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Seismic Performance Improvement of a Reinforced
Concrete Structure with Inter-Story Isolation
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ABSTRACT

This study investigates improving the seismic performance of a 6-story residential reinforced
concrete building converted into a hospital using inter-story isolation. Lead rubber bearing
was employed, with parameters optimized in accordance with the 2018 Turkey Building
Earthquake Code for DD-1 and DD-2 earthquake ground motion levels. Three structural
models were analyzed using nonlinear dynamic analysis, incorporating soil-structure
interaction (SSI). Four earthquake records were scaled to DD-1 and DD-2 spectrum levels.
Subsequently, 1D equivalent-linear site response analyses were conducted on these ground-
motion records scaled to the design spectrum. The results demonstrate that inter-story
isolation significantly enhances the seismic performance of the building, making it suitable
for hospital use under seismic loadings.

Keywords: Reinforced concrete, inter-story isolation, soil- structure interaction, earthquake
engineering, nonlinear time history analysis, finite element method.

1. INTRODUCTION

It is widely recognized that most existing buildings do not possess the necessary resistance
to seismic forces. Managing structural seismic response has become a key research focus,
aimed at enhancing seismic performance cost-effectively and efficiently. A substantial
number of response control systems have been described in the literature, which can be
classified into four principal categories: passive, active, semi-active and hybrid. In particular,
base isolation systems, the first examples of which emerged in the 1970s, have demonstrated
their efficacy and are now accepted in current earthquake codes [1]. While each system
possesses distinctive advantages, certain constraints exist, including cost, noise, and the
duration which the structure will be out of service during restoration of an existing structure.
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Inter-story isolation (ISI) is also used to enhance the earthquake performance of existing
buildings. In general, seismic base isolation and inter-story isolation systems yield
comparable results for low-rise buildings [2, 3]. Rather than incurring the financial burden
of implementing seismic isolation at the foundation level of an existing structure, installing
the isolation system one floor above offers a straightforward solution that does not
significantly alter the outcome [4, 5]. For example, Topaloglu and Yanik [6] demonstrated
through experimental studies on a five-story building that an ISI system can achieve results
comparable to base isolation in limiting the lateral drift of the building.

If seismic damping systems are used, more sensitive analysis methods need to be applied [7].
Nonlinear dynamic analysis should be preferred to find the most realistic behavior of the
structure and seismic damping systems [8, 9, 10]. Studies in the literature agree that soil-
structure interaction (SSI) analyses provide more realistic results [11, 12, 13, 14]. To
illustrate, Wan et al [11] conducted a seismic examination of a 10-story building constructed
in a mountainous region with non-isolated floors, except for the 2nd and 3rd floors. The
structure was subjected to seismic forces equivalent to the Kobe 1995 and El Centro 1949
earthquakes. The analysis of the structure, fixed to the ground, demonstrated that the structure
withstood seismic loads (16 mm drift at the isolation level), yet the displacements of the
isolator bearings considering soil-structure interaction exceeded the limit values (200 mm
drift at the isolation), resulting in a reduction in acceleration. Xu et al [15] used inter-story
isolation in a 6-story building and investigated the effect of SSI on the results. According to
the results, when the SSI is considered, the natural period of the building increases by 1.2
times compared to the assumption of a rigid foundation.

In literature, many publications studying inter-story isolation in buildings considering soil-
structure interaction have existed. Tsai et al [16] studied mid-story isolation in a structure
which was modelled as a shear building. SSI was represented as lateral shear springs spread
across multi-layered viscoelastic soil strata. The analyses were performed via closed form
solutions in the frequency domain. Yingxiong et al [17] established 5-story structure on soft
soil above shaking table and studied pile-soil and inter-story isolated building interaction.
Dewen et al [18] established 5-DOF discrete system in order to study effect of inter-story
isolation and analyzed together with near- field and far-field effects using Newmark method
and SSI. Liu et al [ 19] modelled 18-story reinforced concrete building with C30-C40 concrete
and HRB400 rebars in ETABS software. New staggered story isolation (base isolation +
inter-story isolation) with 24 LRB500 and 12 LRB600 lead rubber bearings was used. SSI
was represented as spring-damper and nonlinear time history analyses were performed via 3
real earthquake records from Nanjing, Tianjin and Lanzhou. Gao et al [20] modelled 12-story
reinforced concrete frame building in SAP2000. Double-story isolated structure, mid-story
isolated structure and base-fixed structure were compared to each other. Nonlinear time
history elastoplastic analyses were performed via 3 earthquake records (Kern County,
Whittier Narrows and Chi-Chi), and SSI was considered using ATC-40 and FEMA-440
methods. Topaloglu and Yanik [6] modelled 5-story reinforced concrete building in
SAP2000 software. Lead rubber bearings were installed on both the base and mid-story of
the structure, and SSI was represented by spring and damper elements. Nonlinear time history
analyses were performed using Kocaeli (1999) and Loma Prieta (1989) earthquake records.
Wan et al [11] modelled a 10-story reinforced concrete stilted building with C40 concrete in
the down slope and transverse slope directions, and LRB800 and LRB900 isolators were used
on the mid-story. SSI was represented by both traditional and variable parameters spring-
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damper elements. Nonlinear time history analyses were performed using El Centro (1940)
and Tangshan (1976) earthquake records. Wan et al [21] studied 9-story mid-story isolated
reinforced concrete building with C40 concrete. Two different lead rubber bearings
(LRB600, LRB800) and two different 3D isolators (3D LRB, T/C FPB) were used. SSI was
represented by Mohr—Coulomb model and the soil was modelled as sloping ground. 1D, 2D
and 3D nonlinear time history analyses were performed under 7 earthquake records. Xiao et
al [22] studied seismic behavior of an 18-story mid-story isolated irregular reinforced
concrete frame-core tube structure. Isolation layer was installed on 8" story, and LRB700,
LRB800 and LRB900 were used. The structure was modelled in ETABS software and SSI
was considered through multi-layered soil model. Nonlinear time history analyses were
performed using 3 earthquake records from HEL, IPM and NWC. Xu et al [15] prepared a
scaled steel model based on 8-story reinforced concrete structural prototype and used 4 lead
rubber bearing for inter-story isolation. SSI was studied with rigid foundation and soft soil
conditions. A silty clay filtered layered soil box was prepared. In the analyses, 12 earthquake
records such as near-field/far-field ordinary, near-field pulse and far-field harmonic were
used. Shaking table experiments were supported by finite element analyses. Yanik and
Topaloglu [23] modelled a 15-story reinforced concrete building in SAP2000 software. Three
different model such as fixed-base model, base-isolated model and base- and mid-story
isolated model were considered. Lead-rubber bearings were used as the isolator; the soil was
modelled as medium-dense sand using the Winkler model. Nonlinear time history analyses
were performed using the 1999 Kocaeli, 1995 Kobe, and 1989 Loma Prieta earthquakes. Wan
et al [24] modelled a 10-story reinforced concrete building with C40 concrete. Lead-rubber
bearings (LRB800 and LRB900) were used for mid-story isolation. SSI was modelled using
finite element method on a soil layer with 300x180%30 m dimension and its elastic properties
were defined. The soil was introduced by viscoelastic boundary conditions. A total of 10
earthquake records were used in the elastoplastic time history analyses (8 out of them were
long-period and 2 out of them were ordinary). Yang et al [25] modelled a 65.3 m high
reinforced concrete building with C40 concrete and studied mid-story isolated (in the 6%
story) and double-story isolated (in the 6™ and 11™ stories) configurations. LRB600 lead-
rubber bearing was used as isolator, and SSI was introduced by a spring model based on
ATC-40 and FEMA440. A total of nine earthquake records (three out of them were normal
and six out of them were far-field long period) were performed in three components, and
elastoplastic time history analyses were performed.

