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The main objective of this study was to establish loading protocols for self-centering braced frames (SCBFs) while taking into
account the impact of near-fault ground motions. SCBFs are self-centering frames that have lower residual drift than buckling-
restrained braced frames (BRBFs) under near-fault earthquakes; thus, SCBFs can better control damage to buildings. Typically,
first-story columns are employed to represent the seismic behavior of a structure; therefore, loading protocols were developed for
first-story columns in SCBFs under near-fault earthquakes. Nonlinear static and dynamic analyses of SCBFs designed with various
periods were conducted for better understanding the seismic performance of SCBFs. Finally, the loading protocols developed for
SCBFs were compared with those for BRBFs under the same near-fault motions.

1. Introduction

Current design practices for steel high-rise buildings typically
employ braces to withstand seismic forces. These brace sys-
tems, typically named as eccentrically braced frames (EBFs),
concentrically braced frames (CRFs), or buckling-restrained
braced frames (BRBFs), can enhance the strength and stiffness
of the buildings effectively. Liu et al. [1] conducted a nonlinear
analysis for BRBFs and developed loading protocols for these
frames under near-fault earthquakes. It was found that the
loading protocol for the story drift in BRBFs has a permanent
residual drift due to pulse-type earthquakes.

The current study investigates a dual frame system,
which is composed of special moment frames (SMFs) and
the self-centering braced frames (SCBFs) to resist seismic
forces and reduce residual drift [2, 3]. While the AISC
341-16 [4] lacks a lateral displacement loading protocol for
testing a column. In general, near-fault ground motions alter
in residual and story drifts of buildings. In order to compre-
hend the impact of near-fault earthquakes on the seismic
response of buildings, it is necessary to assess the variation
of axial force and story drift for columns since the column

near the base in the first floor is allowed to form a plastic
hinge.

Four buildings were designed in this work to simulate
structures with varying structural periods. Observing the
actual dynamic behavior of high-rise buildings through non-
linear static analysis of frames is difficult due to the greater
influence of higher mode effects when compared to low-to-
medium rise buildings. To investigate the seismic behavior of
frames, nonlinear dynamic analysis was performed on these
frames. Because, the SCB can provide a restoring force to
buildings rather than a buckling-restrained brace (BRB),
the earthquake response for these two brace frame systems
may also be different. The object of this study was to formu-
late a loading protocol for first-story columns in dual system
with SCBs during near-fault seismic events.

Eleven representative time histories of near-fault ground
motion recorded in Taiwan were chosen to investigate the
influence of SCBs on enhancing frame behavior. All of the
selected records were characterized by ground motions fea-
turing high acceleration, significant velocity pulses, and nota-
ble permanent displacement [5]. According to seismic design
specifications and commentary of buildings (2011) [6] in
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FiGure 1: Hysteresis loop and backbone curve. (a) BRB; (b) SCB; (c) moment—rotation relation for steel members [7].

Taiwan, these earthquakes were scaled to meet the seismic
intensity levels as the design basis earthquake (DBE) and
maximum considered earthquake (MCE). Through nonlinear
dynamic analysis, the seismic behaviors of four SCBFs were
examined, and the dynamic response of the columns, beams,
and SCBs were also obtained. Based on the analysis results, a
loading protocol was formulated and proposed for the first-
story column test, specifically for the lateral drift and axial
force variation in SCBFs under near-fault earthquakes.

2. Literature Review

BRBs can yield and dissipate energy under tension and com-
pression, and provide stability against buckling under com-
pressive loads (Figure 1(a)). The hysteresis response of BRBs
can considerably improve the seismic performance of a
structure. However, BRBs can also cause residual deforma-
tion of structures, which becomes a critical problem in seis-
mic design [8]. By contrast, the self-centering ability of SCBs
(Figure 1(b)) can effectively reduce the lateral residual defor-
mation of structures during earthquakes. A novel brace with
self-centering energy-dissipative features was developed by
Christopoulos et al. [2], which can significantly reduce the
risk of structural damage, residual deformation, or collapse
for structures under earthquakes. Chou and Chen [9] pro-
posed a steel dual-core SCB that retains the advantages of
traditional SCBs but has twice the axial elongation capacity.
By performing cyclic tests with similar axial capacities on
large-scale BRBs and SCBs, Chou et al. [10] found that the
energy dissipation capacity of BRBs is considerably higher
than that of SCBs, but SCBs have considerably smaller resid-
ual deformations because the posttensioning force provides
restoring force in the SCBs. Chou et al. [11] further reported
that SCBFs have higher energy dissipation than do BRBFs
because the higher post-yield stiffness of SCBs can help the
frame system to develop a higher strength, which can
increase the energy dissipation of the frame as not see in a
single SCB test. In addition to posttensioned SCBs, a brace
using shape memory alloy (SMA) also exhibits a self-
centering hysteretic response. Zhang and Zhu [12] demon-
strated that prestrained SMA-based SCBs can efficiently
reduce the drift ratio and floor acceleration of frames com-
pared to unprestrained ones. Shi et al. [13] found that a
higher initial stiffness of SMA-based SCBs results in a greater

