The 2017 World Congress on
Advances in Structural Engineering and Mechanics (ASEM17)
28 August - 1 September, 2017, llsan(Seoul), Korea

Seismic Response of High-rise RC Brace Frame Structure
Using Energy Dissipation Braces

*Heran Lee?, Taishi Shiraishi®, Yusuke Maida?

and Nobuyuki Izumi®

1. 2).3) Department of Architecture, Chiba University, Chiba 263-8522, Japan
D afma9219@chiba-u.jp

ABSTRACT

In Japan, the frame structure of high-rise RC buildings has a frame structure that
does not use shear walls on the ground floor and a wall frame structure that places the
core walls in the center of the building. In the wall frame structure, the multi-story walls
work as a mandrel of the building and suppress the increase of the story drift angle in
specific story. The authors have been conducting research on a wall frame structure
using energy dissipation brace between coupled shear walls. In this study, time history
seismic response analysis is implemented on a 36-story high-rise RC brace frame
structure using energy dissipation braces to examine the damping effect. Buckling
restrained braces (BRBs) and oil damper braces (ODBs) is used to evaluate the
effectiveness of brace frame structure. As the result, the brace frame structure is
considered to effective structure system for seismic response reduction against the
ground motion waveforms normalized to PGV = 50 cm/s.

1. INTRODUCTION

In Japan, frame structures with core walls in the center of the building have been
proposed for high-rise reinforced concrete structures (RC structure) besides the
structure not using shear wall on the ground floor. The wall frame structure utilizes a
construction method of reducing the seismic force by arranging multi-story walls as the
core wall on the center of the building plane. On this structure, the increase of the story
drift angle at a particular story can be controlled and story collapse can be prevented by
shear walls, works as a mandrel for the building. Therefore, it is considered an effective
way to place energy dissipation devices between the coupled shear walls by using the
increase of bending deformation characteristics of the walls. In the previous study,
authors have been conducting research on the use of energy dissipation beams with
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steel damper as the coupling beams (Takenaka 2014).

This paper focuses on the deformational characteristics of multi-story walls and
evaluates, the seismic response reduction effect by using energy dissipation braces
between the coupled shear walls. The findings provide a new proposal of brace frame
structure as a structural form of the frame structure and examine the usefulness of the
brace frame structure. Seismic response analysis with a 36-story RC frame structure
model is implemented for evaluating with dissipation braces, buckling restrained
braces(BRBs) as hysteretic damper and oil damper braces (ODBSs) as viscous dampers.

2. ANAYLYSIS PLAN

2.1 Analysis Model Specification

The analyzed model is a 36-story residential RC frame structure that has a core
wall at the center of the building plane (Fig. 1). The core is constructed from dissipation
braces or coupled shear walls. The seismic response analysis direction is the X
direction. On the Y direction, the energy dissipation beams with steel damper, which
previous studies have tested, are used between the coupled shear walls. The collapse
mechanism of the skeleton is an entire yield mechanism with bending strength yield
precedence model. Representative member specification is shown in Table 1.

2.2 Analysis Method
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Table 1 Specification of Structural Members

Story Terms C1 C2 C3 Beam

36 Dim. (mm) 800x800 900x800 900x900 680x750
(Fo30) Main rebar | D29(20pcs.) | D29(20pcs.) |HD41(16pcs.)|HD29(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

3435 Dim. (mm) 800x800 900x800 900x900 740x750
(Fc'30) Main rebar | D32(20pcs.) | D32(20pcs.) |HD41(16pcs.)|HD32(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

31~33 Dim. (mm) 800x800 900x800 900x900 800x750
(Fo30) Main rebar | D35(20pcs.) | D35(20pcs.) |HD41(16pcs.)|HD35(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

2930 Dim. (mm) 850x850 900x850 900x900 800x750
(FcYSG) Main rebar | D38(20pcs.) | D38(20pcs.) |HD41(16pcs.)|HD38(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

24~28 Dim. (mm) 850x850 900x850 900x900 800x750
(Fo42) Main rebar |HD38(20pcs.)|HD38(20pcs.)|HD41(16pcs.)|HD38(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

17~23 Dim. (mm) 850x850 900x850 900x900 800x750
(Fo48) Main rebar |HD38(20pcs.)|HD38(20pcs.)|HD41(16pcs.)|HD38(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

1516 Dim. (mm) 900x900 900x900 900x900 800x750
(Fc;‘.S) Main rebar |HD38(20pcs.)|HD38(20pcs.)|HD41(16pcs.)HD38(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D13@150