This study aims to address the gap in practical knowledge regarding seismic resilience. The
main goal is to improve the seismic performance of a six-story reinforced concrete building.
This is achieved by integrating and optimizing the lead rubber bearing. A hypothetical
scenario was developed for this research. According to this scenario, the goal is to convert a
six-story residential reinforced concrete building into a hospital. As a result, the seismic
resilience of the structure must be upgraded to meet the hospital construction standards
outlined in local seismic regulations. To this end, inter-story isolation was added to the
aforementioned building between the first and the second floor. To evaluate the structural
performance, nonlinear time history analyses were performed using a 3D finite element
model that incorporated both the soil and the structure, with four different ground-motion
inputs scaled based on horizontal elastic design spectra. Then, these scaled earthquake
ground-motion records were deconvoluted. The aim of incorporating SSI is able to show
change in structural response due to arising from flexural deformation of the superstructure
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founded on a flexible soil deposit. Finally, nonlinear time history analyses were conducted
with reference to these deconvoluted ground-motion records. The analysis results were
evaluated based on various factors such as maximum base shear force, floor accelerations,
lateral displacements and inter-story drifts.

The novelty of this study is the optimization of the inter-story isolation system considering
soil-structure interaction. Subsequently, the isolated buildings with optimized LRB were
compared to the bare structure. Although several studies have examined inter-story isolation
in building structures considering SSI, none have conducted the optimization of inter-story
isolation under the effects of SSI. In addition, 1D equivalent-linear site response analyses
were performed. This study aims to close this gap.

2. METHODOLOGY

In the models developed for analyzing the study scenario, soil-structure interaction was
incorporated using a conventional method. A viscous boundary condition was applied to the
interface between the near-field and the far-field. Nonlinear dynamic time-history analyses
were performed on all these models. The columns and beams were represented using frame
elements, while slabs and shear walls were modelled using shell elements. Soil was modelled
using 8-noded solid elements. Isolation systems and boundary conditions were modelled
using link elements. The structure itself is a framed reinforced concrete system resting on a
raft foundation. The effective section stiffnesses for the columns, beams, shear walls, and
slabs were determined according to [26] (Table 1). All systems were modelled using the finite

Table 1 - Effective section stiffness coefficients [26]

Reinforced concrete member Effective section stiffness coefficient
Shear wall-slab (In-plane) Axial Shear
Shear wall 0,75 1,00
Basement shear wall 1,00 1,00
Slab 0,50 0,80
Shear wall-slab (Out-of-plane) Bending Shear
Shear wall 1,00 1,00
Basement shear wall 1,00 1,00
Slab 0,50 1,00
Frame member Bending Shear
Grade beam 0,30 1,00
Frame beam 0,70 1,00
Frame column 0,90 1,00
Shear wall (equivalent frame) 0,80 1,00
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element methods. Four earthquake records from the PEER database were used for the
analyses [27]. These earthquake records were scaled to match both the DD-1 and DD-2
horizontal elastic design spectra. In international literature, DD-1 represents MCE (maximum
credible earthquake) and DD-2 represents DBE (design basis earthquake). The lead rubber
bearings were optimized based on both the analyzed building and the upper of lower bounds
of DD-1 and DD-2. The isolation layer was positioned between the first floor and the second
floor of the structure. In addition, the spectral matching, optimization of the lead rubber
bearing, load combinations, analysis method, establishment of horizontal elastic design
spectra used in this study and performance evaluation criteria were all carried out in
accordance with [26]. Therefore, general analysis procedure of this study and performance
evaluation were performed based on [26].

