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HIGHLIGHTS

« Using ductile and high-strength steels, a damaged-controlled frame is designed.
« Kinematic hardening and two surface theories are coded as an ABAQUS UMAT for BRB.
« A design recommendation is provided for engineers based on the optimal structure.

« The economic feasibility of using high-strength steel in a frame is revealed.
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To shorten a steel building recovery time after an earthquake, a dual and damaged-controlled system is
proposed, in which the seismic energy is absorbed by a highly ductile buckling restrained brace (BRB) and
the gravity load is resisted by high-strength column. Because the seismic energy is mainly dissipated by
the BRB, to accurately simulate the BRB hysteretic behavior is essential. Thus, kinematic hardening and
two surface theories are adopted and coded as an ABAQUS user-defined material (UMAT). Particle swarm
optimization (PSO) is used to find the optimal design equivalent to a corresponding traditional structure.
The performance of the optimal frame is verified by nonlinear time history and fragility analysis. Based on
the found optimum, a practical design guideline is recommended. The performance of high-strength steel
and a high-ductility structural system such as the inter-story drift, maximum roof acceleration, property
of BRB hysteresis, strength ratio between the main frame and BRB and cumulative fatigue damage are
investigated. In addition, the economic feasibility of using high-strength steel in the structural system
is compared to that using traditional steel materials.
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1. Introduction

A dual system is often employed indesigning a building to
reduce the seismic damage potential. The dual system consists of
two major components: non-dissipative and dissipative members.
Based on this concept, many different designs have been devel-
oped. For example, Zhang and Zirakian [1] employed low yield
point (LYP) steel plate shear walls (SPSW5s) as the primary dissipa-
tive members in moment resisting frames resulting in a better seis-
mic performance. Tenchini et al. [2] proposed using high-strength
steel (HSS) in non-dissipative members and mild carbon steel
(MCS) in dissipative zones. Perri et al. [3] investigated the cost
and low-cycle fatigue characteristics of Y-shaped steel bracing that
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is often adopted for retrofitting buildings in medium-to-low
seismic intensity area. Marshall and Charney [4] studied the seis-
mic response of steel frame structures using a hybrid passive con-
trol system. Experimental and numerical studies of buckling
restrained braces (BRB) have revealed that BRB, all-steel or con-
crete filled, is an effective dissipative structural member [5,6].
The performance of high- and low-strength steel in a moment
frame has drawn much attention and is the focus of the current
study. To be specific, this study addresses HT690, SN490 and A36
for use in building construction and includes a probabilistic seis-
mic assessment. The performance of the aforementioned hybrid
structure under seismic excitations is investigated and compared
to that of a building constructed from traditional steel having nor-
mal yield strength. The motivation of using such a hybrid structure
is that yield occurs only in the dissipative components, and
through the quick-recovery characteristic of the dissipating
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system, structures are restored to their original function in the
shortest time possible.

Because the majority of seismic energy is absorbed by the BRB,
accuracy in modeling the hysteretic behavior of BRB is essential.
Budahazy and Dunai [5] emphasized that the behavior of the BRB
is complex. Instead of being numerically simulated, it is often stud-
ied by experimental tests. For example, Chen et al. [7] conducted
cyclic loading tests with low yield steel (LYS 100) as the main
load-bearing element of the BRB and combined the BRB with duc-
tile concentrically braced frames (DCBF) for a reduced-size struc-
ture shaking table test. This combination aims to achieve a lower
strength ratio in the main frame system and a higher strength ratio
in the braces to ensure that plastic deformation occurs on the BRB.
The strength ratio is the quotient of the strength demand (e.g., flex-
ural and shear) from external force to the strength capacity pro-
vided by the considered structural member. The results indicate
that compared to traditional braces, the BRB provides relatively
good strength capacity, ductility and energy dissipation behavior,
the DCBF exhibits good seismic behavior and the BRB reduces
structure acceleration response and provides effective control in
terms of the inter-story drift after yielding. The inter-story drift
is a ratio of the relative translational displacement between two
consecutive stories to height of that floor. Although much BRB
research has been conducted through experiments, some numeri-
cal models have been proposed. For example, OpenSees provides
a material called Steel BRB that can be used to investigate the hys-
teretic properties of BRB core material [8]. Cofie and Krawinkler [9]
used a bounding surface model based on monotonic and cyclic
stress-strain curves to simulate the nonlinear behavior of struc-
tural steel. In their model, the upper and lower stress bounds are
controlled by hardening, softening, and mean stress relaxation,
the strain amplitude of the last excursion and the previous
stress-strain history. Wang [10] adopted the bounding surface
model developed by Cofie and Krawinkler [9] to establish an all-
steel BRB hysteretic model under a DRAIN-2D environment, in
which three different steel materials, LYS, A572Gr.50 and TMCP,
were used as the main load-bearing elements of BRB. The bounding
surface model was also adopted by Ling et al. [11] to simulate the
mechanical behavior of geosynthetic reinforcements that often
exhibit large plastic strains, highly nonlinear and hysteretic behav-
iors under cyclic loading.

