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Abstract

The outrigger system is deemed an effective solution for mitigating the seismic
responses of tall core-tube-type buildings. By incorporating a buckling-restrained
brace (BRB) in the outrigger system (BRB-outrigger), the BRB-outrigger reduces
seismic response not only through the outrigger mechanism but also through the
seismic energy dissipation from the BRB’s hysteretic response. This study investi-
gates the seismic behavior of structures with a single layer BRB-outrigger and pro-
poses three types of BRB-outrigger configurations for practical design purposes
that fit different architectural requirements. An analytical model, with heights of
64, 128, 256, and 384 m and different outrigger spans was used to investigate the
optimal outrigger elevation and required outrigger stiffness for achieving mini-
mum seismic response using spectral analysis and nonlinear response history analy-
sis. The design indexes and design charts based on the analysis results are
proposed for preliminary design. Design examples of structures with different BRB-

outrigger configurations utilizing the proposed design charts are demonstrated.
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1. Introduction

The outrigger system has been an effective solution in tall core-
tube-type buildings for mitigating seismic responses, and it has
been widely adopted in tall buildings worldwide." When lateral
loads are applied, the relatively stiff outrigger, which connects
the core structure and the perimeter column, applies a resisting
moment to the core structure to reduce roof drift, inter-story
drift, and bending moment of the core structure.” The design of
the conventional outrigger that allows for all members to be
elastic could be uneconomical. Therefore, the concept of a
damped-outrigger was proposed.3 The most common damped-
outrigger configuration has the dampers inserted at the outrigger
truss end and the perimeter column. The dampers dissipate
energy through relative movements between the outrigger truss
end and the perimeter column.* This damped-outrigger configu-
ration incorporating viscous dampers has been used in studies™°
to investigate optimal outrigger elevation to maximize the sys-
tem damping ratio. The study5 indicates that the elevation of
optimal damped-outrigger when viscous dampers are incorpo-
rated ranges from 50% to 80% of the building height. The
damped-outrigger system incorporating viscous dampers has
also been utilized in real construction projects to reduce wind

load effect.” The damg)ed—outrigger incorporating a buckling-re-
strained brace (BRB)® as the energy dissipation device has also
been studied.’ The damped-outrigger incorporating a BRB
(BRB-outrigger) functions as a conventional outrigger system
during small earthquakes, and the BRB deforms elastically. Dur-
ing large earthquakes, the BRB dissipates seismic energy
through its hysteretic response. Furthermore, the BRB can limit
the maximum force demands on the perimeter column and the
outrigger truss members. The arrangement of a BRB to function
as an outrigger has also been adopted in real construction pro-
ject.'” Most of the studies that investigate optimal outrigger ele-
vations were determined using preselected possible elevations.
The continuous seismic response distributions with respect to
changes in outrigger elevation have not been demonstrated. Fur-
thermore, the details of BRB-outrigger configurations to fit dif-
ferent architectural requirements have not been proposed.

Figure 1 shows a laterally deformed structure with a BRB-
outrigger. The core structure provides most of the lateral stiff-
ness and lateral force resistance capacity. The BRB is arranged
vertically between the outrigger truss ends and the perimeter
columns to optimally impose axial deformation demand on the
BRB. As shown in Figure 1, when the structure deforms later-
ally to the right, the BRB and perimeter column on the right-
hand side are in compression, and in tension on the left-hand
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side. The outrigger truss, BRB, and perimeter columns act in
series to provide a resisting moment to the core structure.
When the BRB yields, the BRB starts dissipating energy. The
maximum force demands for the outrigger truss members and
perimeter columns are limited by the maximum axial force
developed in the BRBs. However, when the outrigger span is
long, the relative movement between the outrigger truss end
and the perimeter becomes very large. Therefore, the BRB
length should be very long (8-10 m) to meet the large defor-
mation demand. Furthermore, the design of the outrigger truss
is sometimes difficult and uneconomical because very large
sections of the outrigger truss members are required to make
the outrigger sufficiently stiff. These shortcomings could make
a BRB-outrigger system solution an uneconomical and imprac-
tical seismic design solution.

With this background, the aim of this research was to intro-
duce alternative BRB-outrigger configurations for achieving
economical and effective design results. The indexes of the
stiffness provided by the BRB-outrigger to the core structure’s
rotational stiffness, and to the perimeter column axial stiffness
are introduced for comparison for seismic performance
between structures with different BRB-outrigger configura-
tions. These indexes and the outrigger elevation for minimiz-
ing seismic response were investigated. This study uses a
simplified structure and increases the number of analytical
models with different heights (64, 128, 256, and 384 m) and
outrigger spans (12.8, 13.8, 14.5, and 16 m) for enhanced veri-
fication of optimal design results. The continuous seismic
response distributions with respect to various outrigger eleva-
tions and different outrigger stiffness are demonstrated by per-
forming spectral analysis (SA) and nonlinear response history
analysis (NLRHA). The maximum roof drift ratio and the base
overturning moment at the core structure base are adopted as
seismic performance indicators. The optimal outrigger eleva-
tions in order to maximize outrigger effect, maximize BRB
energy dissipation efficiency, and minimize roof drift ratio and
base overturning moment responses are investigated. Design
charts based on newly introduced design indexes are proposed
to assist designers with selecting an appropriate outrigger ele-
vation and determining the required outrigger stiffness at the
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Figure 1. Deformed structure with BRB-outrigger system
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preliminary design stage. Furthermore, three different BRB-
outrigger configurations are proposed in this research. Methods
for using the simplified structure to model structures with dif-
ferent BRB-outrigger configurations are proposed. Based on
the analysis results, all three BRB-outrigger configurations are
capable of achieving the desired seismic response. The suit-
ability of each BRB-outrigger configuration for different archi-
tectural requirements is discussed.

2. Numerical Model

The structure with a single ordinary BRB-outrigger system
(OB outrigger) can be simplified, as shown in Figure 2A. The
core structure, which provides most of the lateral stiffness, is
modeled using a cantilever column with a lateral flexural stiff-
ness of EI. The outrigger truss has a flexural stiffness of k,.
The perimeter column with a length of 4 has an axial stiffness
of k.. The bases of the perimeter columns are free to rotate
about the out-of-plane direction. The BRB has a bilinear force-
deformation relationship with an axial initial stiffness of k,
and a post-yield stiffness ratio of 0.01. Each of the BRB con-
nects to the outrigger truss end and perimeter column with
pinned-connection detail. For simplicity, in this simplified
model, it is assumed that only the BRBs can yield while the
other elements deform elastically. The mass is assumed to be
concentrated at the core structure and uniformly distributed
along the core structure height. As shown in Figure 2A, if 0,
is the core structure rotation at an outrigger elevation of «, the
relationship between 0; and the flexural deformation of the
outrigger truss (u,), axial deformations of the BRB (u,), and
perimeter column below the outrigger elevation (u.) is
expressed as follows:

1
0, =l—(uc+uz+ud) (D
t

Therefore, the moment applied by the OB outrigger (M,, op)
is calculated as follows:

22 B 212
oafke + Uky+ Uk ' afke+1/kygos =~ (2)

= krg,OBGI

M{)AOB =

where [, and k,, op are the outrigger span and the rotational
stiffness provided by the OB outrigger system, respectively.
kogop (1/(1/kg + 1/k)), including the elastic stiffness of the
BRB, is defined as the outrigger stiffness, which is the com-
bined stiffness of k; and &, in the OB outrigger configuration.
When the BRB yields, the corresponding core structure rota-
tion at outrigger elevation 0, can be calculated as follows:

kd o 1 1 kd o 1
0 =—(—+—4+— = | — 4+ — | u, 3
YT, <kc T kd> iy =1, <kf * kngﬁog) uay G

where u,, is the BRB yield deformation. Figure 2B shows an
analytical model developed using OpenSees'' to perform an
analysis of a simplified structure with an outrigger. For sim-
plicity, the BRB with a fixed length of 1 m is modeled using a
truss element with bilinear material property. The post-yield
stiffness ratio (p) is set as 0.01. The outrigger truss is modeled
using an elastic beam column element, and its corresponding
cross-sectional property is properly assigned so that its flexural
stiffness is equal to k;. The core structure is modeled using an
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Figure 3. Configurations of the (A) BT outrigger system and (B) GB outrigger system

elastic beam column element. The mass is assigned to the
nodes that evenly distribute along the core structure height
with a fixed 1 m spacing. The core structure base is fixed,
while the perimeter column bases are free to rotate about the
z-axis. This model is known as a discrete mass (DM) model.
The effectiveness of using a DM model to represent the real
building was verified using a member-by-member (MBM)
model, as shown in Figure 2C. Therefore, the BRB element in
the MBM model is modeled by using bilinear material prop-
erty. The core structure of the MBM model is represented by a
braced frame. The mass is concentrated on each floor. The
details of the floor beams and outrigger truss are all included
in Figure 2C.

3. Configurations of BRB-Outrigger

In the OB outrigger configuration, the outrigger truss should
be stiff enough to generate adequate axial deformation demand
for the BRB. However, it would be difficult to design the
outrigger truss members if /, is too long or the desired k, is too
large. Furthermore, if the required BRB yield deformation (ap-
proximately 1/1000 of the BRB length) is large, the BRB
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length can be longer than one story height (Figure 18). To
solve this problem, two alternative BRB-outrigger configura-
tions are introduced.

Figure 3A shows the BRB-truss outrigger (BT outrigger) con-
figuration. The BRBs are used as braces in the outrigger truss.
The ends of the top and bottom chords that connect with the core
structure and perimeter column can be designed with either
shear or moment connection detail. As the BRBs and the outrig-
ger truss members act in parallel, slight plastic deformation in
the outrigger truss member may be allowed to prevent having
too large an outrigger truss member size. When compared with
the OB outrigger configuration, the outrigger truss member and
BRB sizes can be reduced. Furthermore, the increased number
of BRBs could provide a more stable energy dissipation mecha-
nism. As shown in Figure 3A, the core structure rotation at
outrigger elevation (0;) can be calculated as follows:

1
0 = 7 (uc,BT + Mbr)

t

“

where u, pr and u,, are the perimeter column axial deformation
and the flexural deformation of the BT outrigger, respectively.
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Therefore, if k,, is the flexural stiffness of the BT outrigger,
the moment applied by the BT outrigger (M,, p7) can be calcu-
lated as follows:

202 B 27
afkc+1/ks ' afke+1/kognr
where k,, g7 is the rotational stiffness provided by the BT
outrigger system. When compared with Equation (2), the
outrigger stiffness k,, g7 is equal to k, in the BT outrigger

configuration. If u,,, is the BT outrigger flexural deformation
when the first BRB yields, 0, can be expressed as follows:

kb[ o 1
0y =—|—+— : 6
’ Zt (kc * kbt) Hory ( )

M, pr =

01 = krgﬁBTGI (5)

To use the DM model to analyze a structure with a BT
outrigger, ky, k,, and u,, in Equations (2) and (3) have to be
replaced with k,, an infinity value, and uy,,, respectively.

Figure 3B shows the giant BRB-outrigger (GB outrigger)
system. The GB outrigger removes the outrigger truss but con-
nects the core structure and the perimeter column using a giant
BRB. When a BRB axial force of P, is developed, the BRB
and the floor beam below the BRB act as a force couple on
the core structure, as shown in Figure 3B. The force couple
applies a resisting moment (M, ;) to the core structure. It
should be noted that both the BRB and floor beam are acting
as truss elements. Furthermore, the floor beam is usually strong
enough to resist the maximum force developed by the BRB
and is stiff enough that the shortening or elongation of the
floor beam can be neglected. If u. gz and ugz g, are the vertical
deformations of the perimeter column below the outrigger ele-
vation and the BRB in the GB outrigger configuration
(BRB_GB), and kg , is the axial stiffness of BRB_GB, the
corresponding core structure rotation at outrigger elevation (0;)
and M, ., can be calculated as follows:

Py, (asingy 1
— —_— 7
I ( k. + ka.gp Sinn )

22
o/ke + 1 /kygp sin® :

1
0= 1 (”c.GB + ”dxbaV) =
t

M, G =2Pg,h,cosn = 2Pyl siny =

202

=0 = kg0
O‘/k(? + l/kog7GB 1 sOBT

®)

where h, and n (tan~'(h,/1)) are the vertical span and the
inclined angle of BRB_GB, respectively. k., gz is the rota-
tional stiffness provided by the GB outrigger system. The
outrigger stiffness k,, g is equal to kd,gbsinzn in the GB
outrigger configuration. If u,,,, is the axial yield deformation
of BRB_GB, 0, can be expressed as follows:

ka obUd.y osin 1
0, = dﬁgbl d.ygh < - ’1+k : >
t c d,gb SIN N

- kd,gb Sil’l2 n{ o n 1 (ud,ygb>
o ke kqgpsin®n ) \ siny

When compared with Equations (2) and (3), the DM model
can be used to model the structure with a GB outrigger by
replacing ky, k;, and u,, with kd,ghsinzn, an infinity value,
and ug,.p/sin 1, respectively. It is anticipated that the GB

(€))
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outrigger could conserve steel usage as the outrigger truss is
not necessary. Furthermore, when the required BRB yield
deformation is large, the long BRB in the GB outrigger con-
figuration can be adopted easily. However, the BRB_GB may
be required to span across more than one story, which may
reduce usable floor areas. As indicated in Equation (8), the
larger the value of 5, the greater is M, gp. The seismic per-
formance of structures with OB, BT, and GB outriggers can
be estimated using the DM model (OB outrigger configura-
tion) with modified parameters, as shown in Table 1, and its
effectiveness is verified by the analysis results calculated
using MBM models, which follow individual outrigger con-
figuration details. The details of the MBM model for each
outrigger configuration are introduced in the following sec-
tions. The DM model with an OB outrigger configuration is
used to investigate the optimal outrigger elevation for mini-
mizing maximum roof drift (0,.) and core structure base
overturning moment (M, ax)-

4. Analysis Methods

4.1 Index definitions

In each BRB-outrigger configuration, the relationship between
outrigger stiffness (including BRB axial stiffness) and perime-
ter column stiffness is critical. Therefore, two dimensionless
indexes are newly defined for the parametric study. Instead of
the index S,. described in the previous study,’ the outrigger
effect (S..) is defined as the ratio of rotational stiffness pro-
vided by the outrigger when k, and k, are infinity (k1212) to
the core structure’s rotational stiffness (EI/h), and can be
expressed as follows:

Pk,
T wEl’

1hk,
0.7EI

See(ar) Scco7 = Se(0.7) = (10)

The value of S.. when o equals 0.7 (S..o7, outrigger effect
factor) is used to indicate the magnitude of the outrigger
effect. The stiffer perimeter column (larger k. value) and
longer outrigger span (larger /, value) can enhance the outrig-
ger effect. For taller structures, the EI can significantly
increase because of the larger seismic demand. Therefore, the
Seco7 would be smaller for taller structures. In design practice,
the k. should be determined primarily by the gravity load
demands, and the [, determined by the architectural plan.
Therefore, the outrigger effect factor S..p; also reflects the
suitability of adopting an outrigger in certain buildings. The
structure with larger S..o; value suggests that the efficiency of
the mitigating seismic response would be higher when an
outrigger system is adopted. In addition to the indexes R,. and
Ry, described in the previous study,’ the outrigger stiffness
ratio (R,.) is also newly defined as the ratio of outrigger stiff-
ness, ke, to the perimeter column axial stiffness, k., and is
expressed as follows:

Table 1. Parameters used in the DM model for each outrigger
configuration

Configuration Outrigger stiffness (ko) k¢ ky Ud,y
. K4k
OB outrigger kog.08 = kdi—tkt ke ky Ud,y
BT outrigger Kog,8T = Kbt 0o Kbt Upty
. . . u
GB outrigger Kog,8 = ka,gb Sin*y 0 kggpsiny s(ijggb
n
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k
Roc = kij>

R,. indicates the stiffness provided by the outrigger system.
After the perimeter column size is determined, R,. can provide
engineers with a rough estimate of the required BRB sizes and
outrigger truss stiffness according to the selected R, value.

4.2 Analytical models

A total of seven types of analytical models with different
structural plans and building heights were used for the para-
metric study. Figure 4 shows the floor framing plan of the
floor with an outrigger for the analytical models. The two
outrigger elevations are designed to resist horizontal loads in
EW direction. The dead load, which is also the mass source, is
0.8 tonf/m?. Table 2 shows the details of the analytical mod-
els. The values of EI were selected such that the fundamental
vibration periods of the models without an outrigger (Core
model) were close to 0.03 h. The R,. values were fixed at
0.09, 0.45, 0.91, 1.36, 1.82, 2.27, and 2.73. The S..o; values
were set to be smaller for taller structure models. Table 2 and
Figure 5 show the ranges and distributions of the S..o; and R,
values for each analytical model. The S..o; values were prop-
erly selected to create a dense and uniform distribution, as
shown in Figure 5. Based on the distributions shown in

LIN ano TAKEUCHI

kog = kogos =1/(1/ky + 1/k;), for OB outrigger configuration
kog = kog pr = ki;, for BT outrigger configuration
kog = kog.GB = kagb sin? 5, for GB outrigger configuration

Y

Figure 5, the analysis results in this study are valid when the
Scco7 and R, range from O to 4 and from O to 3, respectively.
For each analytical model, the values of k. and k,, can be cal-
culated based on the selected S..o7 and R,. values from Equa-
tions (10) and (11), and the DM model can be constructed
accordingly.

4.3 BRB yield deformation

The method of calculatmg the BRB y1eld deformation (u,)
has been introduced in the previous study.’ The force-deforma-
tion relationship of the BRB in the analytical model is bilinear
with a post-yield stiffness ratio of 0.01. The axial deformation
of the BRB in the OB outrigger when the building laterally
deforms in the first mode shape until the roof drift reaches 0,
is defined as the u,,. Figure 6 shows the distributions of u,,
with respect to S..o; and o when R, is 0.5, 1, 2, and 3 for the
cases when /, = 12 m and 0, = 1/750. The o that results with
the largest u,, is approximately 0.5-0.7, and is higher when
the value of R, is smaller. The value of u,, changes primarily
with o. The stiffer outrigger (larger R,. value) results in smal-
ler u,, values, and the value of S..; has less effect on u,,.
Under the same 0,, it appears that the outrigger elevation with
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Figure 5. Distribution of S, value with respect to R, for each ana-
. . . lytical model
Figure 4. Floor framing plan of the analytical model
Table 2. Parameters of the analytical models
Fundamental period of the
Model h (m) El (kN-m?) I¢ (m) ws (m) Scco7 core structure (sec) Roc
16-story 64 4.1 x 10° 16 13 3.17-7.36 1.74 0.09-2.73
16-storyB 64 4.1 x 10° 14.5 14 2.60-6.02 1.74 0.09-2.73
16-storyC 64 4.1 x 10° 12.8 15.3 2.02-4.69 1.74 0.09-2.73
32-story 128 1.6 x 10" 16 13 1.45-3.35 3.50 0.09-2.73
32-storyD 128 1.6 x 10" 13.8 14.5 1.07-2.48 3.50 0.09-2.73
64-story 256 6.5 x 10'° 16 13 0.69-1.60 6.92 0.09-2.73
96-story 384 2.2 x 10" 16 13 0.31-0.73 9.76 0.09-2.73
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a larger u,, value is more efficient for utilizing the axial
deformation of the BRB in minimizing seismic response. For
design practice, the uy, is approximately 0.001 of the BRB
length. Therefore, the u,, shown in Figure 6 can be used to
estimate the required BRB length at the preliminary design
stage.

4.4 Spectral analysis

The SA procedure is used to evaluate the seismic performance
of the BRB-outrigger system. To apply the SA to different
outrlgger configurations, the SA proposed in the previous
study” has been modified. As the BRBs in a BT outrigger con-
figuration may not yield simultaneously, this study uses the
DM model to perform a modal pushover analysis (MPA)'?
using OpenSees to obtain a more accurate base shear and roof
displacement relationship. Figure 7A shows the MPA result of
the /™ mode, where Yrop,i 18 the roof displacement when the
first BRB yields, K; is the elastic modal stiffness, and K,,; is
the equivalent stiffness when the roof displacement reaches its
maximum of yn.x ;. The lateral force pattern used in the MPA
is assumed to keep the same elastic mode shape even when
the BRB yields. The equivalent damplng ratio (h,,,;) of the z
mode response with a ductility of y; is calculated as follows'?

ymaxz

1 Ymax.i E a(y r
/ ( ) dy y M = )
Ymax,i Viop.i 477:Es (y) ytolr,i

where E,(y) and E(y) are the energy dissipated by the BRB-
outrigger per loop, and the strain energy with a roof displace-
ment of y (as shown in Figure 7B), respectively. ko (0.02) is
the inherent damping ratio. The response spectrum is then
adjusted, because of the increased dam})lng ratio, using the
reduction factor D,,; expressed as follows

14+ Kh()
D= | —————
hi 1+ Kheyi’

It S«T.,hy) is the spectral displacement at period 7 and
damping ratio h, the maximum roof displacement (y'ax.;) Of
the response of the i™ mode can be estimated as follows:

heqﬁi = hO +

(12)

K = 25 for observed ground motions
K = 75 for artifical ground motions

(13)

(14)