{~14 Dim. (mm) 900x900 900x900 900x900 800x750
(Fo60) Main rebar |[HD41(20pcs.)|HD41(20pcs.)|HD41(20pcs.)|HD38(12pcs.)
Lateral rebar | 4-D13@100 | 4-D13@100 | 4-D13@100 | 4-D16@150

(a) Specification of beam and column
¢ ‘Fc xx’ in story line shows standard design strength of concrete. x pcs. In main

rebar row shows the amount of main rebar. ‘Dxx’ means SD390 (yield strength
390N/mm?), ‘HDxx’ means SD490. Lateral rebar is USD 685.

Story B1F~1F 2F~24F 25F~36F

Wall thickness 900mm 900mm 900mm

Shear
Wall Vertical rebar| HD41@200 | HD38@200 | D35@200

Lateral rebar | D29@150 D29@150 D20@150

(b) Specification of shear wall

A nonlinear time history response analysis is implemented. The analysis model is
a three-dimensional frame model with a rigid floor in which a frame obtained by the
replacement of the structural part with a wire. The skeleton curve of beams and
columns is a tri-linear type, including flexural crack point and a flexural yielding point.
SUGANO formula is used to calculate the stiffness reduction ration of the flexural yield.
The hysteretic characteristic of beams and columns is the TAKEDA model (Takeda et
al, 1970), and reduction index of unloading stiffness is 0.50 for beam and 0.40 for
column. The shear wall is replaced by a fiber model with the Bernoulli-Euler theory. The
relation of o-¢ in core parts and covering concrete assumed to be curve stiffness
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reducing type. The shear hysteresis characteristic of shear wall is origin-oriented type
and the shear ultimate strength is calculated by ARAKAWA MEAN formula.
Furthermore, the internal viscous damping is assumed to be in proportion to
momentary stiffness and the damping factor of the first mode is 0.03.

2.3 Earthquake Ground Motion

To evaluate the effect in building responses caused by the difference of each
characteristic, two simulated earthquake motions level 2 (Code-BCJ, Code-HAC) are
used (Table 2)., which are ground motion waveforms normalized to PGV = 50 cm/s.
Fig.2 shows pseudo velocity response spectrum of each earthquake motions. The
Dynamic Push Over analysis is performed by increasing the intensity of input ground
motions from 0.1 times to 1.6 times with 0.1 interval.

500

Table 2 Input ground motion
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Fig. 2 Response velocity spectrum

2.4 Analysis Cases

History response analysis is performed on each model to investigate the
response reduction effect in the frame structure. To evaluate the usefulness of energy
dissipation braces, besides models using BRBs or ODBs, the model with energy
dissipation beams and another without any energy dissipation devices are used as
comparisons (Fig. 3). To evaluate the usefulness of the brace frame structure, the
model with BRBs or ODBs in the core part and the model with dissipation beams
between BRBs in the core part are used. The elastic natural period of 7 cases in total
are shown in Table 3.

Table 3 Natural period of each case

Period(s)| WRCS | WNOG | WBRB | WODB BRCS BNOG ONOG
1st 2.75 348 2.65 348 241 242 3.94
2nd 0.78 1.03 0.83 1.03 0.81 0.81 1.31
3rd 04 0.51 0.44 0.51 0.48 0.48 0.74
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Fig. 3 Framing plan of analysis cases

2.4.1 Case WRCS Case WRCS adopts energy dissipation beams (Table 4) with a
low yield point steel as energy dissipation devices between coupled shear walls from
6F to 46F. In the model of energy dissipation beams, the RC part is replaced with a
bending spring, and the low yield point steel part is replaced with a shear spring. The
shear restoring force characteristic of the low yield point steel is a strain hardening
oriented tri-linear model. Furthermore, in the strain hardening oriented tri-linear model,
the parameter of the second break point (y) is 0.013, the rigidity magnification in
second break point (a2) is 0.05, the rigidity magnification in third break point (a 3) is
0.005, and the parameter of the third break point (B2) is 2.2 (Fig. 4).