reduction of the residual drift and an improvement in collapse
resistance during a large seismic event. Casagrande et al. [14]
found that the SMA mechanic properties are affected by the
temperature change. Ferraioli et al. [15] demonstrated the
effectiveness of SMA-based SCBs installed in RC buildings
on decreasing story drift and structural damage. Furthermore,
they found that the recentering ability of the brace allows
columns to be repairable after a large seismic event. Numer-
ous studies have analyzed and compared the performance
of MRFs, BRBFs, and SCBFs during earthquakes, but stud-
ies that specifically investigate the influence of near-fault
earthquakes on these structures are insufficient. Tremblay
et al. [16] showed that SCBFs can effectively reduce residual
story drift under near-fault and far-field earthquakes, how-
ever, certain aspects of the behavior of SCBFs under near-
fault earthquakes are still unclear.

Baker [17] revealed that near-fault motions increase the
elastic seismic demand of structures with similar periods.
Mohammadi et al. [18] studied the response of structures
under near-fault earthquakes and reported that the velocity
pulse would lead to ineffectiveness of the structural ductility
and damage of structure. Gillie et al. [19] indicated that near-
fault earthquakes increase the inelastic seismic demand of
structures. Moniri [20] and Chou et al. [21] reported that
buildings under near-fault motions exhibit larger deforma-
tion than do those under far-field motions. Furthermore,
they reported that taller buildings tended to have stronger
dynamic responses. Fang et al. [22] evaluated the response of
different buildings under near-fault and far-field earth-
quakes. Building models of MRF, BRBF, and SCBF structures
were constructed to conduct nonlinear dynamic analysis,
and the results indicated that the deformation demands
recommended by current design codes at the DBE and
MCE levels were underestimates for near-fault earthquakes.

Researches have indicated that near-fault earthquakes
and far-field earthquakes have distinct seismic characteristics
that result in different effects on buildings. In current seismic
design practices, near-fault effects are considered by using
near-fault coefficients to modify the design spectra and
increase the seismic design force. However, according to
Krawinkler et al. [23], the near-fault coefficients may not
accurately represent the properties of near-fault earthquakes
and capture their impact on building drift demand. The
current study was aimed to examine the response of SCBFs
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FiGure 2: Continued.
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FiGURE 2: Dual systems with SCBFs and comparison of the pushover analysis results. (a) 3-Story, T} =0.36; (b) 7-story, T; =0.83's; (c) 15-
story, T; =1.56s; (d) 25-story, T; =2.47s; (e) pushover analysis results; (f) yielding order of 15-story.

in a series of near-fault earthquakes, with a focus on captur-
ing the effects of such earthquakes on the first-story column.
The lateral displacement and axial force variation of columns
under near-fault earthquakes are uncertain, and a loading
protocol for testing first-story columns in SCBFs has not
been developed. Therefore, 3-, 7-, 15-, and 25-story buildings
with steel dual-system frames comprising SMFs and SCBFs
were investigated to evaluate the seismic behavior of the
system as well as the first-story column response.

3. Steel Dual Systems with SCBs

3.1. Four Frames. As displayed in Figure 2, steel dual-system
building models with 3, 7, 15, and 25 stories were established
for seismic analysis. These models are presumed to be located
near the Xinhua fault, at a distance of 3.5km. The site is
categorized as Class 2 with an average shear wave velocity
of the soil layer ranging between 180 and 270 m/s. The design
base shear and member dimensions of SCBFs and BRBFs are
shown in Table 1. The design details of BRBFs can be found in
Liu et al. [1]. The mode shapes and the fundamental periods
of SCBFs are shown in Figure 3. For both BRBFs and SCBFs,
the design seismic loads were determined according to the

equivalent static force procedure of seismic design specifica-
tions and commentary of buildings (2011) [6] in Taiwan. A
response modification coefficient R of 4.9 and an overstrength
factor £, of 1.4 that are not the same as those in ASCE 7-16
[25] were used for BRBFs. A deflection amplification factor C,
of 5 was used for BRBFs because all beam—column connec-
tions were designed for the moment-resisting connections
based on AISC 341 seismic provisions (2016). The same
design values were considered for SCBFs to allow for a direct
comparison. For SCBFs, the columns are constructed with
box sections, while the beams are made of I-section. All mem-
bers were made of SN490B steel (F, =325 MPa). The width-
to-thickness (b/f) ratios of the columns in each frame (Table 2)
meet the most compact requirement (4,5 =24.77) in design
and technique specifications of steel structures for buildings
(2007) in Taiwan [24], but the values are between those of the
highly ductile (4,;=15.37) and moderately ductile (4,,;=
27.91) limits in AISC 341-16 [4]. Recently, the width-to-
thickness requirement for highly ductile steel built-up box
columns is more stringent in AISC 341-22 [26] than in
AISC 341-16 [4] or design and technique specifications of
steel structures for buildings (2007) in Taiwan [24]. The mod-
erately ductile steel box column cannot be used in the BRBF
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TaBLE 1: Base shear and element dimensions.