2.1. Soil-Structure Interaction and Viscous Boundary Condition

Analysis methods that consider the behavior of the soil provide more realistic results than
analysis methods that assume the structure is fixed to the soil. However, the structure is built
on an infinite soil medium. To analyze this infinite medium, it is necessary to constrain the
soil at a point on the model. A viscous boundary condition is used to define the boundaries
of the soil, which is modelled using a viscous damper link element [28, 29]. A schematic
representation of the viscous boundary condition is shown in Figure 1 [30].

Structure

Plane-strain soil element

Artificial bounda,ry\

\ K

Foundation

« [ree field

boundary

L, x

[
Bedrock

Figure 1 - Viscous boundary condition in soil-structure interaction [30].

When the viscous boundary condition is added to the soil boundary, the equation of motion
of the system becomes as in Eq.(1) [31].

[MI{EO 3 +HCI{u® HVI{u® K] {u®}={R(®O)} (1

In this equation, [M], [C] and [K] represent the mass, damping and stiffness matrices,
respectively. {ti(t)}, {u(t)} and {u(t)} represent the acceleration, velocity and displacement
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vector, respectively. {R(t)} represents the inertia force. The equations of the shear wave
velocity and the pressure wave are obtained from Eq. (2) [26, 32, 33].

_ |6 _Vs _ 1-2v
VS_\/;'VD_S'S_ 2(1-v) (2)

In Eq. (2), G represents the shear modulus, p denotes the unit volume mass of the soil, v is
the Poisson ratio of the soil, s is the elastic constant, Vs denotes the shear wave, and Vp is the
compression wave. The effective damping and effective stiffness values for both shear wave
and pressure wave are calculated using Egs. (3)-(4).

For shear wave:

26
Ky =K, = ?Zf=1Ai» €1 = Cy = pVs Nioq 4 3)
For pressure wave:

4G
K; = ) {=1 A;, C3=pl, Z§=1Ai )
In these equations, K is the effective stiffness, C is the effective damping, R is the distance
between the geometric center of the building and the boundary line of the soil. XA is the area
represented by a node located on the artificial boundary [34]. To illustrate the viscous
boundary condition, Figure 2 was presented.

Figure 2 - Modelling of viscous-boundary condition [34].

2.2. Site Response Analysis

In this study, site response analysis was performed as follows: First, strong ground motion
records were obtained from [27]. These records are surface records and scaled to horizontal
elastic design spectra generated as per [26], through spectral matching. Thereafter, 1D site
response analyses were performed on these scaled ground motion records which matched
elastic design horizontal spectrum. Therefore, bedrock input motions were created for soil-
structure interaction analysis. This procedure was adopted from [35]. 1D equivalent-linear
site response analyses were performed on STRATA program [36]. The 1D site response
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Table 2 - The soil properties on which the earthquake recording stations were built

Upper and . Welght Pe | Shear wave .
. . Thickness unit of . Damping
Station Type Soil Type lower depths | velocity S
of layers (m) (m) volume (m/s) ratio (%)
(kN/m?)
Top soil 0-0.3 03 15.7 150 5
(organic, silty)
Yellow clay
(stiff) 0.3-4.59 4.29 17.66 220 3
Brown
compact 4.59-5.50 0.91 18.64 300 1
gravel (dense)
Loose thin 5.50-9.80 430 19.62 250 2
gravel
LINC station
bL"‘rge sandy 9.80-10.70 0.90 19.62 300 1
rown gravel
Yellow clay- |14 7011 39 0.60 19.62 250 2
bound gravel
Loose brown |y 3013 49 2.10 19.62 280 2
gravel
Red sandy
gravel (dense, 13.40-38.70 25.30 20.60 500 1
older)
Bedrock - - 25.50 2500 1
Holocene dune
sand (loose 0-3.3 33 18 125 5
sand)
Holocene dune
sand (medium 3.3-7 3.7 19 220 5
dense)
Kashiwazaki Pleistocene
station sand (old dune 7.0-12.7 5.7 20 270 5
sad)
Pleistocene 12.7-17 43 17 215 5
clay
Pleistocene 17-20.5 3.5 17 250 5
sandy clay
Bedrock - - 21 400 5
Layer 1 0-6 6 17.66 186.75 2.5
Layer 2 6-12 6 17.66 230.04 2.5
Layer 3 12-15.5 35 17.66 277.94 2.5
Newhall Fire Layer 4 15.5-27 11.5 17.66 308.06 2.5
Sta Layer 5 27-35 8 19.13 550.06 1.5
Layer 6 35-54 19 19.62 677.60 1.5
Layer 7 54-90 36 20.60 750.07 1.5
Bedrock - - 22.56 1300 1
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analysis assumes that soil deposits are horizontally layered [37]. Therefore, 1D equivalent-
linear analyses were conducted in this study.

The properties of the soil strata beneath the LINC station were obtained from [38]. In [38],
although only soil types and soil depths exist, shear wave velocity, weight per unit of volume
and damping ratio for the soil beneath LINC station were adopted from resemble soil data in
literature [39, 40, 41, 42]. The properties of the soil strata beneath the Kashiwazaki station
were obtained from [43]. The properties of soil strata beneath the Newhall Fire Station were
obtained from [44].

Table 2 shows the soil profiles down to bedrock. Vs 3 values in field which recorded of each
of the earthquake records were presented in Table 5.

2.3. Lead Rubber Bearing

In this study, the lead rubber bearing designated HM080X3R obtained from the Bridgestone
Seismic Isolation Product Range catalog [45] was selected for analysis. LRB was considered

MODELLING

Model 1: Bare Model 2:I51

l

GROUND ACCELERATION RECORD

Selection of the records |:> Scaling of the records

l

NONLINEAR TIME HISTORY ANALYSES

Selection of the records |:> Scaling of the records

!

