Namely, this effective method creates a
relationship between forces and damages. Finally, the assigned performance criteria are
assessed with reference to capacity values of the structural components.

3.1. Moment-Curvature Relationship

All reinforced concrete columns and shear walls have different sizes where their
heights are equal to 3 m. The Mander’s model [30] has been used to calculate mechanical
properties of confined concrete. The stress-strain curves of a sample column and shear wall
sections are given for confined and unconfined concrete in Figure 5. The flexural and shear
reinforcements are shown in Figure 6 for a center column. The ultimate failure (spalling)
strain for the concrete cover, e, is considered as 0.0035 and the ultimate strain capacity of
steel, &gy, is defined as 0.08 with yielding strain (esy) of 0.0021. The strain hardening value,
€sh, is considered by 0.011. According to the analysis, it is worth nothing to declare that
crushing strain limit of the concrete is impotent in the structural response of the members.
In RC members, the steel confinement enables high restriction in lateral deformations, and
it provides a significant increase in ductility [31]. Thus, the ultimate strains, plastic rotations
and core concrete strength capacities have been increased. Lateral confinement effect both
in terms of ductility and strength provided by stirrups has been shown in Figure 5a,b.

& 40
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= Zwf
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: 333 : g
l17‘ ) 213 71 o oD D = = = oo momom o
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(b) Shear wall configuration and stress-strain curve

Figure 5. Stress-strain curves for column and shear wall.
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Figure 6. Moment-curvature relationship of a RC cross sections of a column and a shear wall.

Deformation capacity of columns and shear walls (critical sections) is an important
benchmark in performance assessments. Furthermore, moment-curvature (M-0J) analysis is
realized, and force-displacements curves are defined by rotations and deformations. Axial
forces have important effect on the behavior of RC sections and as known high forces cause
to decrease section-ductility. In the analyses, gravity loads have been used to determined
axial forces and they are assumed to be constant during the earthquake. The moment-
curvatures are presented together with idealized form for a sample column and shear wall
in Figure 6. Ultimate and yielding strains, rotations (Jy, @,) and displacements (Ay, A;,)
are calculated by considering elastic and plastic deformations. Member ductility (ua, 1g)
of the considered column and the shear wall is given in Table 3 in terms of displacement
and rotation, respectively.

Table 3. Building vibration periods (s).

gy @u Ay Au

Type (rad) (rad) (m) (m) #a to
Column 0.0069 0.0122 0.0066 0.01 1.62 1.768
Shearwall  0.0158 0.0732 0.0024 0.0058 2.45 463

3.2. Nonlinear Static Analysis

The nonlinear static analysis plays an important role in the safety evaluation of RC
structures to ensure the seismic capacity of an existing building. In this study pushover
analysis technique has been used for predicting inelastic displacements of the structural
members. Valuable response information and damage levels of structural members have
been derived.

Nonlinear static method (pushover) is an approximate procedure, and it uses iter-
ative calculations and estimations to capture real inelastic behavior. The performance
assessments related with pushover analysis are implemented by the capacity spectrum
procedure [29], the displacement coefficient procedure [22] and the equivalent linearization
technique [32]. Additionally, there are improved procedures known as modal pushover
analysis was introduced to overcome deficiencies [33]. Furthermore, research by Aydinoglu
2003 [34] has been presented to improve the accuracy of the results by using incremen-
tal modal analysis. Although standard plastic hinge models are defined by many codes
([13,23,32]), a user-defined plastic hinge model (P-M2-M3) is used in the analyses as given
in Figure 7. The hinge parameters are determined on the basis of sectional analysis and
these values are given in idealized form in Table 4. A software package [35] is used for
obtaining the performance of the building system. Three performance limits have been
assigned for structural members: damage limitation (DL), significant damage (SD) and
near collapse (NC).
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91/[111

Figure 7. Performance levels and hinge model.

Table 4. Performance values for a shear-wall and a column.

Shear-Wall Column
Point Force Rotation Point Force Rotation
B 1 0 B 1 0
C 1.24 0.019 C 1.048 0.028
D 0.2 0.019 D 0.2 0.028
E 0.2 0.029 E 0.2 0.038

Performance criteria are assigned according to plastic rotations in the structural ele-
ments. While the performance criteria are calculated for all members, and they are showed
only for a shear wall and a column in Table 4. As seen from the Table 4, performance levels
are assigned between yielding case (point B) and final section capacity (point E). In the
failure zone (from point C to point D), moment capacity has decreased about 80% amount.