Floor SCBF BRBE [1]
Cl1: BOX 185x 185% 8 Cl1: BOX 185x 185% 8
Col. 1F-3F C2: BOX 225x%225% 10 C2: BOX 225X 225 % 10
3 C3: BOX 185x185% 8 C3: BOX 185X 185 % 8
~tory Beam 2F-RF H 257 % 102 X6 X9 H 257 x 102 X6 X 8
design base shear: 184 kN 5 5
1F A,=900mm” (P,=331kN) A,=900mm” (P, =300kN)
Brace 2F A,=800mm? (P,=294kN) A,=800mm® (P,=260kN)
3F A.=420mm’ (P,=155kN) A=400mm” (P, =130kN)
Col 1F-3F BOX 500x500%x28 BOX 500 X 500 x 28
Ol.
4F—7F BOX 500 X 500 X 20 BOX 500 X 500 X 20
s B 2F—5F H 500 x 200 X 12 X 25 H 500 x 200 X 12 X 22
- eam
7-Story 6F-RF H 500 X 200 X 12 X 22 H 500 X 200 X 12 X 20
design base shear: 3,125 kN N N
- ¢= 3,640 mm =1, ¢=3,640 mm =1,
1F—3F A,=3,640 (P,=1,338kN) A,=3,640 (P,=1,200kN)
Brace 4F—5F A,=2,880mm’ (P,=1,059kN) A.=2,880mm” (P, =950kN)
-7 «=1,760 mm =647 «=1,760 mm =5
6F—7F A 60 mm” (P, =647 kN) A 60 mm” (P, =580 kN)
1F-3F BOX 600 X 600 X 40 BOX 600 X 600 X 35
Col 4F—6F BOX 550 X 550 X 40 BOX 550 X 550 x 32
Ol.
7F—9F BOX 550 X 550 x 28 BOX 550 X 550 x 22
10F—15F BOX 500 X 500 x 25 BOX 500 X 500 x 22
155 B 2F—3F H 600 x 300 X 12 X 25 H 600 x 250 X 13 X 22
- eam
Story 4F—8F H 600 x 250 X 16 X 28 H 600 X 250 X 12 X 20
design base shear: 3,814 kN
9F-RF H 600 X 250 X 16 X 28 H 600 X 200 X 12 X 20
1F—5F A.=4,600mm”* (P,=1,693kN) A =4,550mm’ (P,=1,500kN)
race — =3, mm =1,435 =3, mm =1,

B 6F—9F A,=3,900mm’ (P, =1,435kN) A=3,940mm’ (P,=1,300kN)
10F—13F A,=3200mm’ (P,=1,178kN) A,=3,030mm’ (P, =1,000kN)
14F—15F A.=1,820mm’ (P, =670 kN) A,=1,820mm” (P, =600kN)

1F-3F BOX 800 X 800 x 40 BOX 800 x 800 x 36
Col 4F—6F BOX 750 X 750 X 36 BOX 750 X 750 X 36
’ 7F—9F BOX 700 X 700 x 32 BOX 700 x 700 x 32
10F—25F BOX 700 x 700 X 28 BOX 700 X 700 X 28
2F—4F H 700 x 300 X 18 X 25 H 650 x 300 X 18 X 25
25-Story Beam 5F—18F H 650 X 300 X 16 X 25 H 650 X 300 X 15 X 25
design base shear: 5,379 kN 19F-RF H 600X 300 X 13 X 22 H 600X 300 X 13 X 22
1F—3F A.=6,000mm” (P,=2,208kN) A=6,060mm”* (P,=2,000kN)
4F—10F Ac=6,000mm? (P,=2,208 kN) Ac=5430mm’ (P,=1,800kN)

Brace 11F—19F A,=5,800mm’ (P, =2,134kN) A,=4,550mm’ (P, = 1,500 kN)
20F—22F A,=5,800mm”* (P,=2,134kN) A.=3,030mm’ (P,=1,000kN)
23F—25F A,=2,120mm’ (P, ="780kN) A,=2,120mm’ (P, =700 kN)

3-Story 7-Story 15-Story 25-Story

SCBF 0.36 0.83 1.56 247
BRBF 0.44 1.01 1.94 2.77

Note: first mode periods (s)

according to AISC 341-22 [26], which requires a much thicker
steel plate for column design in a high-seismic area, same
design concept used for the new braced frame system-SCBF
in this work. To investigate if the design requirement is suit-
able for steel built-up box columns, this study was focused on
earthquake demands on first-story steel box columns in
SCBEFs, such as lateral drift and axial loading histories.