Ymax,i

:DhﬁiSd< eq,is ) ld)( )

where T,,; is the equivalent vibration period, I is the i

modal participation factor, and ¢;(h) is the roof displacement

Base shear A
Base shear_

/ mHIHHHHH yES

K; i ot oof disp.
" Wiopii Ymax.ii R
Roof disp.
A B
Figure 7. Relationship between (A) base shear and roof displacement

obtained from MPA (B) Ey and Eg

in the ™ mode shape. The SA calculation is an iterative proce-
dure and should be continued until the y,x; used in comput-
ing h.,; is sufficiently close to the y'..; obtained from
Equation (14). It is anticipated that the yielding of BRBs only
results in a marginal decrease in the stiffness of the entire
structure. Thus, it is assumed that the modal superposition
principle based on elastic mode shapes remains applicable.'?
The responses of the first four modes are calculated separately
and then combined using the square root of the sum of the
squares (SRSS) rule. If y/(x) is the lateral deformation at an
elevation of x in the SRSS combined deformed shape, the
maximum roof drift (0,.,) and the maximum overturning
moment at the core structure base (M, n,.x) can be calculated
as follows:

4 (x)

Mcmax =Ell——— di2

5)

x=0

4.5 Nonlinear response history analysis

The DM model constructed using OpenSees was also used to
perform the NLRHA. The NLRHA was performed using eight
ground motions (seven observed and one artificial), as shown
in Figure 8. The spectral accelerations of the ground motions
are scaled so that the mean of the spectral accelerations fits
the design spectral acceleration within a range of 0.27; to
1.5Ty, where T is the first mode period.'> A Rayleigh damp-
ing ratio of 0.02 for the first and second modes was applied
for all NLRHA. The means of the NLRHA results obtained
from the eight ground motions are used to verify the SA
results.

Jpn Archit Rev | 2019 | 6
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5. Analysis Results

5.1 Optimal outrigger elevations

As the BRB-outrigger applies a resisting moment to the core
structure, the structure becomes stiffer when the outrigger
effect is more significant. Therefore, the decrease in the first
mode vibration period of the elastic system when compared
with the Core model without an outrigger (D7) is used to
estimate the effectiveness of the BRB-outrigger. The smaller
D7, value suggests that the outrigger effect is more signifi-
cant. Figure 9A shows the distribution of o when the value
of Dy, is smallest (a,,,71) with respect to R,. and S..g7. The
distribution of Dy when the outrigger locates at o, 71 is
shown in Figure 9B. When the value of S..; is larger, the
ratio of the perimeter column axial stiffness to the core
structure’s flexural rigidity becomes larger. When the value
of R,. is larger, the ratio of the stiffness of the outrigger
with BRB to the perimeter column axial stiffness becomes
larger. Then, the outrigger effect is more significant as the
D7y is smaller. The o,,, 7 ranges from 0.5 to 0.8, and is
lower when the values of R,. and S..y; are larger. Based on
the analysis results, the relationship between o, 71, R,c, and
S.c07 can be approximately fitted using a polynomial with
least square method as follows:

a()pt,Tl (Rom Scc07)

= 0.9165 — 0.3672R,. — 0.05033S,..07 + 0.188R2,
—0.006691R,cScc07 + 0.00575552,,, — 0.03384R3. (16)
+0.002815R2 S,c07 + 0.0004949R,,.S% 1,
—0.0001824S2 7 (0<S.c07 <4, 0<R, <3)

Within the valid ranges of S..p; and R,., the adjusted R-
square value of Equation (16) is 0.94. The o,,, 71 calculated
from using Equation (16) is shown in Figure 9A.

After the BRB yields, the BRB dissipates energy through
its hysteretic response. The value of the equivalent damping
ratio (h,,;) calculated using Equation (12) can be used to
identify the energy dissipation efficiency of the BRB-outrigger
system. As the first mode dominates the seismic response,
the equivalent damping ratio calculated from the first mode
(heq,1) is used. The larger h,,; value developed by the BRB-
outrigger suggests the energy dissipation efficiency is higher.
Figure 10A shows the distribution of the outrigger elevation
when the value h,,; is maximum (%, eq1) With respect to
Scco7 and R,.. The distribution of h,,; when the outrigger
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locates at o, peq1 18 shown in Figure 10B. The larger R,
and S..7; values impose greater outrigger effect and thus
result in a greater h,,; value. The distribution of o, jeq1 is
similar t0 ®,,,71. The o,p;peq1 Tanges from 0.6 to 0.9, and is
lower when the values of R,. and S..y; are larger. Based on
the analysis results, the relationship between o, seq1, Roc, and
S.co7 can be fitted using a polynomial with least square
method as follows:

Gopt heql (Rocv SCCO7)
= 1.028 — 0.4112R,. — 0.06694S,.o7 4+ 0.2054R?2
—0.01297RcScco7 + 0.00735952 1, — 0.03614R3,
+0.002813R2 Scco7 + 0.003196R,,:S2,;
—0.0002686S> 1,  (0<Sec07 <4, 0<R, <3)

amn

Within the valid ranges of S..o7 and R, values, the adjusted
R-square value of Equation (17) is 0.96. The o, s.41 calcu-
lated from using Equation (17) is shown in Figure 10A.

Figure 11 shows the distributions of the outrigger elevation
when 0, is minimum (o, ) with respect to R, and S..o7
calculated from SA and NLRHA. The distributions of 0,4
when the outrigger locates at «,,,¢ calculated from SA and
NLRHA are shown in Figure 12. Both the SA and NLRHA
results indicate that the larger values of R,. and S..o; result in
a smaller 0., response. The distribution of 0, calculated
from NLRHA and SA is similar. As the NLRHA results are
sensitive to different ground motions, the «,,, ¢ calculated from
NLRHA results does not exhibit a similar distribution to the
SA results. However, both the SA and NLRHA results suggest
that o,,, ¢ ranges approximately from 0.6 to 0.8. o,y is smal-
ler when the values of R,. and S..o; are larger, which is simi-
lar to o,y 71 and o,y peq1- Based on the SA results, the
relationship between o, g, R,c, and S..o; can be fitted using a
polynomial with least square method as follows:
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0(opt,(?(Rom SCCO7)
= 1.016 — 0.3824R,. — 0.04082S,.07 + 0.2075R?,
—0.007177R peSeco7 + 0.0024575%,, — 0.03809R> . (18)
+8.228 x 107R? S.c07 + 0.002544R,,.S% 7
+6.748 x 107383 1 (0<Sc07 <4, 0<R,. <3)

Within the valid ranges of S..o7 and R,. values, the adjusted
R-square value of Equation (18) is 0.94. The o, ¢ calculated
from using Equation (18) is shown in Figure 11A.