3.3. Plastic Hinge Zone and Length

There are two equations for calculating the length of the plastic hinge depending on
the method used to obtain the ultimate curvature [13]. The plastic hinge length (L) is,
Ly

d
Ly = 22402k +0.11 oL Jy

30 N2

where L, is the shear span (the point of contra-flexure), / is the section-height and dy is the
of tension bar. The chord rotation at yielding 6, is for beam and column [13],

©)

o L-U ‘l‘ lXUZ h Sy dbL fy
by = Oy === +0.0014(1+15 1) + N

where «y, is the tension shift of the bending moment and z is the effective sectional depth.
The h, d and d’ are sectional height, useful height and concrete cover. If shear cracking
firstly expected then a; = 1, otherwise &, = 0. The yielding rotation for walls of rectangular,
T, or barreled section [13]:

(6)

Ly + apz gy dpL fy
= - = .001 7
by = 9y 3 +0.00 3+d—d'6\/ﬁ (7)
For beam and column, the ultimate total rotation capacity (8,,) is [13],
1 ¢ [max(0.0Lw’) %% Lo\ 1035 e (apsr 2£2) 1 o100
. _— . - 2 . sY e 04
0.016-(0.3") max(0.01; @) fe [min(9; 0 )] 25 1.25 (8)
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where, 7, = 1.5 for primary seismic elements and y,; = 1 for secondary seismic elements,
v is the ratio of axial forces (N) to axial strength. The parameters of «» and w are mechanical
ratio of the compression and tension steel bars in longitudinal direction. f,;, denotes the
yield strength of the lateral confinements. psy is the steel ratio of confinement bars parallel
to loading direction x and pq is the steel ratio of the diagonal bars if applicable. « denotes
the effective factor for the confinement. In case of walls, 6 (um)=0-58 X 61,11 beam,column- The

part of plastic rotation, o, is [13],

1
0f,= — 0.0145-(0.25")

el

max(0.0L;w) 1% o, . Loy 035 o (apsx 222) 100
N “. . . sx f Pd
[max(0.0l;w) ] ¢ [min(9; h )25 1.275 ©)

where y,; = 1.8 for primary seismic elements and y,; = 1 for secondary seismic elements.
In case of walls,
0h,= 0.6 x 0,,beam,column (10)

Performance limits used in the analysis are given in Table 5 for assessment of the
building. These limits are directly related to the damage levels of the structural members.

Table 5. Performance limits for total deformation [13].

Limit State (LS) (Total)

Member DL SD NC
ductile primary 041 < 0y 0sq < 0.750 1 —o) ONC < O(um—o)
ductile secondary Bsa < 0.750 () ONC < O(um)

The performance criteria are computed for the considered building, and they are
presented in Table 6 for some structural members.

Table 6. (a). Performance criteria in y-direction. (b). Performance criteria in x-direction.

(a)

Section Strains Computed Criteria
Column No Section Lp (mm) M, (kNm) 9y T N (kN) DL SD NC
1’2'?:{'1152'13’ 30/70 329.5 582.1 0.00689 0.09167 1837.6 0 0.01099 0.0146
8 30/70 329.5 531.9 0.00644  0.07968 1522.3 0 00109  0.01461
5-6-10-11 70/30 2495 265.7 0.02040 0.22000 1984.8 0 0.01464  0.01951
7 35/80 349.5 836.1 0.00630  0.085065  2565.6 0 0.01145 0.01526
9 40/80 349.5 1022.8 0.00608 0.08200 2993.6 0 0.01181 0.01574
(b)
Section Strains Computed Criteria
Column No Section Lp (mm) M, (kNm) 9y T N (kN) DL SD NC
1’2'?:{'1152'13’ 30/70 2495 257.36 0.0196 0.241 1837.56 0 0.01504 0.02
8 30/70 2495 237.393 0.01805 0212 1522.30 0 0.0148 0.0198
5-6-10-11 70/30 329.5 600.769 0.007 0.084 1984.83 0 0.01068 0.0142
7 35/80 259.5 4033 0.0163 0.169 2565.6 0 0.01464 0.0195
9 40/80 269.5 525.7 0.0138 0.161 2993.590 0 0.01344 0.0179

Elastic design spectrum is assigned by site-spectral coefficients suggested by earth-
quake hazard maps. Peak spectral value is found as PGA = 0.27 g (peak ground accelera-
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tion), from seismic maps [36] for the building site. Local soil property of the seismic zone is
considered as ZD (predominantly soft-to-firm cohesive soil) (Vg39 = 180 m/s). Influence
coefficients of local soil are Fs = 1.25 and F; = 1.5. The building position to the active fault
zone is more than 25 km and near-fault effects are neglected. Design spectrum is obtained
on the basis of EC8-code [13] with 5% damping and the spectrum is given in Figure 8.