For the 3-story model, the design static load (DL) is
18.13kPa and the design live load (LL) is 5.15kPa. For the
7-, 15-, and 25-story models, the design DL is 8.8 kPa, and

the design LL is 2.9 kPa. The first-story column axial forces
are defined as follows: P, =1.0DL +0.5LL, P; =1.2DL +
1.6LL, and P,=1.2DL+0.5LL &+ 1.0E+0.3E,, where E
stands for the horizontal seismic force and E, represents
vertical seismic force. The capacity-to-demand ratio (DCR)

of columns is computed using DCR:I};—; +3 ﬁc <1.0 when
P, b M, P,
5202, and DCR=g5 +7 <1.0 when 7 <0.2. The

parameters P, and P, are the axial forces caused by loads and
earthquake forces and expected axial strength, respectively;
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Mode 1 Mode 2 Mode 3
3-Story

T=0.36s T=0.13s T=0.08s
7-Story

T=0.83s T=0.29s T=0.16s
15-Story

T=1.56s T=052s T=029s
25-Story

T=247s T=0.78s T=041s

FiGURE 3: The first three mode shapes for the SCBF.

M, refers to the required strength of moment, whereas M,
is the moment capacity. The DCR values are all below 1.0
as cataloged in Table 2, which indicate that the columns on
the first story have been designed to satisfy the seismic
demand.

3.2. Element Modeling. Nonlinear analyses of the braced
frames were performed using the PISA3D program [27].
The beams and columns were simulated as bilinear while
the ratio of post-elastic stiffness to the elastic stiffness was
3%. Backbone curve parameters of the columns and beams
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TasLE 2: Axial force ratio of the first-story columns.
. A P,= R/F
First-story column (cm?) b/t y (kNy) A C,=P,/P, Cy=P,/P, Ca=P,/P, DCR
C1: BOX 185%x 185 % 8 57 21.1 2025 0.12 0.17 0.15 0.55
3-Story C2: BOX 225225 % 10 86 20.5 3,075 0.15 0.21 0.30 0.61
C3: BOX 185X 185% 8 57 21.1 2025 0.08 0.12 0.21 0.54
C1: BOX 500 x 500 x 28 529 15.9 18,899 0.25 0.37 0.31 0.65
7-Story C2: BOX 500 x 500 x 28 529 15.9 18,899 0.23 0.34 0.39 0.76
C3: BOX 500 % 500 x 28 529 15.9 18,899 0.14 0.20 0.31 0.68
C1: BOX 600 x 600 x 40 896 13 28,713 0.34 0.50 0.43 0.72
15-Story C2: BOX 600 x 600 x 40 896 13 28,713 0.30 0.44 0.49 0.80
C3: BOX 600 X 600 x 40 896 13 28,713 0.22 0.33 0.48 0.78
C1: BOX 800 x 800 x 40 1,216 18 43,472 0.36 0.54 0.46 0.82
25-Story C2: BOX 800 x 800 x 40 1,216 18 43,472 0.32 0.47 0.51 0.88
C3: BOX 800 x 800 x 40 1,216 18 43,472 0.26 0.39 0.60 1.00
Rigid Rigid
# Beam ¢ Beam
A 4

g =

g E

(=3 (=3

g g

< <

v 8,000 mm v 8,000 mm

A
A\ £

()

(b)

FiGURE 4: SCBF and BRBF simulation. (a) SCBF and (b) BRBF.

were derived from ASCE 41-17 [7], which took into account
the axial force in the column for the M, and the yield rota-
tion. A 3% damping ratio for all frames was assigned for steel
structures. Additionally, the P-Delta effect was taken into
consideration as well. Since the structure system simulated
in PISA3D still falls within the theoretical range of small
deformation, the analysis considered the P-Delta effect by
adding a simple geometric stiffness matrix and updating
the matrix before each step, rather than updating the coor-
dinates of the nodes [28, 29]. The rigid-zone factor was con-
sidered to simulate stiffness region at the end offset of
structural members for the beam-to-column connections.
In this study, it was set as 1 for the columns (fully rigid)
and 0.75 for the beams. Figure 1(c) shows an example of
the backbone curve parameters for columns conforming to
ASCE 41-17 [7].