Figure 13 shows the distributions of the outrigger elevation
when M iax is minimum (o, ) With respect to R, and S..7
calculated from SA and NLRHA. The distributions of M, ,,.x Wwhen
the outrigger locates at o,y calculated from SA and NLRHA
are shown in Figure 14. The M, ;. calculated from NLRHA is
similar to SA. The M, ,,x decreases with increasing S..o7 and R,
values. However, the M. ,,,x stops decreasing when S,.o7 is greater
than around 1-2 and when R, is greater than 1. The SA results
indicate that o, s drops to around 0.2 when R,. and S..; are
greater than approximately 0.5. However, the NLRHA results sug-
gest that o, ys. drops to around 0.3 when R, and S..7 are greater
than around 2 and 3, respectively. The differences between the SA
and NLRHA results could be due to the SA calculation of M, .«
being based on elastic mode shape and linearly elastic force-defor-
mation relation, and the NLRHA results could be sensitive to dif-
ferent ground motions. However, both the SA and NLRHA show
the trend that the o, 5. would be lower when the values of S..7
and R,. are larger. Based on the SA results, the relationship
between the o, psc, Roc, and S..o7 can be fitted using a polynomial
with least square method as follows:

Olopt,Mc (Rou SC(‘O7)
= 1.583 — 1.421R,. — 0.5673S.07 + 0.6559R2,
+0.1473RcSeco7 + 0.13585% 4, — 0.1134R3,
+0.00461R2,S.c07 — 0.02445R,.S% 7
—0.010475% 5, (0<Scc07 <4, 0<R,. <3)

19)
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Within the valid ranges of S..o; and R, values, the adjusted
R-square value of Equation (19) is 0.76. The o, s calculated
from using Equation (19) is shown in Figure 13A. It should be
noted that the polynomials shown in Equations (16)-(19) are
only used to demonstrate the relationships between optimal
outrigger elevations in order to achieve different optimal

Jpn Archit Rev | 2019 | 8
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responses, which is introduced in the next section. Based on
the analysis results, the ranges of o, 71, Uoprieqi> and %opr
are similar (0.6-0.8), but the range of o,y (0.2-0.8) is much
different from the others. This is because that the BRB-outrig-
ger applies a resisting moment to the core structure to reduce
seismic response. The core structure can result in greater rota-
tional demand on BRB-outrigger at higher elevation, however,
the axial stiffness provided from the perimeter column is smal-
ler. Therefore, the BRB-outrigger elevation of 0.6-0.8 should
be the best elevation to result in largest outrigger effect and to
reduce 0. response. On the other hand, as the maximum
bending moment of core structure develops at the foundation,
if the resisting moment applied by BRB-outrigger is closer to
the core structure base, it is more efficient in reducing M, ax
response.

5.2 Effects of outrigger effect factor and outrigger stiffness ratio
Figure 15 shows the reductions in 0, (Dy) when compared
with the Core model when R,. is 0.5, 1, 2, and 3 calculated
from SA and NLRHA. The SA and NLRHA results are similar
and indicate that the « that best reduces 0, is approximately
between 0.6 and 0.8, and is lower when the value of R, is lar-
ger (stronger outrigger effect). Under a fixed R, value, the lar-
ger S..o7 value leads to greater reductions in 0., when o is
higher than 0.5. This suggests that when o is lower than 0.5,
Omax cannot be effectively reduced by increasing the S..o7
value. The dashed lines in Figure 15 show o, 71, %piheqis
Oopr,o» and o,y calculated from Equations (16)-(19). The
similar distributions of o, 71, %psneq1» and o, ¢ indicate that
the optimal « to maximize outrigger effect, equivalent damping
ratio, and to minimize 0, is approximately 0.7-0.9. Further-
more, the oy, 71, Goprieqr, and o, o distributions calculated
from SA well match the D, distributions calculated from both
SA and NLRHA. Figure 16 shows the reductions in M, nax
(Dy.) when compared with the Core model when R, is 0.5, 1,
2, and 3. Both the SA and NLRHA suggest that the larger
Scco7 value results in greater reduction in M, .. The o that
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results in the greatest reduction in M, .« calculated from SA
is lower than the one calculated from NLRHA. However, the
Goprme can still provide satisfactory outrigger elevation to
reduce the M, . response, according to the NLRHA results.
Furthermore, as shown in Figure 16B, the influence on Dy,
because of changes in o is insignificant when « is greater than
0.4. Therefore, the o selected from o, 9, %opsneq1> ANd Gy 71
distributions can also provide satisfactory D,,. response.

Based on the analysis results, both the Dy and D,,. responses
indicate that the larger R,. value offers a stiffer outrigger
(stronger outrigger effect) and results in a smaller seismic
response. However, the reductions in seismic responses are not
proportional to the increasing R,.. For example, when compar-
ing the cases where R,. increases from 1 to 2, the required
outrigger stiffness k,, is doubled, but, the Dy and D, are
increased by approximately 5% only. Therefore, to efficiently
reduce seismic response utilizing a BRB-outrigger, selecting o
approximately between 0.6 and 0.8, and an S..o; value greater
than 1 would be more efficient than increasing R,.. In sum-
mary, based on the analysis results, to efficiently mitigate the
seismic response, the optimal « is around 0.6-0.8, and the rec-
ommended values of S..; and R,. are greater than 1 and
around 0.5 and 1, respectively. Those recommended design
parameters in order to minimize seismic responses are similar
to the previous study,” in which the optimal design parameters
were verified by performing a series of NLRHA. Figures 15
and 16 can be used as design charts to assist the designer in
selecting the outrigger elevation and outrigger stiffness ratio
for achieving the desired seismic response at the preliminary
design stage. The examples with different outrigger configura-
tions designed by utilizing the design charts are introduced in
the following sections.

5.3 Design recommendation
The optimal values of « and R, in order to minimize seismic
response are studied. Figure 17 shows the recommended
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design flow chart. For design practice, the building lateral stiff-
ness (core structure flexural rigidity, EI) should be mainly
determined based on the code specifications. The perimeter
column sizes (k.) should be determined according to the floor
framing plan and gravity load demands. The recommended
design procedure is as follows,

1. If o is not restricted for architectural reasons, select o
between 0.6 and 0.8, and calculate the S..o; value.

2. Target R,. value as large as possible within the range of
0.5 and 1.

3. Based on the selected R,, calculate the k,, and design the
BRB and outrigger members. If the k,, is too large to
design the BRB or outrigger members, select suitable
BRB and outrigger member sizes and update the corre-
sponding k,, and R, values.

4. Determine the BRB yield deformation (for example, 0.001
of the BRB element length). Then, perform the first mode
MPA.

5. Confirm if the roof drift when BRB yields (0,) is within
suitable range. If 0, is too large (0, > 1/300),” decrease
kog. If 0, is too small (0, < 1/800),” increase kog-

6. After all the parameters are determined, perform the
analysis and proceed to member design. As the outrig-
ger effect results in additional force demands on the
perimeter column, the perimeter column axial force
demand should include the maximum BRB axial force
capacity.

6. Effects of BRB-Outrigger Configurations

6.1 Introduction of example models

A 40-story model (h = 160 m) is used to demonstrate design
examples for the structures with OB, BT, and GB outriggers.
The structural plan is shown in Figure 4 with /, and w, equal
to 12 m and 5 m, respectively. The core structure span is 5 m.
The dead (mass source) and live loads are 0.8 tonf/m> and
0.3 tonf/m?, resgectivelg. The core structure flexural rigidity
(EI) is 4 x 10° kN-m”. Based on the dead and live load
demands in the first story, the perimeter column with size of
Box 900 x 900 x 75 mm, made from SN490 grade steel (ma-
terial yield stress = 325MPa), was designed. The compressive
demand-to-capacity ratio (DCR) of the perimeter column in
the first story is 0.35. Therefore, the value of k. is
309 375 kN/m, and the outrigger effect factor S..p; of 2.55
can be calculated from Equation (10). The design details and
the seismic performance of each configuration are introduced
in the following sections. Based on the analysis results in pre-
vious sections, the value of R,. is set to be approximately
0.45, and the « is set at 0.7. Therefore, the required outrigger
stiffness  (k,g) is approximately 139 219 kN/m, and the
required u,, is approximately 16-18 mm. As shown in Figures
15A and 16A, the case of R,. = 0.45 and S..o7 = 2.55 when
o = 0.7 suggests that the reductions in O, and M, ,.x are
approximately 39% and 23%, respectively. With this condition,
the seismic performance of structures with different BRB-
outrigger configurations of OB, BT, and GB is compared.