INTERPRETATION OF RESULTS

Maximum Base Shear Maximum Floor Maximum Lateral Maximum Interstory
Forces Accelerations Displacements Drfts

l

COMPARISON OF RESULTS

Figure 3 - Flow chart.
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a link element in modelling, and the structural behavior under the selected acceleration
records was calculated using the method recommended in [26] Section 14. Mechanical
properties of the lead rubber bearings utilized in analyses were presented in Section 0. In
addition, the optimization of these isolators was presented in Section 0.

Within the scope of the study, three distinct 3D finite element models were created. The flow
chart of the method is shown in Figure 3.

3. CASE STUDY

Within the scope of this study, a seven-story reinforced concrete building was designed as a
sample building. Three different models were established considering the bare structure, DD-
1 nominal, and DD-2 nominal cases.

3.1. Building Information and Modelling Process

The RC building analyzed in this study consists of seven floors. The substructure height is
4.2374 m, the lead rubber bearing height is 0.2626 m, the height of each story of the
superstructure is 3 m. The total height of the structure is 19.5 m. The structure has 6 axes in
the X direction, and it has 11 axes in the Y direction. The spacing of every axis is 2.5 m.
Concrete grade is C30/37. Rebar grade is B420C. Beam dimensions are 0.3x0.4 meters.
Column dimensions of superstructure are 0.5x0.3 meters. Column dimensions of substructure
are 0.75x0.75 meters. The slab thickness of superstructure is 0.1 m. The slab thickness of the
substructure is 0.5 m. The structure is framed system. The structure is founded on a raft
foundation. Thickness of raft foundation is 1 meter. The slab is exposed to dead load (1.6
kN/m?), and live load (2 kN/m?). The formwork plans of the structure and modelling are
shown in Figure 4.
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Figure 4 - Plans of the building: (a) Normal floor plan, (b) Roof floor plan.

Material properties used in the structure are given in Table 3. Earthquake parameters of the
structure are given in Table 4. These parameters indicate the seismicity of the region. Design
spectra can be generated by these parameters, or the performance target can be determined.
Soil was modelled as eight-node finite elements. The depth, width and length of the soil are
30 m, 58.5 m and 115 m, respectively. SSI is considered in the time history analyses in this

manner.
Table 3 - Material properties
[v}lneiltg(})l; Per Elastic Shear Poisson Yield Failure
Material ~ Grade Volume Modulus Modulus Ratio Strength Strength
2 2 2 2
(kN/m?) (kN/m?) (KN/m?) (KN/m?) (KN/m?)
Concrete C30/37 25 33000000 13750000 0.2 - -
Rebar B420C 78.5 200000000 - - 420000 483000
Shear
Wave Cohesion
Velocity (KN/m?)
(m/s)
Soil ZD 21 390000 150000 0.3 264.66 30

Shear wave velocity was calculated by Eq. (2).

In Table 4, CD denotes controlled damage, UU denotes uninterrupted usage, DBD denotes
displacement-based design and SBD denotes strength-based design. These performance

targets are specified in [26].

The bare model and the inter-story isolated model were presented in Figure 5. Although these
models were developed with a soil-structure interaction model, they were presented in that

way to make them more apparent.
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Table 4 - Earthquake parameters belong to the structure [26]

Bare Seismic isolated
Parameters
DD-1 DD-2 DD-1 DD-2
Load-bearing system behavior coefficient (R) 8 8 1 1.2
Strength Excess Factor (D) 3 3 1 1.2
Building Significance Coefficient 1.5 1.5 1 1
Building Usage Grade (BKS) 1 1 1 1
Earthquake Design Grade (DTS) la la la la
Building Height Grade (BYS) 5 5 5 5
. CD- UuU- vu-
Performance Targets and Assessment/Design Approaches - SBD SBD DBD-
SBD
DD-1 DD-2
SS (Coefficient of map acceleration for short period) 2.172 1.064
SDS (Coefficient of design acceleration for short period 2.172 1.14
S1 (Coefficient of map acceleration for 1 second period) 0.591 0.276
SD1 (Coefficient of design acceleration for 1 second period) 1.01 0.565
TA (s) 0.093 0.099
TB (s) 0.465 0.4945
Latitude 36.19117
Longitude 36.1343
Story 7
Story 6
——— . Stony S
Story 4
Story 3
Story 2
O I Story 1
£ x
"R
(a) (b)

Figure 5 - (a) Bare building model (b) Inter-story isolated model.

SSI model of the building is shown in Figure 6. The structure is positioned at the center of
the soil system. To assign a viscous boundary condition to the interaction interface, 1-
dimensional damper-exponential links were used. Horizontal elastic design spectra, shown
in Figure 7, were constructed according to DD-1 (maximum credible earthquake) and DD-2
(design basis earthquake). It is based on data acquired from Tiirkiye Earthquake Hazard Map.
However, spectral matching was performed only with the horizontal elastic design spectra
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on horizontal components of the earthquake records, because it was not required that vertical
components must be matched to the vertical elastic design spectrum.

[F] =]z sea e e o] Dhomm s[e=le sk sfualuals slealna]ea]ea]e feale ks sfs aluals e alea]ea]ea]

Figure 6 - Soil-structure interaction model.

Horizontal Elastic Design Spectra

2,5

1,5

0,5

0 2 4 6 8 10 12
——DD-1 ——DD-2

Figure 7 - Horizontal elastic design spectra based on [26].