Truss elements were utilized to model the hysteretic
response of the SCB as shown in Figure 4(a). The initial
prestressing of the tension elements was assumed to be

52% of the axial brace force, which exceeded 48% of the force
given by the friction of energy dispersion, so that the self-
centering response of the brace can be maintained. The ten-
sion member and friction member were simulated by using
bilinear-elastic and bilinear materials, and these two truss
elements were connected in parallel. According to the study
of Chou et al. [10], the elastic stiffness of the SCB could be
assumed to be twice that of the corresponding BRB, and the
ratio of the post-elastic stiffness relative to the elastic stiffness
was set as 0.04 for the SCB. It was assumed that the SCB’s
length was 70% of the diagonal length of the frame, while the
remaining portion was considered to be the gusset length
(marked by a blue box at the brace ends in the Figures 4(a)
and 4(b)). A truss element that combines both isotropic and
kinematic hardening material properties was employed to
model the hysteretic response of a BRB (Figure 5(b)), as
outlined by Chou et al. [30]. The simulation results were
correlated well with the experimental results of the SCB
and BRB (Figures 5(a) and 5(b)).
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Axial strain (%) Core strain (%)

-1 -0.5 0 0.5 1 -1.5 -1 -0.5 0 0.5 1 1.5
3,000 T T T T
1,000
% 1,500 g 500
3 8
:é' 0 é 0
[ <
Z 1500 | g 0
Phase 1 -1,000 Specimen 3
~3,000 1 ! : : : : : :
-100 -50 0 50 100 -60 -40 -20 0 20 40 60
Axial displacement (mm) Axial displacement (mm)
— Test — Test
--- Prediction --- PISA
(a) (b)
FiGure 5: Comparison between the test and modeling of braces. (a) SCB [10] and (b) BRB [30].
TasLE 3: Eleven near-fault ground motions.
No. Event Station Original Original Scale factor (DBE)
PGV (cm/s) PGA (g) 3-Story 7-Story 15-Story 25-Story
NF1 ChiChi CHY101EW 72.65 0.34 1.28 1.40 1.29 1.22
NE2 ChiChi TCUO029EW 35.16 0.16 2.49 2.71 2.68 2.78
NF3 ChiChi TCUO029NS 55.38 0.2 2.21 2.39 2.53 2.16
NF4 ChiChi TCUO031EW 53.72 0.11 3.54 3.78 3.34 2.94
NF5 Jiasian CHYO058EW 41.53 0.28 1.58 1.23 1.16 1.27
NF6 ChiChi TCUO54EW 41.75 0.15 2.29 2.28 2.15 2.30
NF7 ChiChi TCUO065EW 140.45 0.79 0.78 0.67 0.60 0.62
NEF8 ChiChi TCUO53EW 41.9 0.23 1.19 1.30 1.78 1.22
NF9 ChiChi TCU101EW 44.3 0.21 1.59 1.69 1.70 1.83
NF10 Hualian HWAO028NS 42.21 0.39 1.01 1.28 1.23 1.34
NF11 Hualian HWAOQ062NS 58.66 0.2 2.18 2.18 1.88 1.65

4. Nonlinear Static Procedure of Four SCBFs

Since the nonlinear pushover analysis is based on the assump-
tion of an equivalent single-degree-of-freedom model, it may
neglect the higher mode effect on the building response.
Therefore, Chou and Uang [31] used the first two mode
pushover analyses to estimate the inelastic energy distribution
along the low-to-medium-rise building height without per-
forming time history analyses of frames. To improve the accu-
racy and effectiveness of the displacement demand prediction
for high-rise buildings, Poursha et al. [32] estimated the struc-
tural demand by enveloping the responses from multi- and
single-stage analyses. Sucuoglu and Giinay [33] used a gener-
alized force pattern that merged the modal forces to represent
the force distribution along the structure induced by seismic
events. Kreslin and Fajfar [34] extended the N2 method by
assuming the vibration of structures in higher modes in the
elastic state. Ferraioli et al. [35] used an actual displacement
function to define an equivalent single-degree-of-freedom
system at each incremental stage of the pushover analysis.
Liu and Kuang [36] simplified the complex coupling between

distinct modes and used the consecutive pushover technique
to predict the structure demands. Ferraioli [37] demonstrated
that the modal combination of the equivalent bilinear single-
degree-of-freedom system effectively estimates the target drift
of the multi-mode pushover analysis. Rahmani et al. [38]
adopted the upper-bound pushover analysis by modifying a
load pattern at each incremental stage to take into account the
inelastic behavior of buildings. To examine the plastic hinge
formation sequence in these frames, a nonlinear static push-
over analysis with a displacement control was conducted on
the four dual-system frame structures. Before performing the
pushover analysis, the frame was subjected to the dead load
and an additional 50% live load. Each frame was pushed using
a lateral load distribution pattern in the shape of a reversed
triangle. The lateral load pattern is similar to the first mode
shape, not considering the high mode contribution in the
static nonlinear pushover analysis because the high mode
effect would be included in the nonlinear dynamic analysis
of these frames in the next section. The beam and column
elements utilize a concentrated hinge model to consider the
nonlinear effects [29]. When the element remains in the
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elastic range, the deformation occurs through the elastic ele-
ment. Once the element is in a nonlinear state, the plastic
deformation occurs through a plastic hinge at two ends of
the element. Figure 2(e) shows the relationship between the
base shear and the roof displacement; the first plastic hinge