0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000

Sa (g)

Figure 8. Design spectrum.

Structural damping increases with increasing inelastic displacements and this case
reduces the earthquake forces. To show this influence, spectral reduction factors are applied
over 5% damped elastic demand spectrum.

The spectral reduction factors (Sga, Spy) are obtained by following relations [23];

Sea = [3.21—0.68In(B.sr) | /212 Sev = |231—041n(Bos) | /165 (1)

The value of effective damping, Beff, is 0.096 of critical damping and the reduction
factors have been obtained as Sgq = 0.789 and Spy = 0.838. For lateral capacity, the building
system is pushed by applying gradually increasing forces in horizontal direction. Pushover
curves of the building are obtained and comparatively presented with capacity curves
in Figure 9 in terms of base isolation effect. Target response values are determined by
considering Eurocode design earthquake. As known, pushover curves describe the re-
lationship between base forces against roof displacements. Thus, those curves provide
valuable information about structural performance. Thereby, the performance targets can
be defined with the corresponding forces and displacements by courtesy of pushover curve.
Performance point (P) corresponds the intersection of structural capacity and reduced
demand spectrum.

10,000 0.14 s
go12 502
8000 g 01 demand v
Z s o
T 6000 § 0.08
5 S
= 4000 = 0.06
v £ 0.04 !
é 2000 3 0'02 Lo
. 1 -
0 n 0 | 15pectral displacement (m)
0 0.2 0.4 0.6 L
- S & L2 & 9
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Figure 9. Pushover and capacity curves.
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For obtaining the required structural performance, capacity spectrum method is used,
and a transformation is realized from force-displacement (V-d) to spectral acceleration-
displacement (S,—Sq). The capacity spectrum is comparatively shown with reduced demand
function and the performance points (P) are seen in Figure 9b for isolated and fixed
buildings. The nonlinear static analyses pointed that the performance levels are beyond
the target displacement and thus the analyzed building has reasonable structural behavior.
As a result, capacity of the building is enough to fulfill the earthquake displacement
demand. The required performance values are A, = 0.156 m and V,, = 5290 kN and
these response values such as spectral accelerations (S,) and displacements (Sq) are given
in Table 7. Likewise, the non-isolated system is also analyzed, and the responses are
seen comparatively in the Figure 10a and Table 7. While the building capacity distinctly
increase in initial zone for fixed base system, the isolation system has reduced the spectral
acceleration (from 0.076 to 0.062) and increased the damping (from 0.087 m to 0.096). Thus,
the isolation system has enabled lower base forces (from 5934 kN to 5290 kN) and quake
demand. Nonlinear deformations define the capable of plastic displacements and rotations.
Despite the isolation system has caused to higher roof-displacements (from A = 0.477 m to
A =0.95 m), it has generally reduced the relative rotations and absolute accelerations.

Table 7. Performance requirements and spectral responses.

Performance Values Peak Values
A S T, A
143 P d eff roof
Building System (m) Sa (m) Bets ©) (m)
Isolated 5289.85 0.156 0.062 0.116 0.096 2.743 0.95
Non-isolated 5933.88 0.133 0.076 0.101 0.087 2.312 0.477
8 6
; :
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Figure 10. Earthquake records.
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For the isolated building, horizontal displacement ductility is obtained as pa = 3.0 and
for fixed system is pup = 2.20. For the design earthquake (ECS8), building performance is
in elastic zone for the target displacement levels. Generally, performance of a structure is
related with earthquake demand and structural capacity. The performance levels of the
studied building have been also determined for recorded ground motions and a design
quake (EC8 code-based motion). The acceleration records of the mentioned quakes will be
presented in the following section.

3.4. Time History Functions

For obtaining the time-dependent deformations and inelastic responses, time history
solutions have been implemented under generated and recorded strong earthquakes of
Diizce 1999 and Kocaeli 1999, Erzincan 1992 earthquakes [37]. Furthermore, another
simulated record has been generated compatible with EC8 design spectrum. The generated
accelerations are illustrated in Figure 10.