Jpn Archit Rev | 2019 | 10
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Figure 18A shows the design details of the OB outrigger.
The top and bottom chords of the outrigger truss locate at the
28th and 27th floors, respectively. The two ends of the brace
and column members in the outrigger truss are designed with
moment connection detail. The connections between the top
and bottom chords to the core structure are rigid connections.
The top chord end near the perimeter column connects with
the BRB, which is arranged vertically, with a length of 8 m.
The bottom end of the BRB connects to the perimeter column
at the 26th floor. Both two ends of the BRB are pinned con-
nections. The 26th-floor beam is spliced adjacent to the lower
BRB end. The value of k, is 187 987 kN/m, which is calcu-
lated using OpenSees. Table 3 shows details of the BRB
design in the OB outrigger configuration (BRB_OB). Fig-
ure 18B shows MBM model of OB outrigger. The members in
the outrigger truss are modeled using beam column elements.
The BRB_OB, which is modeled using a truss element, con-
nects to the outrigger truss end at Node A and to the perimeter
column at Node C. The perimeter column at the 28th floor
level is separated at Node B, which shares the same coordi-
nates with Node A but moves independently of Node A. The
bilinear material model with a post-yield stiffness ratio of 0.01
is used for all the outrigger truss and BRB members in order
to confirm if the structural members deform inelastically.

Figure 19A shows the details of the BT outrigger. The top
and bottom chords with both ends of shear connection detail
locate at the 28th and the 27th floors, respectively. The mem-
ber size of the top and bottom chords are the same as those of

WILEYONLINELIBRARY.COM/JOURNAL/JAR3

the OB outrigger (BH 700 x 500 x 50 x 70 mm), but the
column size in the outrigger truss is designed to be smaller
(RH 700 x 300 x 13 x 24 mm). The two ends of the outrig-
ger truss columns are designed with moment connection detail.
Four identical BRBs (BRB_BT), are arranged along the BT
outrigger with an equal span of 3 m, as shown in Figure 19A.
The design details of the BRB_BT are presented in Table 3.
Figure 19B shows the BT outrigger in the MBM model. The
top and bottom chords are modeled using beam column ele-
ments. The ends at Node A, B, C, and D are free to rotate
about the out-of-plane direction using the equalDOF command
in OpenSees. The ideal inelastic behavior of the BT outrigger
is to let the BRB yield first and then dissipate majority of the
input seismic energy. Slight inelastic deformations in the top
and bottom chords and the columns in the BT outrigger would
be permitted. The bilinear material model with a post-yield
stiffness ratio of 0.01 is used for all the elements in the OB
outrigger in order to confirm if the structural members deform
inelastically.

Figure 20A shows the details of the GB outrigger. The top
and bottom ends of the BRB (BRB_GB) connect to the core
structure at the 28th floor and to the perimeter column at the
26th floor, respectively. Both BRB_GB ends are pinned con-
nections. The floor beams at the 26th and 28th floors are
spliced adjacent to the BRB connections. The details of the
BRB_GB design are presented in Table 3. As the floor beam
at the 26th floor is required to sustain the maximum axial
force developed in the BRB_GB and has to be stiff enough to
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Figure 18. (A) Design detail and (B) MBM model of the OB outrigger
Table 3. Design details of the BRB in each outrigger configuration
Cross-sectional area (mm?) Segment length (mm) Axial
Core stiffness Yield deformation Yield axial force
BRB material Core Transition Joint Core Transition Joint (kN/m) (mm) (kN)
BRB_OB SN490 19 500 30 500 41 500 6500 110 640 538 518 11.8 6338
BRB_BT  SN490 22 275 34 925 47 575 2500 115 1135 1 200 962 6.0 7239
BRB_GB SM570 27 600 40 080 52 560 6500 104 3846 516737 22.4 11592
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prevent excessive axial deformation, the axial force demand
for the 26th floor beam is estimated as 15 861 kN
(Ny x 1.1 x 1.3 x 1.15 x cosy, where N, is the axial yield
force of the BRB_GB, and the perimeters 1.1, 1.3, and 1.15
are the factors accounting for material overstrength, strain
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hardening, and compression strength adjustment, respectively).
It is assumed that sufficient lateral support is provided on the
26th-floor beam. Therefore, size BH 820 x 400 x
22 x 50 mm, made from SN490 grade steel, can be designed
with a compression DCR of 0.97. The axial stiffness of the
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Figure 19. (A) Design detail and (B) MBM model of the BT outrigger
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26th-floor beam is 2.6 times the axial stiffness of the BRB_GB
in a horizontal direction. Thus, it should be stiff enough to pre-
vent excessive axial deformation. Figure 20B shows the GB
outrigger in the MBM model; the 27th-floor beam is not
included. Both the BRB and floor beams are modeled using
truss elements. The bilinear material model with a post-yield
stiffness ratio of 0.01 was used for the BRB member.

6.2 Seismic response of the example models

Figure 21A shows the relationship between the vertical force
applied at the outrigger end (P,) and the corresponding vertical
deformation (u,) in each outrigger configuration calculated
from the vertical pushover analysis using OpenSees. Figure 21B
illustrates the vertical pushover analysis of each configuration.
Based on the analysis results, the elastic outrigger stiffness
(ko) of the OB, BT, and GB outriggers is 139 344, 132 384,
and 159 077 kN/m, respectively. The vertical deformation
when BRB yields are 46, 51, and 40 mm for the OB, BT, and
GB outriggers, respectively. Figures 21A and 21C show the
sequence of BRB yielding and the flexural plastic hinges form-
ing in the outrigger truss columns. BRB1 and BRB4 (Fig-
ure 21C) yield first when vertical deformation (u,) reaches
51 mm (0.4% rad. deflection). BRB2 and BRB3 yield when u,
reaches 90 mm (0.8% rad. deflection). The flexural plastic
hinges form at the two ends of outrigger truss columns when
u, reaches 120 and 159 mm (1% and 1.3% rad. deflection),
respectively. The post-yield stiffness of the OB outrigger is
slightly larger than that of the others. However, as the elastic
stiffness and the yield deformation of the OB, BT, and GB
outriggers are similar, it is anticipated that the structure with
the different outrigger configurations would exhibit similar
seismic response. Table 4 shows the parameters used in the
DM model for the structure with different outrigger configura-
tions. The value of 9 x 107 is used for infinity k, in the DM
model for BT and GB outrigger configurations.