To accurately describe the nonlinear behavior of BRB subjected
to seismic excitations, this study develops a uniaxial equivalent
constitutive model that incorporates strain softening and harden-
ing. The hysteretic model is constructed based on experimental
results of monotonic and cyclic stress-strain curves and imple-
mented in ABAQUS through its user subroutine interface - user-
defined material (UMAT). After calibration, the established UMAT
is applied to BRB members of steel moment frames for nonlinear
time history analysis.

The structural members of the hybrid frame are minimized
using particle swarm optimization (PSO) with performance con-
straints to ensure it is equivalent to that of the dual moment frame
using normal strength steel. A probabilistic seismic performance
evaluation and a fragility analysis are conducted for the optimal
frame, and the performance measurements of interest in this study
are the inter-story drift, maximum roof acceleration, BRB hys-
teretic behavior, strength ratio between main frame and BRB and
cumulative fatigue damage. In addition to the structural perfor-
mance, the economic feasibility of using high-strength steel in
the structural system is also compared to that of using traditional
steel materials. Based on these research results, this study provides
a design guideline that includes the strength ratio values for col-
umn, beam and brace to leverage the results of the adopted opti-
mization process and streamline the design process. Because the
non-linear behavior of the structure system mainly occurs in the

BRB members, the common beam element with potential plastic
hinges at two ends is adopted to simulate the main structure frame
system. The details of this study are provided below.

2. BRB tests and test results

The Structural Engineering Laboratory, Department of Civil and
Construction Engineering, National Taiwan University of Science
and Technology successively completed over 40 large-size all-
steel BRB load-bearing tests [7]. The main load-bearing elements
of the test specimens ranged from 10 to 20 mm in thickness and
approximately 2800 mm in length and are tested through
displacement-controlled cyclic loading. The main load-bearing ele-
ments are fabricated from LYP, A36, A572 Gr. 50 and SM570 steel.
The details of a tested BRB and test arrangement of the BRB spec-
imens are shown in Fig. 1. The loading cycle is divided into two
groups (LV and LC). The LV loading group used a gradual increment
of displacement amplitude as shown in Fig. 2, and its results can
provide the necessary statistics for establishing the hysteretic
model. The LC series specimens, in contrast, used a fixed
displacement amplitude to provide the parameters needed to
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Fig. 1. (a) The overall view of a BRB (b) The load-carrying element of a BRB (c) The
section views of a BRB (d) Experiment setup for BRB specimen.
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Fig. 2. LV1 to LV4 loading cycles.

establish the fatigue life. The displacement amplitudes for LC1 to
LC6 were £2A,, +4A,, #8A,, *11A,, *16A, and £32A,; among
these, y =1.25 mm was the yield displacement for the LYS-BRB
element.

Fig. 3 shows the load-displacement hysteresis loops for the LV
group specimens. A total of 941, 163, 89 and 63 cycles were com-
pleted for specimens from LV1 to LV4, respectively. Fig. 3 shows
the stable hysteresis loops generated by LYS-BRB. No strength
degradation occurred before failure; the specimen exhibited strain
hardening with increasing displacement load. In addition, the hys-
teresis loops are saturated without displaying pinching, and there

40 -20 0 20 40 40 -20 0 20 40

Deformation (mm) Deformation (mm)

Fig. 3. Hysteresis loops of specimens subjected to LV1 to LV4.

is no significant degradation between the hysteresis loops. All
specimens exhibited stable increase in strength after the yield
point and the yield potential was considered favorable.