The spectra in Figure 7 show spectral acceleration which the structure will undergo as a
function of the period of structure. Acceleration records used in nonlinear dynamic analyses
(time history analyses) were received from PEER [27]. Spectral matching was performed in
SAP2000. Analyses were carried out using these records. In spectral matching, these records
and spectra which were obtained from the AFAD Turkey Earthquake Hazard website were
matched. Spectral matching was performed as specified in [26]. Information about these
earthquake records is given in Table 5.
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Table 5 - Information on earthquake acceleration raw records [27]

Vsao Station Station Time
RSN Earthquake Station Magnitude (m/s) Components PGA (g) Latitude Longitude sz:)p
N23E 0.160458
glop  Chrisichurch LINC 6.2 263.2 N67W 0.087705 . 172.4679°  0.005
(CHR) - . . 43.6248° . .
Up 0.09618
EW 1.249487
Chuetsu- . . o o
4895 . Kashiwazaki 6.8 265.5 NS 0.983961 37.4367 138.6017 0.01
oki(CHU)
UD 0.544417
N23E 0.461347
Darfield - o
6927 (DAR) LINC 7.0 263.2 N67TW 0.387577 43.6248° 172.4679 0.005
upP 0.914513
90 0.582989
Northridge- Newhall-Fire ° °
1044 01 (NOR) Sta 6.69 269.14 360 0.590411 34.387 -118.533 0.02
19)34 0.54821
Christchurch N23E Christchurch N67W Christchurch UP
2 03
2 202
5, Z 0
2] 2
22 §4).1
[ 10 20 30 40 0 10 20 30 40 <-02
Time (s) Time (s) 03
Scaled to DD-1 Scaled to DD-2 Raw Scaled to DD-2 0 10 20 30 40
Deconvoluted DD-1-Deconvoluted DD-2 Scaled to DD-1 Deconvoluted DD-1 Time (s)
Raw Deconvoluted DD-2 ~Deconvoluted ~Raw
Chuetsu-oki EW Chuetsu-oki NS Chuetsu-oki UD
= 15 o 15§ 15
o = @
£05 | £05 " z !
g 0 S 2.0 “%“‘"—‘“‘ S 05
5-05 I 5-05 g
g -l g -l 50 ) S
215 215 E
0 10 20 30 40 S0 60 70 0 10 20 30 40 50 60 70 <
Time (s) Time (s) -1
Raw Scaled to DD-1 Raw Scaled to DD-1 0 10 20 30 40 50 60 70
Scaled to DD-2 Deconvoluted DD-1 Scaled to DD-2 Deconvoluted DD-1 Time (s)
Deconvoluted DD-2 Deconvoluted DD-2 ~Deconvoluted —Raw
Darfield N23E Darfield N67W Darfield UP
] 15 2
C I C o 1S
2o | fos - ?0;
205 g 505
3 3 2.0,
< A1 <-15 g -1
0 15 30 45 60 75 0 15 30 45 60 75 <15
Time (s) Time (s) 2
Scaled to DD-1 Scaled to DD-2 Deconvoluted DD-1-Deconvoluted DD-2 Y 15 4 60 75
Deconvoluted DD-1- Deconvoluted DD-2 Raw Scaled to DD-1 Time (s)
Raw Scaled to DD-2 Deconvoluted —Raw
Northridge 90 Northridge 360 Northridge UP
— 15 ~ 15 15
2 i L il
gos £% .,.WW.WWWf”,mf £0s i
g o e Bos T R d L
=-05 2] g )
g 3.15 505
< < S |
20 30 40 0 10 20 30 40 < -l
Time (s) Time (s) 15
Scaled to DD-1 Scaled to DD-2 Raw Scaled 0 DD-1 0 10 20 30 40
Deconvoluted DD-1- Deconvoluted DD-2 Scaled to DD-2 Deconvoluted DD-1 Time (s)
Raw Deconvoluted DD-2 Deconvoluted —Raw

Figure 8 - Earthquake horizontal and vertical acceleration records.

59



Seismic Performance Improvement of a Reinforced Concrete Structure with Inter-Story ...

Earthquake acceleration records used in time history analyses are presented in Figure 8.
These records are raw and scaled. Condition 1 represents scaling of earthquake acceleration
records according to the DD-1 horizontal elastic design spectrum, while Condition 2
represents the scaling according to the DD-2 horizontal elastic design spectrum. However,
because the vertical components of these records were not scaled to any spectrum, the raw
version of this component and corresponding deconvoluted data are presented in Figure 8.

As an initial step, DEAD LOAD+0.3*LIVE LOAD+0.3*earthquake vertical component was
used in nonlinear time history analyses. However, because the vertical period of isolated
building models is more than 0.1 s, the vertical components of earthquake records were used
in the initial step of nonlinear time history analyses [26].

3.2. Mechanical Properties of Lead Rubber Bearing Used in Analyses
The mechanical properties of the LRB in this study are presented in Table 6. Optimization of

these lead rubber bearings is described in Section 0.

Table 6 - Mechanical characteristics of Lead Rubber Bearing

B(mm) (Isolator outer diameter) 800
Br (mm) (Isolator inner diameter) 20
Gy (Mpa) (Shear modulus of rubber 06
material)
Total height (mm) 262.6
t (mm) (Rubber layer thickness) 6.8
Rubber layer number 23
T: (mm) (Total rubber thickness) 156.4
2
fayer which sticks toseelplatey | 502340.66
S (shape factor) 29.39
Eo (Mpa) (elasticity modulus) 1.2
k 0.6
E.(Mpa) (Pressure modulus) 1245.32
K (Mpa) (bulk modulus) 2000
E, (Mpa) (vertical rigidity modulus) 767.45
kv (N/mm) (vertical stiffness) 2464986.2
Total bearing number 66
Mass of single lead rubber bearing (t) 0.64
Total rubber bearing mass (t) 42.24
Mass of superstructure +isolator (t) 1771.89
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In Table 6, A, S, Eo, Ec, Ev, kv was calculated using Eqgs. (5)-(6). These equations exist in
[26].