4. Building Performance Assessment

Seismic performance level of a building is defined by the damage levels in the struc-
tural members. In performance-based design processes, this concept requires to pre-assign
a performance level for building performance. Afterwards, structural damage are deter-
mined for the considered earthquakes and plastic damage should be in acceptable limits
according to the considered seismic code. In this study, the structural damage levels are
comparatively obtained for the isolated and non-isolated building systems. In Table 8,
number of damaged columns and shear-walls are presented for each performance intervals
under effects of design quake. Since the intensity of the design-quake is moderate, the
number of damaged members is very limited. The isolation system has almost resulted in
undamaged elements for the buildings.

Table 8. Damage in columns and shear-walls for design earthquake.

Columns Shear Walls
Non-Isolated Isolated Non-Isolated Isolated
Number Number
Floor of prsp S sne prsp SP- uNc ofsher DLsD  SP- LcPp DLSD  LscP  sNC
Level NC NC NC
Columns Walls
1 15 0 0 0 0 0 0 24 1 0 0 0 0 0
2 15 0 0 0 0 0 0 24 0 0 0 0 0 0
3 15 0 0 0 0 0 0 24 0 0 0 0 0 0
4 15 0 0 0 0 0 0 24 0 0 0 0 0 0
5 15 0 0 0 0 0 0 24 0 0 0 0 0 0
6 15 0 0 0 0 0 0 24 1 0 0 0 0 0
7 15 0 0 0 0 0 0 24 1 0 0 0 0 0
8 15 0 0 0 0 0 0 24 1 0 0 0 0 0
9 15 0 0 0 0 0 0 24 0 0 0 0 0 0
10 15 0 0 0 0 0 0 24 0 0 0 0 0 0
11 15 0 0 0 0 0 0 24 0 0 0 0 0 0
12 15 3 0 0 0 0 0 24 0 0 0 0 0 0
Total 180 3 0 0 0 0 0 288 4 0 0 0 0 0

For Diizce earthquake, decreasing in the number of damaged columns and shear-walls
are seen in Table 9. For column members, there is a normal reduction in the damages of
DL-SD intervals. The number of damaged columns in DL-SD interval has decreased from
12 to 9. No damages have been observed for SD-NC and beyond the CP level. However, a
very strong reduction has been observed in the number of damaged shear-wall elements in
case of base isolation system. The number of damaged members has dropped from 51 to 7
for DL-SD level and from 8 to 6 for NC level.
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Table 9. Damage in columns and shear-walls for Diizce earthquake.

Columns Shear Walls
Non-Isolated Isolated Non-Isolated Isolated
Number Number
Floor of psp P unc prsp SPC uNC ofshear DLsD 5P scp DLsD  1s«cP sNC
Level NC NC NC
Columns Walls
1 15 0 0 0 0 0 0 24 6 0 0 3 0 0
2 15 0 0 0 0 0 0 24 4 0 0 0 0 0
3 15 0 0 0 0 0 0 24 3 0 0 0 0 0
4 15 0 0 0 0 0 0 24 6 0 0 1 0 0
5 15 0 0 0 0 0 0 24 6 0 0 1 0 0
6 15 0 0 0 0 0 0 24 6 0 0 2 0 0
7 15 0 0 0 0 0 0 24 6 0 0 0 0 0
8 15 0 0 0 0 0 0 24 6 0 0 0 0 0
9 15 0 0 0 0 0 0 24 4 0 0 0 0 0
10 15 1 0 0 0 0 0 24 2 0 0 0 0 0
11 15 1 0 0 1 0 0 24 2 0 0 0 0 0
12 15 10 0 0 8 0 0 24 0 0 0 0 0 0
Total 180 12 0 0 9 0 0 288 51 0 0 7 0 0
Table 10 shows the damaged columns and shear-walls for Erzincan earthquake. While
there is no effective reduction in the damages of DL-SD intervals for column members,
a significant decrease has developed in the number of damaged shear-wall elements by
using rubber bearings. As it is seen from the table, the number of damaged members has
decreased from 91 to 47 for DL-SD level and from 8 to 6 for NC level.
Table 10. Damage in columns and shear-walls for Erzincan earthquake.
Columns Shear Walls
Non-Isolated Isolated Non-Isolated Isolated
Number Number
Floor of pisp SP- uNe prsp 20 oNc ofShear DLsSD  32° scp pLsp LS uNe
Level NC NC NC CP
Columns Walls
1 15 5 0 0 6 0 0 24 16 0 1 14 0 1
2 15 2 0 0 2 0 0 24 12 0 1 2 0 1
3 15 1 0 0 1 0 0 24 4 0 1 2 0 1
4 15 1 0 0 1 0 0 24 3 0 1 3 0 1
5 15 1 0 0 1 0 0 24 3 0 1 2 0 1
6 15 1 0 0 1 0 0 24 3 0 1 2 0 1
7 15 2 0 0 1 0 0 24 5 0 1 1 1 0
8 15 2 0 0 2 0 0 24 10 0 1 3 0 0
9 15 3 0 0 2 0 0 24 10 1 0 5 0 0
10 15 4 0 0 3 0 0 24 12 0 0 4 0 0
11 15 3 0 0 3 0 0 24 5 0 0 4 0 0
12 15 15 0 0 15 0 0 24 8 0 0 5 0 0
Total 180 40 0 0 38 0 0 288 91 1 8 47 1 6