was formed after the design seismic force level (Table 1).
Figure 2(e) also reveals that the SCBs started yielding (Step
A) when the roof drift was in the range of 0.18%-0.28%, and
the beams started to yield (Step B) at a roof drift between
0.32% and 0.8%. In all models, the initial plastic deformation
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at the base of the columns manifested (Step C), at the value
of roof drift ranged from 1.08% to 1.52%, and every column
on the ground floor yielded (Step D) when the value of roof
drift varied within the range of 1.22%-1.71%. For example,
Figure 2(f) showed the yielding sequence and the concen-
trated plastic hinge location of the 15-story SCBF. These
results are consistent with the design principle of columns
with higher strength relative to beams. A comparison of the
results of nonlinear static pushover analysis for the SCBFs
and the BRBFs reveals that the hinge formation sequence
and the interstory drift are similar in both types of frames
(Figure 2(e)).

5. Nonlinear Dynamic Procedures of
Four SCBFs

To perform a nonlinear dynamic analysis, it is essential to
use a minimum of 11 earthquakes according to ASCE 7-16
[25]. A total of 11 near-fault earthquakes were selected as the
most significant seismic events and listed in Table 3, which
were identified as a pulse-type ground motion as shown in
Figure 6. These motions are denoted as Near-Fault 1 (NF1)
to Near-Fault 11 (NF11). Following in ASCE 7-16 [25], the
11 time histories were modified in order to fulfill the design
response spectrum prerequisites of the analyzed location, as
shown in Figure 6. Table 3 catalogs scale factors for the 11

ground motions; which were adjusted on the basis using a
minimum square error estimation [39]. Design response
spectra and ground motions which are scaled to DBE level
are shown in Figure 6. In the nonlinear dynamic analysis, all
modified motions were multiplied by 1.5 for meet the MCE
level. A vertical load of 1.0 DL+ 0.5 LL was applied to all
steel dual-system frames of the 3-, 7-, 15-, and 25-story
buildings, and the frames were analyzed using the 11 time
histories to obtain the seismic demands.

The mean highest interstory drift values of the four mod-
els with 3, 7, 15, and 25 stories are displayed in Figure 7.
From the nonlinear dynamic analysis, the mean maximum
first-story drifts were 0.7, 1.1%, 1.7%, and 1.6% for the cor-
responding models. The highest story drifts of all floors in
the 3-, 7-, 15-, and 25-story frames were 1.0, 1.6%, 2.5%, and
2.9%, respectively. In addition, the seismic responses at
higher floors tend to be smaller because of the dimensional
continuity of different floor members. Typically, the col-
umns, beams, and SCBs on upper levels have lower force
demands compared to those on the lower levels. Figure 8
demonstrates that the highest first-story drift values (corre-
sponding ground motions) of the 3-, 7-, 15-, and 25-story
frames are 1.33 (NF10), 2.07 (NF11), 4.74 (NF4), and 4.02%
(NF4), respectively. These large drifts occurred due to the
presence of velocity pulses (Figure 9), especially in the cases
of the NF4 and NF11 time histories. The maximum ground
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velocities of these motions were 53.7 and 58.7 cm/s, and the
scale factors were 3.34 and 1.88, respectively (Table 3).

6. Loading Protocols of the Columns

The approach of Lin and Chou [39] was adopted for devel-
oping loading protocols of frames with SCBs, with an addi-
tional standard deviation incorporated to account for the
variability in seismic parameters for different structures
and earthquakes, as proposed by Fang et al. [40]. Figure 10(a)
presents the displacement loading protocols of the four dual-
system frames. Each protocol is calculated from the nonlin-
ear dynamic analysis under 11 motions. Table 4 presents the
count of displacement cycles associated with the 15-story
frame under each time history analysis. Zone A represents
the 10-s interval before the maximum story drift, Zone B
covers the positive and negative maximum story drift, and
Zone C encompasses the 20s following the maximum story
drift, including residual drift. The average drift cycles along
with one standard deviation are shown in Figure 10(a). The
loading protocols were used to capture the real seismic
behavior of the columns on the first floor that experienced
permanent residual drift during near-fault earthquakes. It is
observed that the 3- and 7-story frames have smaller residual
drifts compared to the 15- and 25-story buildings.