BZ_BZ
4, = (%) B2 -8, s =20 g =4, 5)
E, = Eo(1 + 2kS?), E, = ﬁ Jey =22 (6)
Ec K r

3.3. Optimization of Inter-Story Isolation

The lead rubber bearing used in the nonlinear time history analyses was selected from
Bridgestone [45]. However, dynamic parameters of the aforementioned rubber bearing were
optimized based on building properties, the DD-1 and the DD-2 spectral acceleration
coefficients and the upper, nominal and lower bounds. These upper bound and lower bound
values are used to account for temperature and environmental effects on rubber bearings,
implicitly. These values and formulas are presented in Eq. (7) and (8). These formulas are
based on the methodology described in [26].

Aupper = [1 + 0:75(/1ae,upper - 1)]/’ltest,upper/lspec,upper (7)

llowe‘r = [1 - 0'75(1 - Aae,lower)]Atest,lower/lspec,lower (8)

Upper- and lower-bound coefficients of Aue, Atest, and Agpec are presented in Table 7.

Table 7 - Upper bound and lower bound values

Fq ko
Lower Upper Lower Upper
Aac 1 1.3 1 1.4
Atest 0.7 1.3 0.9 1.3
Aspec 0.85 1.15 0.85 1.15
Aupper 1.831375 1.9435
Mower 0.595 0.765

These optimized parameters of the lead rubber bearing are presented in Table 8. In this table,
Fo, tower, FQ, upper, K2, upper and Ko, 1ower Values were obtained by multiplying the nominal values
with upper- and lower-bound values presented in Table 7. This procedure was adopted from
[46].
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Seismic Performance Improvement of a Reinforced Concrete Structure with Inter-Story ...
In Table 8, Fq represents characteristic strength, k, represents post-elastic stiffness, ki
represents pre-elastic stiffness, Dy represents yield displacement, Fy represents yield strength,
F represents horizontal force corresponding to D displacement, k. represents effective

BULIDq 42qGNL PPI] PAUONUAUIA0GD JO S4ajaup.and paziund) - § 21U
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stiffness, Wp represents the area under the hysteresis curve resulting from a cycle, B
represents damping ratio, nv and mp represent damping scaling coefficient, Tv and Tp
represent building effective period, Dm and Dp represent horizontal displacement of rubber
bearing, oy, represents circular frequency, c, represents damping coefficient, Dtv and Drp
represent total horizontal displacements taking into account torsion. Some of these notations
were presented on the hysteresis curve of the rubber bearing in Figure 9.

i

isplacement

Figure 9 - Hysteresis curve of rubber bearing [26].

To perform this aforementioned optimization, required formulae are presented between Egs.
(9)-(12) [26, 47].

_ Ar _ _Fq _ _ F.
ke =Gygh Dy =8 By = Fo+kaDy, F = Fy +ky (D = 2) ©)
F Wp
Wp = 4Fy(D = D,), ke ==, Be =5, ¢y = 2mwpBe (10)
T = / o Tw=2m / , Dy =13 (%) TEnu S22~ (Ty) (11)
12
Dry =Dy [1+y ] (12)

In Eq. (10), m, represents the combined mass of the superstructure and the isolator, wp
represents circular frequency. In Egs. (11)-(12), the M index represents DD-1 (MCE).
However, similar calculations can be done for DD-2 (DBE) earthquake ground motion level.
The only difference is the use of DD-2 spectrum data. The hysteresis curves established based
on optimization parameters are presented in Figure 10. The study by Namous et al [48] was
utilized in order to establish these curves.
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DD-1 Hysteresis Curves
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Figure 10 - Hysteresis curves (a) based on DD-1 optimization parameters (b) based on
DD-2 optimization parameters.

Although bearing properties were optimized based on the upper and lower bounds, only the
nominal bearings were utilized in the analyses.

Rayleigh damping was chosen to calculate the building’s damping. The Rayleigh damping
mass and stiffness coefficients of three different building models are presented in Table 9.

Table 9 - Rayleigh damping coefficients

Structure Modelling a § Ti (s) T2 (s)
Bare 0.823 0.003 0.39 0.37
DD-1 nominal 0.3074 0.008 1.026 1.018
DD-2 nominal 0.3346 0.00747 0.944 0.934

In Table 9, a and B values were calculated from Eq.(13) [49]. Rayleigh damping assumes
that damping is a linear combination of mass and stiffness.

a=§22 p=g

wi+wj wi+wj (13)

In Eq.(13), o; and ; are circular frequencies of first and second modes of the building
models, respectively. In this case, the formula of the damping coefficient is given as follows:

C=aM + K 14

In Eq.(14), M and K are the mass and stiffness of the system, respectively.
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4. RESULTS AND DISCUSSION

The study considered two different structural models, which were analyzed using all three
components of four different earthquake ground motions using the nonlinear time-history
(dynamic) method. A total of twelve ground-motion records were considered at two different
scales (Figure 8). All analyses were repeated in two perpendicular directions (X and Y) for
each building model. The results were interpreted in terms of maximum base shear force,
maximum floor accelerations, lateral displacements and inter-story drifts. Because rubber
bearings are not effective for the vertical component of earthquake motion, the vertical
components of obtained values were ignored. In the figure legends, Bare denotes the bare
model and ISI denotes the inter-story isolated building model. DD-1 denotes earthquake
records scaled to the DD-1 spectrum and DD-2 denotes earthquake records scaled to the DD-
2 spectrum. The X direction denotes results obtained when nonlinear time history analyses
were applied in the X direction to the building models and Y direction denotes results
obtained when nonlinear time history analyses were applied in the Y direction.