The effect of isolation system is also studied in terms of damages in beam elements by
considering Erzincan earthquake. Table 11 shows the variations in the damaged beams of
the considered building. For low damage levels, no distinct reductions have been observed.
On the other hand, the number of damaged beams in the SD-NC intervals has seriously
decreased from 108 to 87. However, the reduction in the damage level NC is observed
as powerful. From the table, the number of collapsed beams has dropped from 45 to
22. This reduction in beyond NC level is very important because severe damages are
seen in this region and this case is undesirable behavior (leads to total collapse risk) in
structural stability.

In design of structural systems, the lateral displacement capacity of rubber bearings
modifies significantly the dynamic behavior because much more flexible bearings prolong
the vibrational periods. From past earthquakes, it has been observed that capacity of
the isolation devices could be inadequate in case of a strong ground motion. The max-
imum bearing deformations are computed for all ground motions considered and they
are presented in Table 12. The maximum displacements of the lead-rubber bearings are
obtained as 0.139 m for Kocaeli quake and 0.124 m for Erzincan quake. On the other hand,
maximum deformations in the bearings are not allowed to exceed the acceptable limits
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given by seismic codes or manufacturers. The maximum shear strains (ys) of the bearings
are limited by 150% (Caltrans v2.0). The deformation demand values given in Table 12
are compared with the allowable deformation limit (0.168 m) given by the Caltrans-code
and the bearing maximum displacement capacity is determined as 0.41 m by manufacturer
company. Peak rotations in the bearings are limited by 0,,4x = o T,?/(0.5GSL?) where oy, is
the axial stress in the bearing and L is the bearing length in the direction of load application.
By considering the most unfavorable cases, the allowable maximum rotation is restricted
by 0.079 rad. In the analyses, the maximum bearing rotation is found as 0.006 in Kocaeli
quake loading. While the rotations in the bearings are also in acceptable ranges for all
earthquakes, the peak demand displacement in the Kocaeli quake is in the region close to
the allowable limit. Consequently, the rotations are generally within the acceptable range
and the shear deformations of the bearings are also lower than the limit values. As a result,
the designed bearings are seemed to be adequate to reduce the seismic responses including
torsional effects.

Table 11. Damage in beams for Erzincan earthquake.

Columns
Non-Isolated Isolated
Floor Level Number of Beams DL-SD SD-NC >NC DL-SD SD-NC >NC
1 63 46 10 3 47 9 0
2 63 40 10 6 43 10 3
3 63 51 10 6 43 9 4
4 63 41 10 7 42 9 4
5 63 39 10 7 41 9 4
6 63 42 10 6 42 9 4
7 63 44 11 4 42 11 2
8 63 43 11 4 47 7 1
9 63 45 9 2 48 6 0
10 63 49 8 0 48 4 0
11 63 49 6 0 48 3 0
12 63 44 3 0 41 1 0
Total 756 533 108 45 532 87 22
Table 12. Bearing peak responses.

Quake Smax (m) vi (%) Omax Vmax (KN)
Diizce 0.051 30 0.003 160.7
Erzincan 0.124 61 0.003 246.8
Kocaeli 0.139 68 0.006 258.9
Design 0.021 5 0.001 127.4

For earthquake loadings, hysteretic behaviors indicate the energy consumption ca-
pacity absorbed by a structural member. In Figure 11, the hysteretic responses of the
bearings are presented in terms of lateral displacements (8) and rotations (6) under effects
of the earthquakes. Among the considered earthquakes, the peak hysteretic responses are
obtained from Kocaeli earthquake for shear force (Vimax = 259.0 kN) and displacement value
(Omax = 0.139 m). The maximum bearing displacement has occurred in the first floor and
this peak displacement value (dmax = 0.139 m) is lower than design displacement 0(0.168 m)
of the bearing. As the intensity of the earthquake decreases, behaviors close to linear are
observed as seen in the design earthquake. On the other hand, plastic rotations occur on
a wide scattering zone under effects of ground motions. In the strong quakes, a wider
distribution has occurred in the hysteretic curves that indicating nonlinear behavior and
higher damping.
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Figure 11. Bearing hysteric loops for Erzincan EQ.