Table 4 Specification of Energy Dissipation Beams
Steel Part RC Part
Type Dim. (AxBxt) | Dim. (mm) | Main Rebar | Lateral Rebar
6F~36F | LY225 |400x400x12| 900x750 8-HD38 4-D13@150

Story

Tri-linear Model
Qx/z:Bz *Q
Ky=a, * Ky
Ks=03 * K
Q,;=Shear yield point

RC part RC part LJ Q,,=Strength after yield

Fig. 4 Restoring force characteristic of energy dissipation beams

Steel part

2.4.2 Case WNOG Case WNOG is a model without energy dissipation devices
between coupled shear walls.

2.4.3 Case WBRB Case WBRB adopts buckling restrained braces (Table 5) as
energy dissipation devices between coupled shear walls. The lateral load capacity of




The 2017 World Congress on
Advances in Structural Engineering and Mechanics (ASEM17)
28 August - 1 September, 2017, llsan(Seoul), Korea

model WBRB is made nearly equal to that of model WRCS. The joint of the BRBs is
rigid. The restoring force characteristic of BRBs is a bi-linear model and stiffness
reduction ratio in the second break point () is 0.005 (Fig. 5).

Steel part Bi-linearModel

Ko=B - Ko

F,=Axial Yield force (kN)
B=Second stiffness reduction ratio

Fig. 5 Restoring Force characteristic of BRBs

2.4.4 Case WODB Case WODB adopts oil damper braces (Table 6) as energy
dissipation devices between coupled shear walls. The strength of ODB is approximately
equal to that of the BRBs, and the joint of the ODBs is rigid. Oil damper is MAXWELL
type. The restoring force characteristic of the dashpot is bi-linear retrograde type, and
the stiffness reduction ration in second break point () is 0.021 (Fig. 6). Furthermore,
the spring is elastic.

Table 6 Specification of ODBs

Story | Fmax (kN) | Fr (kN) [Ce (kN*s/mm)| Ko (kN/mm)
1F 2000 1631.6 71.38 2871
2F~36F 2000 1631.6 71.38 308.8
Spring part Dashpot part 1 Bi-linearRetrograde Model

C=B - C.
O—/\M O E O O Fy2=ReIieroad(kN)
"/’/ B=Second stiffness reduction ratio
Fig. 6 Restoring force characteristic of ODBs

2.4.5 Case BRCS Case BRCS adopts energy dissipation beams between BRBs,
which is arranged in parallel on the core. The restoring force characteristics of the
BRBs and the energy dissipation beams are the same as those used for case WRCS
and case BNOG.

2.4.6 Case BNOG Case BNOG adopts buckling restrained braces shown in Table 7
as energy dissipation devices and installed in parallel on the core. The lateral load
capacity of model BNOG is approximately equal to that of WNOG when the
deformation of the frame structure (24F) is 1/100 rad. The restoring force characteristic
of the BRBs is the same as those used for case WBRB.
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Table 7 Specification of BRBs

Story Type Axial Yield Force | Brace Length Dimension
kN mm diameter (mm) x thickness (mm)

1F LY225 1650 6096 3556 x 6.4

2F~36F | LY225 1650 5122 355.6 x 6.4

2.4.7 Case ONOG Case ONOG adopts oil damper braces as energy dissipation
devices and installed in parallel on the core. The strength of ODBs is approximately
equal to that of the BRBs. Furthermore, the restoring force characteristic of the ODBs is
the same as of those used for case WODB.

3. SEISMIC RESPONSE OF FRAME STRUCTURE

3.1 Base Shear Coefficient and Story Drift Angle

Fig. 7 indicates the relationship between base shear coefficient and story drift
angle of each case in correspondence with the intensity of input ground motion (CODE-
BCJ L2). For 0.5 and 1.0 times intensity of input motion ground, in all analysis cases,
the story drift angle is below 1/100 rad., except the case WNOG which does not adopt
energy dissipation devices. For 1.5 times intensity of input motion ground, story drift
angle of case WBRB is below 0.01 rad. Furthermore, it is confirmed that the case
WRCS and the case WBRB are drawn in approximately the same shape. Moreover,
cases of wall frame structure have a larger base shear coefficient compared with cases
with energy dissipation devices in the same degree of story drift deformation.
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Fig. 7 Base shear coefficient and story drift angle

3.2 Response Reduction Effect on Wall Frame Structure
3.2.1 Energy Dissipation Devices and Maximum Response Value

0.015 0.02

Fig. 8 shows the comparison of story drift angle and story shearing force of case
WNOG and case WRCS for 0.5 and 1.0 times intensity of CODE-BCJ L2 wave and
CODE-HAC wave. Higher the intensity of input ground motion, the larger story drift
angle and story shearing force in both cases. This result demonstrates how energy
dissipation beams work effectively, since the bending deformation of coupled shear
walls became larger with increasing intensity of input ground motion. Fig. 9 shows the
comparison of story drift angle and the story shearing force of case WRCS, case
WBRB and case WODB for 1.0 times intensity of CODE-BCJ L2 wave and CODE-HAC
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wave. The maximum story drift angle of case WBRB is suppressed below 1/165 rad.,
which is the smallest among other cases. Case WRCS shows comparatively large story
shearing force among all other cases, and case WBRB and case WODB show
approximately equal story shearing force. Consequently, BRBs are more effective as
energy dissipation braces when placed between coupled shear walls.