A total of 14,337 displacement cycles were completed for LC1
(¥2Ay), but the displacement cycles decreased with increasing dis-
placement amplitude. For example, only 18 displacement cycles
were completed for LC6 (+32A,). All of the testing results for LC
specimen are displayed in Table 1. With information revealed in
Table 1, the strain fatigue curve can be built based on the “BRB
damage index” section. Fig. 4 shows the hysteresis loops of partial
LC specimens. It can be observed that energy dissipation in each
cycle increases as the number of displacement loops increases as
a result of strain hardening behavior. The most significant strain
hardening phenomenon was detected in the first three cycles,
but the phenomenon was attenuated in later cycles. For example,
for the load at LC2 (¥2A,) (Fig. 4(a)) the maximum load in the first
cycle is +512 kN and is 555 kN in the last cycle. The differential is
43 kN. For the load at LC5 (£16A,) (Fig. 4(c)) the maximum load in

Table 1
The detailed testing results of LC series.
Test Loading Cycles at Absorbed Max. Max.
name condition failure energy tension compression
LC1 +£2Ay 14,337 31,296 441 436
LC2 +4Ay 3899 25,962 594 599
LC3 +8Ay 1084 18,754 698 764
LC4 +114A, 714 20,490 768 813
LC5 +16A, 115 4147 828 838
LC6 +324A, 18 1859 906 1022
T
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Fig. 4. Hysteresis loops of specimens subjected to LC2, LC3 and LC5.
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Fig. 5. Softening phenomenon of specimens subjected to LV1, LV2 and LV3.

the first cycle is +648 kN and is 828 kN in the last cycle. The differ-
ential is 180 kN. Fig. 5 shows the hysteresis loops of LV1, LV2 and
LV3 specimens from part I to part Il loading cycles. As shown in
Fig. 2, the load of LV1 in the second stage dropped from 30A, to
8A, (from the 64th to 941st cycle), LV2 from 32A, to 14A, (the
57th to 163rd cycle) and LV3 from 32A, to 22A, (the 64th to
89th cycle). The maximum load of all three specimens decreased
with an increasing number of displacement cycles when entering
the part Il phase, and strain softening was detected. The strain soft-
ening phenomenon is less obvious when the displacement
decrease is smaller (LV3 in Fig. 5) and more obvious when the dis-
placement decrease is larger (LV1 Fig. 5). The dotted lines in Fig. 5
are skeleton curves. Fig. 5 indicates that the strain softening phe-
nomenon caused the maximum load of each loop to lean toward
the skeleton curve as the number of loops increased, but the max-
imum load of each loop did not meet the skeleton curve. The max-
imum load of LV1, LV2 and LV3 exceeded the skeleton curves by
15, 11 and 5%, respectively, after strain softening.

3. BRB mathematical model, ABAQUS UMAT and damage index

All-steel BRB exhibits stable hysteresis loops and, as displace-
ment increases, the strain hardening phenomenon becomes more
obvious. When the displacement decreases, strain softening
becomes clearly detectable. In addition, the yielding stress shifts
because of the displacement change as shown in Figs. 3-5. To accu-
rately simulate these BRB behaviors, the bounding surfaces
method and kinematic hardening model are adopted based on
the results of monotonic and cyclic experiments. For example,
the cyclic test is used to construct the skeleton curve that is one
of the major factors determining the locations of stress bounds,
and the monotonic test can be used to determine the initial yield-
ing stress. Existing finite element software often does not replicate
this mechanical behavior. Therefore, this study develops a nonlin-
ear user defined material provided in ABAQUS to simulate BRB
hysteresis behaviors. The details of establishing UMAT are
described below.

3.1. Bounding surfaces model

Although strain hardening and softening phenomena are
observed, the mean stress relaxation is not significant and is not
considered in this study. The two bounding surfaces method is
described as follows.

1. Determination of the skeleton curve: the stresses (in MPa) on
skeleton curves for different materials are obtained using
regression analysis as shown in Egs. (1)-(4).

LYS:
0 =32.186 x In(¢) +363.35, in tension (1)
0 =35.055 x In(¢) + 391.36, in compression (2)
A36:

{ 0 =143700 x (¢) for & < 0.00242 3)

0 = 2857 x (¢) + 348 for ¢ > 0.00242 in tension

{ 0 =161667 x (¢) for ¢ < 0.00242
0 = 6455 x (¢) + 348 for ¢ > 0.00242 in compression
4)

2. Determination of the initial stress bounds: The initial values of
the upper and lower bounds are set as ¢y, with a slope of 0.05E,
where oy is the yield stress and E is the elastic Young’s modulus.

3. Calculation of the strain-hardening parameter (Ej):E; is calcu-
lated using Eq. (5)

B-g @) (L) )

in which ES is the initial strain-hardening parameter equal to 0.05E

and Ej is the updated strain-hardening parameter. The definitions of

din ES and E} are provided in Fig. 6.