The isolated building is also investigated in terms of seismic base responses and roof
displacements as seen in Figure 12. The decreases in the seismic base forces have appeared
more distinctly in the early stages of the ground motion. From the response variations, the
isolation system has effectively reduced the total base shear forces from Vmax = 10,919 kN
to Vmax = 7971 kN for Erzincan earthquake and Viax = 19,171 kN to Vimax = 14,694 kN for
Kocaeli earthquake. Significant reductions in lateral seismic responses have developed
approximately 39% (Design quake), 30% (Erzincan) and 23% (Kocaeli). On the hand, the
roof displacements have increased as it is expected due to more flexible superstructure. As
an example, the increase in the roof displacements is about 9%.
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Figure 12. Seismic response variations in the Kocaeli quake.

In terms of torsional effects, floor displacements of the roof slab are examined, in x-y
plane, with reference to the deviations between the displacements of the corner joints. While
the maximum displacement deviation is 9.5 cm for non-isolated building, this displacement
deviation has occurred as 4.3 cm for the isolated building. The effective reduction in
the relative joint displacement on the same floor is around 55% and this improvement
has proven that the isolation system is an effective tool against to seismic effects and
torsional irregularity. In seismic performance assessments, relative floor displacements are
pioneer indicators of damage levels. To show relative influences, floor displacements of the
analyzed building are illustrated in Figure 13 along the building height.

From a general point of view, the base isolation system has effectively prevented
undesirable relative large displacements. Since the isolation devices have been mounted on
1st floor, large relative displacements are expected on this floor due to LRB deformations.
But in direction of x, where more stiffer frames, the LRB effects have appeared differently
depending on the severity of the earthquake as well. For strong quakes, while lower
displacement demands have occurred on the middle floors of the isolated building, higher
relative displacements have resulted in on the top floors in case of more structural stiffness.
For moderate quakes, the isolation system has increased the relative displacements on the
middle floors and decreased forcefully the displacements in the top floors. The results
showed that the usage of the isolation system has seriously caused to different changes
in the seismic responses. Decreases in the relative displacements show that the building
has gained improvements to meet earthquake demands. In Figure 13, it has also proven
that how the values of relative displacements of the floors are decreased by means of the
isolation system.
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Figure 13. Cont.
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Figure 13. Bearing effect on the relative floor displacements.

The differentiations in dimensions and positions of structural members have caused
torsional irregularity. To determine the severity of this influence, a torsional irregularity
coefficient (7.), generally given by the seismic codes (TBEC-2018 [12], AASHTO [24],
EC8 [13] and etc.), has been defined as,

He = 6fma\x/éfave and 5f ave = (5fmax + 61:min)/z (12)

where 8 may, 8 min and 8fave are the maximum, minimum and average displacements,
respectively, of a considered floor. In Figure 14, the computed irregularity criteria have
been illustrated for floor displacements under effects of Erzincan and design quakes. As
seen, the base isolation system has partly improved the torsional irregularity. As an
example, the irregularity coefficient has strongly dropped from 1.45 to 1.34 (about 7.6%) for
the roof floor in case of Erzincan earthquake. In case of design quake, despite reductions
in the irregularity coefficients for lower floors, it has been observed the increases in the
upper floors. This means that, the responses of LRB devices develop depending on the
frequency content of the ground motion. In fact, structural properties, soil layer properties,
bearing characteristics and ground motion frequency-contents are coupled parameters.
Therefore, the design and usage of seismic bearings requires special attentions due to
complex relationships. However, better solutions can be achieved by determining the
optimum characteristics of a LRB device, but this procedure requires extensive case studies
and research.
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Figure 14. Variation of torsional irregularity for the seismic effects.

The obtained results showed that the torsional irregularity of a building can be im-
proved or modified by using a base isolation system.

On the other hand, floor displacements and rotations are important damage indicators
for torsional irregularity. The average displacements and maximum rotations of the roof
floor are given in Table 13 by considering various earthquakes. Thanks to isolation system,
very effective reductions have occurred in the floor displacements and especially in the
rotations. Alternatively, though adding mass or new structural members to an available
structure can be implemented to limit torsional irregularity of a building, however, it should
not be disregarded that the increase in the mass produces undesirable higher seismic forces.