4.1. Examination of the Maximum Base Shear Forces

Graphical representations of the maximum base shear values obtained from nonlinear time
history analyses applied to the Bare and ISI models are presented in Figure 11. Moreover,
the percentage-change graph of these values is presented in Figure /2. In the Christchurch
and Darfield earthquake, since they have angular components, both the X- and Y-direction
values are presented separately.
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Figure 11 - Maximum base shear forces (a) Obtained data from Christchurch N23E
earthquake (b) Obtained data from Christchurch N67W earthquake (c) Obtained data from
Chuetsu-oki EW earthquake (d) Obtained data from Chuetsu-oki NS earthquake (e)
Obtained data from Darfield N23E earthquake (f) Obtained data from Darfield N67W
earthquake (g) Obtained data Northridge 90 earthquake (h) Obtained data Northridge 360
earthquake.
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Figure 12 - Percentage changes of maximum base shear forces via inter-story isolation
system according to results of bare model obtained from nonlinear time history analyses.

As seen in Figure 11, inter-story isolation reduced base shear forces in all earthquakes.
Additionally, as seen in Figure /2, more reduction in the Y direction was observed than the

66



Furkan Yurdakul KAYIKCI, Ali GURBUZ

X direction. The highest peak was recorded for the Northridge 360° DD-1 earthquake, with
a value of 157,277.58 kN. The greatest reduction was observed for the Darfield N67W DD-
1 earthquake, amounting to 82.31%. Likewise, Gao et al [20] studied a base-fixed structure,
a mid-story-isolated structure, and a double-story-isolated structure while considering SSI.
The study concluded that the base-fixed structure produced a greater base shear then the mid-
story-isolated structure and double-story-isolated structures. Yanik and Topaloglu [23]
studied a fixed base structure, a base-isolated structure and base- and mid-story-isolated
structure, while considering soil-structure interaction. The study concluded that base-and
mid-story-isolated structure produced a lower base shear than the fixed-base structure.

4.2. Examination of the Maximum Floor Accelerations

Graphical representations of the maximum floor acceleration values obtained from nonlinear
time history analyses applied to Bare and ISI model were presented in Figure 13. Since
Christchurch and Darfield earthquakes have angular components, both X directional values
and Y directional values were presented individually.
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Darfield N23E Scaled to DD-1 Spectrum Darfield N23E Scaled to DD-2 Spectrum

7 ‘_ 7 rr /
6 ¢ _6 J toA A
E | £ ||/ /
75 Z5 + t A g
£,01 ] ~BareDD-1X 2, I, L +Bare DD-2 X
E «Bare DD-1' Y 2 A P «Bare DD-2 Y
53 . «ISI DD-1 X g3 4 =ISIDD-2 X
=, 3, ~ISIDD-1 Y =, SR =ISIDD-2Y
\ 1 I
1 b Nd 1 )
0 5 10 15 0 2 4 6 8
Accelerations (g) Accelerations (g)
Darfield N67W Scaled to DD-1 Spectrum Darfield N67W Scaled to DD-2 Spectrum
7 ' > 2 ' &
6 x 6
g || / E !
g3 1 2 / 75
2, / // ~BueDD-1X 2, | «Bare DD-2 X
£ , E
E] =Bare DD-1'Y 2 | =Bare DD-2 Y
53 i ~+-ISIDD-1 X 83 A = ISIDD-2 X
=, b ~ISIDD-1Y =, I ~ISIDD-2 Y
| \
1 : 1 - AW
0 5 10 15 0 2 4 6 8
Accelerations (g) Accelerations (g)
) )
Northridge 90 Northridge 360
' ‘I / ' J /
6 » 6 .
£ / z /
BS I / . z3 7 -
5 | b
2y J ~BaeDD-1X £, ) « Bare DD-1Y
e} | 1SI DD-1 X E I / ISIDD-1' Y
g3 / " = Bare DD-2 X 53 // - +Bare DD-2 Y
=, i «ISIDD-2 X =, / ~ISIDD2 Y
2 ¢ ¥ 2 y
|
1 '3 . 1 l .
0 2 4 6 8 10 12 0 5 10 15 20
Accelerations (g) Accelerations (g)

Figure 13 - Maximum floor accelerations (a) Obtained data from Christchurch N23E
earthquake scaled to DD-1 spectrum (b) Obtained data from Christchurch N23E
earthquake scaled to DD-2 spectrum (c) Obtained data from Christchurch N67W
earthquake scaled to DD-1 spectrum (d) Obtained data from Christchurch N67W

earthquake scaled to DD-2 spectrum (e) Obtained data from Chuetsu-oki EW earthquake
(f) Obtained data from Chuetsu-oki NS earthquake (g) Obtained data from Darfield N23E
earthquake scaled to DD-1 spectrum (h) Obtained data from Darfield N23E earthquake
scaled to DD-2 spectrum (1) Obtained data from Darfield N67W earthquake scaled to DD-
1 spectrum (j) Obtained data from Darfield N67W earthquake scaled to DD-2 spectrum (k)

Obtained data from Northridge 90 earthquake (1) Obtained data from Northridge 360

earthquake.

As seen in Figure 13, inter-story isolation reduced maximum floor accelerations significantly.
As a result of the analyses, inter-story isolation significantly reduced top-floor accelerations.
The results revealed that the highest floor acceleration was 16.56 g for the bare model;
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however, when the inter-story isolation was applied, values reduced to the range of 0.67-3.44
g at the DD-1 earthquake ground motion level and 0.46-2.52 g at the DD-2 earthquake ground
motion level. For example, the top-floor acceleration was reduced from 5.32 g to 1.06 g in
the X direction and from 16.56 g to 2.72 g in the Y direction, respectively, when the inter-
story isolation was applied. Likewise, Yanik and Topaloglu [23] concluded that mid-story
isolation was able to reduce floor accelerations, with a reduction of average 11%, while
considering soil-structure interaction.