Table 5 shows the first four mode vibration periods calcu-
lated from using DM and MBM models. The vibration periods
calculated using the DM model are slightly larger than those
from using the MBM model. Figure 22 shows the roof drift

Table 4. Parameters used in DM model for the design example with
different outrigger configurations

Configuration kog (kN/m) k¢ (kN/m)  kgy (kN/m)  ugy (mm) P

OB outrigger 139 344 187 987 538 518 11.8 0.01
BT outrigger 132 384 co 132 384 51.0 0.01
GB outrigger 159 077 (o] 159 077 40.4 0.01

Table 5. Vibration periods calculated using DM and MBM models for
the design example with different outrigger configurations

Vibration period (sec)

1st 2nd 3rd 4th
Configuration Model mode mode mode mode
OB outrigger DM 4.383 0.840 0.316 0.160
MBM  4.252 0.880 0.344 0.178
BT outrigger DM 4.410 0.841 0.316 0.160
MBM  4.390 0.890 0.344 0.178
GB outrigger DM 4.312 0.835 0.316 0.160
MBM  4.184 0.880 0.344 0.178
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histories of the structures with OB, BT, and GB outriggers
under BCJ-L2 ground motion (scale factor = 1). The roof drift
history results obtained using DM and MBM models are close
to each other. Furthermore, the roof drift responses between
the three structures with different outrigger configurations are
similar. The differences between the analysis results calculated
using DM and MBM models could be due to the fact that the
span of the core structure is not included in the DM model,
the cantilever column in the DM model could not perfectly
resemble the braced core structure in the MBM model, and the
different distribution of mass along the building height in the
DM and MBM model. The modal analysis and roof drift his-
tory results suggest that the DM model with modified parame-
ters shown in Table 1 can be used to model the structure with
BT and GB outrigger configurations. Furthermore, the struc-
tures with different BRB-outrigger configurations but sharing
the same S..; and R,. values exhibit very close seismic
response. This indicates that the proposed indexes (S..o; and
R,.) can effectively reflect seismic performance for a structure
when any one of the OB, BT, or GB outrigger configurations
is adopted.

Figures 23 and 24 show the maximum roof drift (0,,,,) and
the maximum overturning moment at the core structure base
(M max) calculated from NLRHA with the original observed
ground motions using DM and MBM models, respectively.
Figure 25 shows the cumulative plastic deformation ratio
(Rcpp)'® for the BRB in each outrigger configuration calcu-
lated from NLRHA using the MBM model. The locations of
the four BRBs in the BT outrigger are shown in Figure 19A.
The zero values of Rc-pp indicate that the BRB deforms elasti-
cally. The analysis results show that 0,,,x and M, ,.x responses
between the structures with OB, BT, and GB outrigger config-
urations are only slightly different. The model without an
outrigger (Core model) generally exhibits greater 0., and
M. 12 than the models with a BRB-outrigger. However, under
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€ 0
©
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g o5
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Time (s)
Figure 22. Roof drift history of models with OB, BT, and GB outrig-

ger calculated using DM and MBM models
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Tohoku, El Centro, Taft, and Kumamoto ground motions, the
BRB-outrigger only slightly improves the seismic response
when compared with the Core model. This is because the
increased stiffness resulting from the outrigger effect might
increase seismic demand, and the BRB deforms elastically
(Rcpp = 0) or exhibits only slight inelastic deformation (low
Rcpp values) and thus results in a low energy dissipation effi-
ciency. Figure 26 shows the percentages of energy dissipated
by the BRB (Eggp) to the total input energy. The reductions in
the Onax and M, .« are greater when the value of Epgp is lar-
ger. The reductions in 0,,,« (the average of OB, BT, and GB
outriggers), when compared to the Core model are approxi-
mately 27% and 50% under ChiChi and BCJ-L2 ground
motions, respectively. Furthermore, the reductions in M, pnax
(the average of OB, BT, and GB outriggers) when compared
with the Core model are approximately 40% and 30% under
ChiChi and BCJ-L2 ground motions, respectively. According
to Figures 15 and 16, the SA results indicate that the reduc-
tions in Op.x and M, . are around 39% and 23%, respec-
tively. This suggests that the SA could provide appropriate
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estimations of the seismic response if the BRBs develop suffi-
cient hysteretic responses. As shown in Figure 25, the Rcpp
values also indicate the ductility demand for the BRB. The
BRB_OB exhibits the largest R-pp value as the vertical BRB
arrangement imposes a large amount of axial deformation
demand on the BRB_OB. The Rcpp values of the BRB_GB
are smaller than those of the BRB_OB. However, the seismic
response and the Epgp of the models with OB and GB outrig-
ger configurations are similar. This suggests that the GB
outrigger configuration could be a better alternative configura-
tion for preventing excessive ductility demand on the BRB, as
a BRB with too large an Rcpp value could easily fracture
before the end of an earthquake. For the BT outrigger, because
of the outrigger arrangement, the ductility demands for the
BRBs near the two outrigger truss ends (BRB_BT(1) and
BRB_BT(4)) are greater than that for the BRBs in the mid-
span of the outrigger truss (BRB_BT(2) and BRB_BT(3)). In
design practice, the sizes of the BRB in the BT outrigger con-
figuration could be properly adjusted to reduce steel usage. For
instance, BRB_BT(2) and BRB_BT(3) with low Rcpp values

1.8 T T T T T T —Chichi " 1.8
DM Chichi BCJL2 MBM
5 [ core [ core L2 -
® 1.21 [os 1 Cos 112 ®
© [ BT [ BT NS
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Figure 23. 0,,ax responses calculated from NLRHA with the original observed ground motions
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Figure 25. The Rcpp calculated from NLRHA with the original observed ground motions
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Figure 26. The Epggrp calculated from NLRHA with the original
observed ground motions

Table 6. Steel usage for the OB, BT, and GB outriggers with single
outrigger span

Outrigger truss Total
Configuration (tonf) BRB (tonf) (tonf)
OB outrigger 43.6 3.8 47.4
BT outrigger  20.6 11.2 (2.8 tonf 31.8

for each BRB_BT)

GB outrigger 5.3 (including 9.2 14.5

the 12 m-long

floor beam)

in the design example could be replaced with ordinary elastic
steel braces.

6.3 Comparison between OB, BT, and GB outrigger configura-
tions

Table 6 shows the steel usage of the OB, BT, and GB outrig-
gers (single span within the core structure and perimeter col-
umn) for the design example models. The weight of the 26th-
floor beam in the GB outrigger, which is designed to sustain
the maximum force developed by the BRB, is included. The
OB outrigger consumes the most steel. Although the force
demands on the OB outrigger truss members can be effectively
limited by the maximum force capacity of the BRB_OB, the
OB outrigger truss member sizes can be determined to create
sufficient k, value, instead of being determined by force
demands. Furthermore, when the outrigger truss span (/)
becomes longer, the required outrigger truss member size must
be sharply increased. Therefore, the OB outrigger configuration
would be suitable only when the outrigger truss span is short.
However, the OB outrigger truss can be designed to occupy
only one story; and only one BRB is required. The BT outrig-
ger configuration requires more than one BRBs. Slight plastic
deformations are allowed in the BT outrigger truss members to
prevent too large a member size. Therefore, the design of the
BT outrigger configuration is more flexible but more compli-
cated than the OB outrigger configuration. Furthermore, as the
BRB and outrigger truss act in parallel, the post-yield stiffness
could be properly adjusted by selecting different sizes of the
outrigger truss member. The larger post-yield stiffness ratio
would be beneficial, as it avoids sudden stiffness drops, as
seen in the OB and GB outrigger configurations when the
BRB yields. The GB outrigger consumes the least amount of
steel. However, the GB outrigger requires a very long BRB
when the /, is long, and the BRB_GB may be required to span
more than two story heights to generate sufficient outrigger
stiffness (k,,), which could reduce usable floor area. Based on
the analysis results, all three outrigger configurations can
achieve satisfactory seismic response and could be selected by
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designers to fit individual architectural requirements using the
proposed indexes and design charts.