The exterior columns are connected to SCBs and may be
subjected to larger forces than forces acting on the interior
columns during earthquakes. Therefore, the outer first-story
column C3 (Figure 2) was selected to evaluate an axial force
loading procedure for SCBFs subjected to near-fault seismic
motions. Figure 10(b) presents the proposed axial loading
protocols of four frames and Table 5 provides the informa-
tion on the numbers of cycles for the C3 column in the 15-
story frame. The taller buildings have higher variations in
axial load because of overturning and the connection of the
C3 column to the SCBs. For example, the maximum axial
force ratio for the 25-story frame is nearly 0.9P,. Figure 10(c)
illustrates the correlation between the protocols of the axial
force and the lateral displacement developed for the 15-story
dual system. Upon impact of the earthquake pulse on the
frame, the column on the first floor may deform to 3.5%, and

the corresponding axial load is 0.56P,. This result can be
used to determine the near-fault effect for the column test.

7. Response Comparison of Dual System with
SCBFs and BRBFs

Compared with a dual system with BRBF [1], SCBFs have
higher stiffness, which results in shorter structural periods
with slightly larger member sizes (Table 1). A comparison of
the nonlinear static analysis results for dual systems with

11
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TasLE 4: Data of the lateral displacement loading protocols.

15-Story  First-story drift NF1 NF2 NF3 NF4 NF5 NF6 NF7 NF8 NF9 NF10 NF11 Avg SD Avg+SD
0.25%-0.5% 3.5 1.5 2 2 0 0.5 2 2 1 0 0 132 1.12 2.44
Zone A 0.5%-0.75% 0.5 0 1 2 0 0.5 0.5 0 0 0 0 0.41 0.63 1.03
0.75%—-1% 0 0 1 0 0 0 0 0 0 0 0 0.09 0.30 0.39
0.25%—-0.5% 7 2.5 5 2.5 3.5 6 8.5 1 1 1 25  3.68 2.59 6.27
Zone C
0.5%-0.75% 0.5 0.5 0 0 0.5 1 3 0.5 0.5 0 0.5 0.64 0.84 1.48
Valley drift (%) -0.52 —-0.42 —-233 -120 -047 —-0.53 —0.63 —0.38 —0.48 —0.49 —1.37 -0.80 0.60 —1.40
Zone B Peak drift (%) 230 0.78 3.01 474 0.60 0.55 1.26 0.68 057 054 395 1.72 1.54 3.26
Residual drift (%) 047 011 1.83 045 0.02 0.00 039 005 0.02 0.00 065 036 0.54 0.90

SCBFs and BRBFs shows that the yielding sequence in steps
A, B, C, and D, which represent yielding of SCB, beam, first
column at first story and all first-story columns, respectively,
are similar (Figure 2(e)). Therefore, dual systems with SCBFs
and BRBFs have similar seismic performance. Figure 11(b)
—11(d) show the average peak story drifts of the BRBF and
SCBEF, which exhibit similar drift patterns. For example, in
the case of 15-story frames, the BRBF and SCBF exhibit the

highest story drift at the third and fourth floors, in which the
average maximum drift values are 2.77% and 2.25%, respec-
tively (Figure 11(c)). The maximum story drift values for the
SCBFs are also similar to those of the BRBFs (Figures 11(a) and
11(c)). However, the residual drift of the SCBFs is clearly lower
than the BRBFs (Figure 12(a)—12(d)), which can be attributed
to their self-centering capability (Figure 12(b)—12(d)). The
residual drift in the first story of the 15-story SCBF under
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TasLE 5: Data of the axial loading protocols (C3 column).
15-Story P/P, NF1 NF2 NF3 NF4 NF5 NF6 NE7 NE8 NF9 NF10 NF11  Avg SD Avg+SD
0%—5% 0.5 0 0.5 1 0.5 0 0 2 0.5 4 0.5 0.86 1.19 2.05
5%—10% 0 0 0 0 0 0 0 0.5 2 0 1 0.32 0.64 0.96
10%-15% 0 0 0 2 0.5 0.5 0 0 0 0 1 0.36 0.64 1.00
15%—-20% 0 1.5 0 0.5 1 0 1 0 1 0 0 0.45 0.57 1.02
Zone A 20%-25% 2.5 2.5 0 1 0 1 0 0.5 0 0 0.77 0.96 1.73
25%—-30% 2 0.5 1.5 0.5 0.5 2 2 0.5 0 0 0 0.86 0.84 1.70
30%-35% 0 0 0.5 0 0 2.5 1 0 0 0 0 0.36 0.78 1.14
35%—40% 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 0.00
40%—45% 0 0 0 0 0 0 0 0 0 0 0.00 0.00 0.00
0%—5% 1 1.5 1.5 1 0.5 0 0 1.5 0.5 0.5 1.5 0.86 0.60 1.46
5%—-10% 0.5 2.5 1.5 0 1.5 1.5 0 1.5 0 2 3.5 132 1.12 2.44
10%-15% 1 3 2 2 2 2.5 0 1 2 3 2 1.86 0.90 2.76
15%-20% 3.5 1.5 1.5 0.5 4 2.5 4 2.5 1.5 4 3.5 2.64 1.25 3.88
Zone C  20%-25% 1.5 1.5 2 2.5 2 3.5 5 0.5 0 0.5 0 1.73 154 3.27
25%-30% 1.5 0 0 1 1 0 1.5 0 0 0 0 045 0.65 1.10
30%—35% 0 0 0 0.5 0 0 0 0 0 0 0 0.05 0.15 0.20
35%—-40% 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 0.00
40%—-45% 0 0 0 0 0 0 0 0 0 0 0 0.00 0.00 0.00
Zone B Peak (%) —30.89 —26.56 —3441 —34.64 —29.10 —28.57 —29.68 —34.29 —30.46 —27.39 —33.00 —30.82 2.89 —33.71
Valley (%) 3047 24.81 28.87 33.06 33.06 29.17 3421 27.83 3277 2553 3381 30.33 333 33.66
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FiGure 11: Comparison of the maximum story drift of dual systems with BRBFs and SCBFs (MCE). (a) 15-Story under the NF4; (b) 7-story
(Avg/Avg +SD); (c) 15-story (Avg/Avg+ SD); (d) 25-story (Avg/Avg+ SD).