4.3. Examination of the Maximum Lateral Displacements

Graphical representations of maximum floor displacements obtained from nonlinear time
history analyses were presented in Figure 14. However, in order that more area has not been
covered, just one graphical representation of each earthquake amongst all component data
set were represented in Figure 14.
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Figure 14 - Maximum lateral displacements (a) Obtained data from Christchurch N23E
earthquake scaled to DD-1 spectrum (b) Obtained data from Chuetsu-oki EW earthquake
(c) Obtained data from Darfield N67W earthquake scaled to DD-1 spectrum (d) Obtained

data from Northridge 360 earthquake.

As seen in Table 8, the DD-1 nominal and DD-2 nominal target displacements are 0.272 and
0.1075 m, respectively. The target displacement is maximum displacement expected to occur
while shifting smoothly [50].

For the bare model, the study revealed that the highest displacement values were 0.503 m
and 0.762 m in the X direction at Darfield N67W DD-1 and in the Y direction at Christchurch
N23E DD-1, respectively. When the inter-story isolation was applied, top-floor
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displacements were found as follows: Christchurch N23E DD-1 — 0.13 m (X) and 0.326 m
(Y), Chuetsu-oki EW DD-1 - 0.10 m and Chuetsu-oki EW DD-2 - 0.07 m; Darfield N67W
DD-1 - 0.20 m (X) and 0.09 m (Y); Northridge 360 DD-1 - 0.34 m and Northridge 360 DD-
2 0.16 m. Likewise, Gautam et al [51], Forcellini and Kalfas [52] proved that inter-story
isolation can reduce maximum horizontal floor displacements.

4.4. Examination of the Maximum Inter-Story Drifts

Graphical representations of maximum inter-story drifts occurring on floors obtained from
nonlinear time history analyses were presented in Figure 15. However, since [26] wants to
use DD-2 earthquake ground motion level in superstructure design, only graphical
representations of obtained data set from nonlinear time history analyses scaled to DD-2
spectrum were presented in Figure 15.
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Figure 15 - Inter-story Drifts (a) Obtained data from Christchurch N23E Scaled to DD-2
Spectrum (b) Obtained data from Christchurch N67W Scaled to DD-2 Spectrum (c)
Obtained data from Chuetsu-oki Scaled to DD-2 Spectrum (d) Obtained data from
Northridge Scaled to DD-2 Spectrum (e) Obtained data from Darfield N23E Scaled to DD-
2 Spectrum (f) Obtained data from Darfield N67W Scaled to DD-2 Spectrum.
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As seen in Figure 15, inter-story isolation significantly reduced inter-story drifts, and, in
general, responses in the superstructure remained within the uninterrupted usage limit. For
DD-2 scaling, reductions in superstructure displacements were reported in the following
ranges: Christchurch N23E - 74-89% (in all directions), Christchurch N67W - 68-85% (in
all directions), Chuetsu-oki EW - 70-82%; Chuetsu-oki NS 79—86%, Darfield N23E 75-88%
(in all directions), Darfield N67W 75-89% (in all directions), Northridge 90 76-91% and
Northridge 360 - 85-90%. Kim and Kang [53], Khajehdezfuly et al [54] proved that inter-
story isolation can lead to reduced inter-story drifts. Zhou et al [55] determined the maximum
inter-story drift angles of both bare and mid-story-isolated structures considering soil-
structure interaction. As a result of the analyses conducted, while maximum inter-story drift
angle of the bare structure was found to be 0.0041 rad, whereas that of the mid-story-isolated
structure was found to be below 0.001 rad. Additionally, Gao et al [20] observed lower inter-
story drifts for the mid-story-isolated structure than in the base-fixed structure, and observed
the maximum inter-story drift in isolation layer of the mid-story-isolated structure. In this
study, the authors found that mid-story isolation suppressed the effects of soil-structure
interaction.

5. CONCLUSIONS

Within the scope of this study, an inter-story isolation system was developed to improve the
earthquake performance of a six-story reinforced-concrete structure. First, the inter-story
isolation system was optimized based on building properties and elastic spectral acceleration
coefficients for DD-1 and DD-2. Each model was subjected to nonlinear dynamic analysis
using all components of four different earthquake ground-motion records. As a result of these
analyses, the maximum base shear forces, maximum floor displacements, maximum floor
accelerations, and inter-story drifts were compared. The results obtained from the nonlinear
dynamic analyses of the building models are summarized as follows:

- The characteristics of the earthquake directly affect the performance of the inter-story
isolation system. This condition is reflected in building’s reactions.

- The inter-story isolation system significantly reduced the maximum base shear forces of
bare system. Thus, when the inter-story isolation system was added, the stress on the
superstructure was lower than that on bare system.

- The inter-story isolation system significantly reduced maximum floor accelerations. Also,
maximum accelerations became approximately equal with the aid of inter-story isolation
system, even though soil-structure interaction system was considered.

- The inter-story isolation system reduced inter-story drifts of superstructure to a large extent.
Thus, inter-story drifts of superstructure were approximately equal when the inter-story
isolation system was applied, even when soil-structure interaction was considered.

6. SUGGESTIONS

This study was considered under a limited set of parameters. If the number of dampers or
their parameters are altered, the study results may vary significantly. Future studies could:
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Evaluate the performance of ISI and FVDs using a broader range of seismic records,
including near-fault ground motions.

Incorporate more complex soil models to capture site-specific effects on soil-structure
interaction.

Investigate the impact of different optimization strategies for the damping system.
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