LI/ 05 Times I A 1.0 times M cope-BcJ A CODE-HAC
40 1 40 40
Story
VWG WRCS
30 30 NRCS 30 WmB
WODB
20 20 20
10 10 10
0= EZ) 0 —akN) ° (g 0 Q(kN
0 1/100 1/100  2/100 0 20000 40000 60000 O 1/100 1/100 2/100 O 20000 40000 60000
(a) story drift angle (b) story shearing force  (a) story drift angle (b) story shearing force
Fig. 8 Response of WNOG and WRCS Fig. 9 Response of WRCS, WRBR
and WODB

3.2.2 Seismic Unit Stress of Core Wall  On the wall frame structure, high axial force is
generated on the end of the core wall on the lower story, and cause crushing of the
concrete and buckling of the main rebar by bending and varying axial force under an
earthquake. Fig. 10 indicates the relationship between the unit stress and strain
intensity of tension side of main rebar and compression side of concrete in wall base
part. Response values of 0.5, 1.0, 1.5 times of the intensity of input ground motion
(CODE-BCJ L2) on each case is shown in the figure. The maximum unit stress ratio
compared to the yield point on tension side of main rebar is approximately 0.26 (case
WRCS) in 0.5 times intensity, 0.44 (case WRCS) in 1.0 times intensity and 0.60 (case
WRCS) in 1.5 times intensity of input ground level. The maximum unit stress ratio
compared to the standard design strength (Fc) of concrete on compression side is
approximately 0.31 (case WRCS) in 1.0 times intensity, 0.50 (case WRCS) in 1.0 times
intensity and 0.65 (case WRCS) in 1.5 times intensity of input ground level. On 1.5
times intensity of input ground level, all cases are below the yield point of the rebar and
standard design strength of the concrete. The findings also reveal that the case WBRB
shows the smallest unit stress at any input intensity of input ground level. The BRBs
can provide significant unit stress suppression, since BRBs between the coupled shear
walls can utilize the axial deformation difference, caused by the bending deformation of
the coupled shear walls, compared to the energy dissipation beam with low yield point
steel.
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(a) Tensile stress of main rebar (b) Compressive stress of concrete
Fig. 10 Unit stress of core wall

3.3 Response Reduction Effect on Brace Frame Structure

3.3.1 Energy Dissipation Devices and Maximum Response Value Fig. 11 shows the
comparison of story drift angle and story shearing force of case WRCS, case BNOG
and case BRCS for 1.0 times intensity of CODE-BCJ L2 wave and CODE-HAC wave.
On the brace frame structure (case BNOG, BRCS), story drift angle at the upper and
middle story and story shearing force are relatively small. It can be concluded that the
brace frame structure is effective to seismic response reduction against the ground
motion waveforms normalized to PGV = 50 cm/s. Furthermore, the energy dissipation
beam is considered to have small effects on the brace frame structure, as the
responses of case BNOG and case BRCS are shown to be approximately equal. Fig.
12 shows the comparison of story drift angle and story shearing force of case BNOG
and case ONOG for 0.5 and 1.0 times intensity of CODE-BCJ L2 wave and CODE-
HAC wave. Story drift angle on both cases are approximately equal. In the case of
ONOG, the story shearing force shows slightly smaller value for all seismic motions
compared to BNOG.