Table 13. Floor relative average displacements and maximum rotations.

6fave (m) Bfmax (x10-3)
Quake
Non-Isolated Isolated Reductions % Non-Isolated Isolated Reductions %
Erzincan 0.027 0.023 14.8 6.63 x 1073 411 x 1073 25.2
Kocaeli 0.035 0.030 14.3 8.90 x 1073 7.65 x 1073 14.0
Design 0.009 0.005 444 247 x 1073 0.93 x 1073 62.3

Finally, an overall performance framework has been drawn up for the considered
ground motions. In Table 14, the performance levels of critical structural members, columns
and shear walls, are listed with maximum rotations in terms of number of vulnerable
elements. For seismic base shear force, a dimensionless response factor (Vi) stating the
ratio of V, /W is defined for each earthquake loading. V}, is the total base shear force and W
is the building weight. As seen from Table 12, effective decreases have occurred in the base
forces by means of LRB devices. Reduction percentages in the base forces have resulted in
the range of 20.2-39.1%. Decreases in roof displacements have been observed up to 48.4%
and 37.5% reductions in relative roof displacements. From the inspection of the damage,
the shear walls have showed larger damage compared to columns. Because there is no any
damaged column in the collapse zone. In addition, damage beyond the collapse prevention
also has developed apart from the damages in SD-NC range. However, valuable decreases
in the damages are seen with the use of the base isolation system. For Kocaeli earthquake,
the number of heavily damaged elements has dropped from 6 to 4 for the SD-NC level
and the collapsed members from 9 to 6 for beyond the NC level. In slightly damaged
zone (DL-SD), the number of elements has dropped from 110 to 55. The plastic rotations
have generally dropped in considerable quantities (up to 15%) but in case of the strongest
earthquake (Kocaeli 1999) this variation has reversed for shear walls and the maximum
plastic rotations have increased up to 12%.
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Table 14. Demand values and building performance.

emax
Loading V},}SC Sretaioe (;(;::; Columns Shear Walls (rad)
(DL-SD) (SD-NC) (DL-SD) (SD-NC) (>NQ) Column Shear-Wall
Kocaeli E, isclated 13.25 0.012 0.708 22 0 54 0 0 0.0109 0.0083
Kocaeli-E, fixed 17.26 0.014 0.64 32 0 88 1 2 0.0125 0.008
Kocaeli E,, isolated 13.43 0.009 0.764 33 0 65 4 6 0.00806 0.014
Kocaeli-Ey fixed 16.44 0.011 0.718 39 0 110 6 9 0.0095 0.0125
Design E, 'solated 5.88 0.002 0.126 2 0 0 0 0 0.00016 0
Design E, fixed 9.6 0.005 0.15 3 0 0 0 0 0.00228 0
Design Ey, isolated 547 0.001 0.126 0 0 0 0 0 0 0
Design Ey, fixed 6.78 0.002 0.129 3 0 4 0 0 0.00074 0.00029
Duzce E, 'sclated 8.63 0.005 0.269 9 0 7 0 0 0.00312 0.00057
Duzce E, fixed 11.9 0.008 0.261 12 0 51 0 0 0.0044 0.0019
Duzce Ey isolated 12.22 0.004 0.294 12 0 8 0 0 0.002 0.000459
Duzce Ey fixed 15.84 0.006 0.273 18 0 28 0 0 0.0037 0.00205
Erzincan E, 'solated 7.18 0.013 0.708 22 0 59 0 0 0.0107 0.0064
Erzincan E, fixed 9.84 0.016 0.702 27 0 76 1 0 0.0118 0.0066
Erzincan Ey isolated 6.04 0.01 0.708 38 0 47 1 6 0.0108 0.0108
Erzincan Ey fixed 8.63 0.013 0.719 40 0 91 1 8 0.0127 0.0125

5. Conclusions

This study has investigated the seismic performance of an existing high-rise building
having torsion irregularity. For improvement, lead rubber bearings have been designed
considering forces in shear walls and columns and incorporated into the building to modify
the superstructure’s deformations under effects of recorded and simulated earthquakes.
Main target is to improve seismic performance of the building by eliminating the harmful
torsion effects and decreasing the seismic forces. The 14 storey RC building with frame-
shear wall system has been analyzed by nonlinear pushover and time history analyses to
minimize the torsional insatiability problem. User-defined plastic hinges have been used
for force-displacement relationships where these hinges have yielded reasonable results.
The user-defined plastic hinge model is constructed with performance criteria of DL =0,
SD =0.756),, , and NC =6}, .