NF4 is less than 0.5%, whereas that of the BRBF is 2%. The
residual drifts of all floors of the 15-story SCBF under NF4 are
less than 0.5%, and the residual drifts of the BRBF below the
10th floor are higher than 0.5% (Figure 12(a)).

Moreover, according to the lateral displacement loading
protocol of Liu et al. [1], the permanent residual drifts of
the BRBF are approximately 1% and 2% (average and
average + standard deviation); the corresponding values

for the SCBF are approximately 0.5% and 1% (Figure 10(d)
and Table 4). The member responses of two 15-story dual
systems with SCBFs and BRBFs under the NF4 motion are
plotted in Figure 13. The columns (Figure 13(a)—13(d)),
beam B1 (Figure 13(e)), and brace (Figure 13(f)) are mod-
eled in accordance with the element modeling method out-
lined in Section 3.2 and the hysteresis loops displayed in
Figures 1(a) and 1(b). Column C2 is an interior column that
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carries a higher DL and LL than does C3. The term P, is
normalized to the column yield axial force of the SCBFs.
The exterior column is connected to SCBs, which results in
the concentration of stiffness and makes it experience
higher seismic forces compared to the interior columns
(Figures 13(a) and 13(b)). Figure 13(f), for two different
braces on the first floor, the SCB provides greater recenter-
ing capability compared to the BRB. Additionally, the SCB
allows for a significant reduction in residual drift of the
column, as shown in Figure 13(a)—13(d).

8. Conclusions

The object of this research was to establish axial force and
lateral displacement protocols for columns on the first floor
in a dual system with SCBFs exposed to near-fault seismic
events. As shown in Table 1, the fundamental natural periods
of the 3-, 7-, 15-, and 25-story SCBFs were 0.36, 0.83, 1.56,
and 2.47 s, respectively. A total of 11 motions were selected
for analysis in this study (Table 3), representing near-fault
earthquakes with features of both considerable velocity
pulses as well as significant peak ground accelerations.
Maximum story drifts and residual drifts of four dual
systems with SCBFs under the 11 selected near-fault earth-
quakes were extracted and analyzed. To capture the most
significant dynamic response of the frames, the 15-story
building response was chosen to represent the loading proto-
col, developed for a conservative reason. With a maximum
story drift of 3.5% and a residual drift of nearly 1% (in terms of
average + standard deviation response), this loading protocol
represents the response of first-story columns and a residual
drift. The low-rise and mid-rise buildings have smaller resid-
ual drifts than the high-rise buildings. To compare with the
lateral displacement protocol, the axial loading protocol was
derived from for the outer column (C3) in the 15-story build-
ing, and the axial force ranged from 0.22 to 0.56 P,,.
Compared with a dual system with BRBFs, a dual system
with SCBFs has similar maximum first-story drift but

considerably lower residual drift (Figure 10(d)), which indi-
cates that the SCB can considerably reduce residual defor-
mation of frames. Therefore, SCBFs not only retain the high-
seismic performance of BRBFs but also significantly reduce
the residual drifts. Note that, residual drift exceeding the
acceptable level of 0.5% for safety stated in FEMA P-1050-
1 [41] may impact a building’s functionality and require
extensive retrofitting. As shown in Figure 12, no retrofitting
is required for any floor of the short-, mid-, and long-period
dual systems with SCBFs after the MCE earthquakes. How-
ever, substantial repairs are required for most dual systems
with BRBFs. Since the permanent residual drift that of dual
systems with SCBFs is notably lower than those with
BRBFs, the use of SCBFs instead of BRBFs might consider-
ably reduce repair and retrofitting costs after the occurrence
of large near-fault earthquakes.
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