7. Conclusions

This study investigated the seismic performance of structures
incorporating the BRB-outrigger as a lateral force resisting
system using SA and NLRHA procedures. Three different
BRB-outrigger configurations were proposed with common
design indexes and charts. Based on the analysis results using
the proposed simplified models, the conclusions of this study
are as follows:

1. The outrigger elevation strongly affects seismic response.
The ranges of outrigger elevation (o) in order to enhance
outrigger effect, to increase equivalent damping ratio, and
to reduce On,.x response are 0.5-0.8, 0.6-0.9, and 0.6-0.8,
respectively. The optimal outrigger elevation («) should be
approximately 0.6-0.8. Based on the NLRHA results, the
maximum overturning moment at the core structure base
can be efficiently reduced when the outrigger locates at its
optimal elevation.

2. The outrigger effect factor S..o7 can be used to indicate
the efficiency of utilizing the BRB-outrigger as a seismic
resistance system to improve seismic performance. A large
Scco7 value suggests the efficiency of mitigating the seis-
mic response of the BRB-outrigger is higher. Based on
the analysis results, the recommended value of S..o;
should be larger than 1.0.

3. The outrigger stiffness ratio R,. indicates the required
outrigger stiffness. A large R, value leads to better reduc-
tions in the seismic response but also increases the cost.
According to the analysis results, when the value of S..o;
is greater than 1.0, selecting an outrigger elevation o of
0.6-0.8 should be the first priority. The R,. is then
selected to fit the desired seismic response.

4. When the outrigger locates at approximately o = 0.6 to
0.8, and when the values of S..o7 and R, are greater than
1.0 and 0.5, respectively, both maximum roof drift ratio
and maximum overturning moment at the core structure
base can be reduced by approximately 20%-30%, if the
BRBs develop full hysteretic responses.

5. Three different BRB-outrigger configurations were designed
and calibrated using the proposed indexes and charts, and
their seismic performance was investigated in this study.
According to the analysis results, the proposed indexes
(Scco7 and R,.) can effectively reflect the seismic perfor-
mance of a structure with a BRB-outrigger when any one of
the OB, BT, and GB outrigger configurations is adopted.

6. From the viewpoint of BRB design, the OB and GB outrig-
ger configurations are suitable when the outrigger span is
short. The OB and BT outrigger configurations utilize the
building interior space best. The GB outrigger could be the
most economical solution as outrigger truss members are
not necessary. All three BRB-outrigger configurations are
capable of achieving the desired seismic response. Design-
ers can select suitable BRB-outrigger configurations to ful-
fill both architectural requirements and economical design
using the proposed design charts and indexes.
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Appendix. List of symbols

Dy, ;: reduction factor for response spectrum

Dyy.: drop of the M, ,,.x when compared with the Core model
without outrigger

Dry: drop of the first mode vibration period of the elastic
system when compared with the Core model without outrigger

Dy: drop of the 0, when compared with the Core model
without outrigger

E;: energy dissipated by the BRB-outrigger per loop

EI: core structure flexural rigidity

E: strain energy of the system

h: building height

hy: inherent damping ratio

heg,i: €quivalent damping of the ™ mode response

hegi: equivalent damping ratio of the i"™ mode response

h,: vertical span of the BRB in the GB outrigger configuration

kp: flexural stiffness of the BT outrigger

k.: axial stiffness of perimeter column with length of &.

kq ¢p: axial stiffness of the BRB in the GB outrigger configuration

kg axial stiffness of the BRB in the OB outrigger configuration

K., i: equivalent stiffness when the roof displacement reaches its
maximum of Ypax.i
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K;: elastic modal stiffness of the i™ mode

kog pr: flexural stiffness combined with outrigger truss and
BRB in the BT outrigger configuration

kog cp: flexural stiffness provided by the GB outrigger

kog op: flexural stiffness combined with outrigger truss and
BRB in the OB outrigger configuration

kyq g rotational stiffness provided by the BT outrigger system

ko cp: rotational stiffness provided by the GB outrigger system

kg op: rotational stiffness provided by the OB outrigger system

k,: flexural stiffness of outrigger truss in the OB outrigger
configuration

l,: outrigger span

M., 1ax: maximum overturning moment at core structure base

M, pr: moment applied by the BT outrigger until the core
structure rotation at outrigger elevation reaches 0,

M, g: moment applied by the GB outrigger until the core
structure rotation at outrigger elevation reaches 0,

M, op: moment applied by the OB outrigger until the core
structure rotation at outrigger elevation reaches 0,

p: post-yield stiffness ratio of BRB in OB outrigger configuration

P, axial force of the BRB in the GB outrigger configuration

S..: outrigger effect when o varies from O to 1

S.co7: outrigger effect factor (when o = 0.7)

S4: spectral displacement

T,,;: equivalent vibration period of the i™ mode

up,,y: flexural deformation of the BT outrigger when BRB yields

up,: flexural deformation of the BT outrigger

u. pr: axial deformation of perimeter column below outrigger
elevation in the BT outrigger configuration

u. gp: axial deformation of perimeter column below outrigger
elevation in the GB outrigger configuration

u.: axial deformation of perimeter column below outrigger
elevation in the OB outrigger configuration

Ug qp,v: vertical component of the axial deformation of the
BRB in the GB outrigger configuration

ug,: axial yield deformation of BRB in the OB outrigger
configuration

Ug yep: axial yield deformation of BRB in the GB outrigger system

u,: axial deformation of the BRB in the OB outrigger configuration

u,: flexural deformation of the outrigger truss in the OB outrigger
configuration

Ymax.;: Maximum roof lateral displacement

Yrop,i- Toof lateral displacement when BRB yields in the i mode
shape

I';: modal participation factor of the /"™ mode

T,: the first mode vibration period

o ratio of outrigger elevation to building height

Ooprhegl: Optimal outrigger elevation for maximizing the first
mode equivalent damping ratio

Ooprmc: Optimal outrigger elevation for minimizing M max

%op,71: Optimal outrigger elevation for maximizing outrigger
effect

%ops,0: Optimal outrigger elevation for minimizing 0,y

¢;: mode shape of the /™ mode

n: inclined angle of the BRB in the GB outrigger configuration

w;: ductility ratio of the i™ mode response

0,: core structure rotation at the height of outrigger elevation

0 max: maximum roof drift ratio

0,: roof drift ratio of core structure when BRB yields

0,: core structure rotation at the height of outrigger elevation
when BRB yields

¥: SRSS combined deformed shape
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This research investigated the optimal design for structures with damped-outrigger incorporating BRB. Three different configurations of BRB-
outrigger were introduced in detail. The seismic performances of the structures with different BRB-outrigger configurations were compared.