The main conclusions based on the analyses are summarized by the following findings:
1.  The torsional irregularity is mainly caused by asymmetric placement of the shear

walls in floor plan. Since center of mass of the investigated building differs greatly

from center of rigidity, torsional effects have become very important factor over the
seismic responses.

2. Tominimize torsional effects, proper design and placement of shear walls are more crit-
ical than design of alternative techniques such as rubber bearings. Therefore, special at-
tentions should be paid in design process for preventing possible
torsional issues.

3. The base isolation system has partly improved the torsional irregularity. By using the
rubber bearings, the torsional irregularity coefficients have remarkably dropped up to
7.6% for Erzincan earthquake and 10.7% for Kocaeli earthquake. In arrangement of
bearings, the center of bearings should be coincided with mass-center of the structure
in plan as much as possible. Some different displacement fluctuations in the responses
have been observed and because the responses of LRB devices developed depending
on the frequency content of the ground motion.

4. It should be pointed that the seismic performance of the high-rise building has dis-
tinctly increased thanks to later installed rubber bearings. Although the undesirable
torsional effects have decreased for the considered building, these effects may dras-
tically increase for some buildings in case of unfavorable structural rigidity and
soil conditions.

5. The total base shear force effectively decreased with installment of base isolation
system. A dimensionless response factor for seismic base shear force (V) stating
the ratio of V},/W is obtained to assess the isolation effects on the seismic forces.
Reduction percentages in the base forces have resulted in the range of 20.2-39.1%.
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Decreases in roof displacements have been observed up to 48.4% and 37.5% reductions
in relative roof displacements.

Thanks to isolation system, very effective reductions have occurred in the floor dis-
placements and especially in the rotations. Average relative floor displacements have
decreased about 44.4% for design quake and 62.3% reductions for rotations.

The effective reduction in the relative joint displacements on the same floor has
developed up to 55% which shows how the values of relative displacements of the
floors have decreased by means of the isolation system.

Performance levels of the critical structural elements have been obtained for the
considered ground motions. Valuable decreases in the damage have been seen with
the use of the base isolation system. For the Kocaeli earthquake the number of heavily
damaged elements has decreased from 6 to 4 for the SD-NC level and the collapsed
members from 9 to 6 for beyond the NC level. The number of elements in slightly
damaged zone (DL-SD), has decreased substantially from 110 to 55. The plastic
rotations have generally limited in considerable quantities (up to 15%) but in the
strongest earthquake (Kocaeli 1999) this variation has reversed for shear walls and
the maximum plastic rotations have increased up to 12%.

The peak displacements of the LRB devices are 0.139 m for the Kocaeli earthquake
and 0.124 m for Erzincan earthquake. The seismic deformation demand values of
the LRB devices are the allowable design limit of 0.168 m where the LRB maximum
displacement capacity is determined as 0.41 m by manufacturer company. While the
peak shear strains (7ys) of the LRB are limited by 150%, the maximum shear strain has
been obtained as 68% for the strongest earthquake.

With reference to the most unfavorable cases, the maximum allowable rotation of
the LRB configuration is taken by 0.079 rad. In the analyses, the maximum bearing
rotation is found as 0.006 in the Kocaeli EQ loading. While the rotations in the bearings
are also in acceptable ranges for all earthquakes, the peak demand displacement in
the Kocaeli EQ is in the region close to the allowable limit.

It is important to note that although the analyses could present good performance for
the LRB devices, deformations in bearings can exceed the allowable limits in case of a
strong ground motion. Therefore, bearing displacement capacity plays a crucial role
in designs and this critical issue should be checked for bearing rotations as well.

The results have been presented here are only for the considered structural parameters
and recorded ground motions. To generalize the results of the study, future research
can focus on buildings that have various number of stories with different columns
and shear wall types.

In this study, the LRB devices have been designed directly to meet seismic demand
forces. However, the results showed that the responses of LRB devices develop
depending on the amplitudes and frequency contents of the ground motion. Investi-
gating the optimum characteristics of LRB devices to find the more accurate solution
would further limit damage and effectively minimize torsional effects.

The results of this research can guide structural engineers to develop a solution

technique against torsional effects by adding rubber bearings. A framework has been built
and it could be used for different building models to be studied by researchers to develop
the sustainable buildings.
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