3.3.2 Yield and Ultimate State of Beam and Column  Fig. 13 shows the yield state in
Y1 and Y3 on case BNOG and case WRCS for 1.0 and 1.5 times intensity of CODE-
BCJ L2 wave. In the case of Y1, the beams of the lower and middle stories are bending
yielded in case BNOG, whereas the bending yielding of the beam occurs in all floors in
the case of WRCS. In the case of Y3, the bending yield of the beam occurs at the lower
floor in case BNOG, whereas the bending yielding of the beam occurs in all floors in the
case WRCS. Moreover, the BRBs are almost yielded, which shows that the energy
dissipation brace works effectively. Thus, it can be concluded that the brace frame
structure is effective for suppressing the bending yield of the middle and upper story
beams.
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4. HYSTERETIC BEHAVIOR OF ENERGY DISSIPATION OF BRACES

4.1 Hysteretic Behavior of Energy Dissipation Braces on Wall Frame Structure

Fig. 14 shows a comparison of the axial forces of energy dissipation braces,
BRBs and ODBs, which have approximately equal response value, for 0.5, 1.0, 1.5
times intensity of CODE-BCJ L2 wave. In 0.5 times intensity of input ground motion,
BRBs almost reached the set yield strength, whereas ODBs hardly reached the set
relief load. With increasing intensity of input ground motion, the results confirm that the
axial force of the energy dissipation braces in both cases reached the yield strength
and demonstrate the strength. The axial deformation and velocity in axial direction of
braces are shown in Fig. 15. In 0.5 times intensity of input ground motion, the axial
deformation of BRBs and ODBs is even from the lower story to the upper story. As the
intensity of input ground motion increases, the axial deformation of BRBs became
larger at the upper story, and the axial direction velocity of ODBs became larger as it
went from lower to upper story. This is considered as the effect of accumulation of
bending deformation of coupled shear walls. Fig. 16 shows the distribution of the
response axial force in height direction, the value when each of the braces in 10F, 20F
and 30F reach on the maximum value. Compared to case WODB, case WBRB shows
even axial force in all stories. To explain, BRBs work effectively in wall frame structures,
in which shear walls move as a mandrel of the building and the displacement between
shear walls occurs in all stories.
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Fig. 14 Axial force on BRB and ODB
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Fig. 15 Axial force on BRB and ODB Fig. 16 Distribution of axial brace
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4.2 Energy Dissipation of Braces

4.2.1 Hysteric Behavior on Wall Frame Structure  Fig. 17 shows the comparison of
the accumulative hysteretic energy dissipation of case WBRB and case WODB for 1.0
times intensity of CODE-BCJ L2 wave and CODE-HAC wave. The figure shows the
accumulative hysteretic energy dissipation of the entire structure and brace part. Case
WBRB occupies larger energy dissipation than case WODB in both waves. Specifically,
brace parts in case WBRB occupy 57% for CODE-BCJ L2 waves, 51% for CODE -
HAC waves of energy dissipated on entire structure. In comparison, brace parts in case
WODB occupy 51% for CODE-BCJ L2 and 45% for the CODE - HAC wave.
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(a) CODE-BCJ (b) CODE-HAC
Fig. 17 Hysteretic energy dissipation

4.2.2 Hysteric Behavior on Brace Frame Structure  Fig. 18 shows the comparison of
the accumulative hysteretic energy dissipation of case BNOG and case ONOG for 1.0
times intensity of CODE-BCJ L2 wave and CODE-HAC wave. In the figure, the
accumulative hysteretic energy dissipation of the entire structure and brace part are
shown. In both waves, it can be considered that the amount of the accumulative
hysteretic energy of BNOG and ONOG is approximately equal. In CODE-BCJ L2 wave,
brace parts occupy 66% in case BNOG and 67% in case ONOG. In CODE-HAC wave,
brace parts occupy 60% in case BNOG and 62% in case ONOG.
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Fig. 18 Hysteretic energy dissipation
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5. CONCLUSIONS

1.

2.

From the result of this study, the following conclusions can be drawn.

Energy dissipation braces between coupled shear walls can be considered as
an effective way to reduce seismic response in wall frame structure.

BRBs between coupled walls are considered to have significant reduction effect
of unit stress in wall base part.

In the wall frame structure, BRBs between coupled shear walls are considered
to reduce earthquake response, since BRBs can more effectively utilize the
axial deformation caused by bending deformation of coupled shear walls.

The height directional distribution of the response axial deformation is equalized
on the BRBs between coupled shear walls.

The earthquake response of the brace frame structure against the ground
motion waveforms normalized to PGV = 50 cm/s are smaller than the wall frame
structure.

The energy dissipation beams between multi-story braces have less response
reduction effect than the energy dissipation beams in the wall frame structure.
The brace frame structure with BRBs is effective for suppressing the yield of the
beams in the middle and upper stories.

The effect of seismic response reduction by BRBs and ODBs is approximately
equivalent.

Optimum setting for the energy dissipation braces in the wall frame structure and

brace frame structure will be considered in the next study.
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