4. Updating the upper and lower stress bounds: Based on Cofie
and Krawinkler [9], the stress bounds are updated based on
the strain (¢&,) and stress (a,) of the last excursion and the stress
(0s) on the skeleton curve corresponding to &,. If ¢, is smaller
than o, the next loading cycle will be accompanied by strain
hardening and the upper and lower bounds will increase to
2AsFy, in which As =g, — 0| and F; is the hardening coeffi-
cient. In contrast, if g, is larger than g, the next loading cycle
will be accompanied by strain softening. These two stress
bounds are continuously modified during the loading process.

bound

Fig. 6. Parameters used in the proposed Hysteresis curve.
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3.2. ABAQUS UMAT and simulation results

The aforementioned BRB mod el is formulated as an ABAQUS
UMAT. Prior to each ABAQUS load increment, the UMAT subroutine
is executed to provide the necessary information such as the ele-
ment contribution [K,] to the global stiffness matrix [K] and the
element solution-dependent state variables (e.g., the plastic energy
dissipation). The ABAQUS main program starts the next increment
if the resulting structural load has converged to the applied load in
the current load increment. The calculation flow chart of the UMAT
applied in BRB is described in Fig. 7. The responses of ABAQUS BRB

Start

Global stiffness Input
—>{Element stiffness is obtained and E, oy, and others
integrated with global stiffness l

Solution
AP incremental steps starting

NO Strain
strain increment and the current
stress at the integration points
are given
|
BRB UMAT
Jacobian matrix, updated bounds

and stresses are calculated and
state variables are stored

Balance of
equation

End the current\
increment and start
the next increment

Fig. 7. The built BRB UMAT in ABAQUS calculation.

subjected to loadings of LV1 ~ LV4 are displayed in Fig. 8. Compar-
ing to the experimental results as shown in Fig. 3, a very promising
outcome is identified.

3.3. BRB damage index

The failure of BRB has been identified as a low-cycle fatigue
[10]. Thus, a strain fatigue curve similar to the stress fatigue curve
of the high-cycle fatigue is then established based on test results of
LC cyclic loadings, as shown in Eq. (6).

Aép = &r(2Ny)¢ (6)

in which Ag,, is the range of plastic strain, 2Ny represents the num-
ber of cycles that causes fatigue failure and & and c are regression
parameters. Because the loading sequence in low-cycle fatigue is
not as important as in high-cycle fatigue, this study adopts Miner
[12] to establish the linear cumulative damage index for BRB, as
shown in Eq. (7):

S oom om g
D ZNﬁ Ny PNt TN (7)
in which n; is the number of cycles of strain i, Ns is the number of
cycles for fatigue failure when a constant strain of i is applied,
and if D is greater than 1, the BRB has reached fatigue damage.
Egs. (8) and (9) are strain fatigue curves of LYS all-steel BRB estab-
lished through regression based on the test results.

N=3.8x10"*(,) "% when ¢, > 0.00863 (8)

N =0.12(¢,) "*"  when g, < 0.00863 (9)

Fig. 8. Hysteresis loops of numerical simulation for specimens subjected to LV1 to LV4 (LYS).
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Table 2
BRB damage index via simulation.
LV1 Lv2 LV3 Lv4 Ave.
Damage index 1.25 0.85 0.94 1.07 1.03

in which ¢, is the plastic strain range of one half cycle, as shown in
Fig. 9. The parameter N is the number of cycles to cause fatigue fail-
ure corresponding to ¢, Table 2 shows the damage index for LYS-
BRB by numerical simulation. Because the number of specimens is
insufficient, the values of damage index shown in Table 2 deviate
from the reference value (i.e., 1.0) to a certain degree. Nevertheless,
these values are considerably closer to the expected value, indicat-
ing that the linear Miner cumulative index (M—index) provides an
acceptable prediction.

4. Numerical studies
4.1. Structural configuration, loading and design requirements

As shown in Fig. 10, the demonstrated building is a 20-story
steel moment frame with a floor plan of 5 x 3 bays, in which an
equal bay spacing of 9 m is used. Except for the first floor, which
has a story height of 4.5 m, the story height of the remaining floors
is 4m [13]. The BRB in the demonstrated building is arranged
based on engineering practice. For example, the number of BRB
in the lower stories is often greater than that of the higher stories.
In addition, an open space is usually provided in the middle span of
the outer frame. Therefore, for stories that are less than twelve
story, the BRBs are installed on the two side spans of the outer
frame along the X direction, and the second and fourth spans on
the inner frames along the Y direction. For stories that are greater
than twelve story, the number of BRB decreases from two to one in
both X and Y directions as indicated in Figs. 10.1-10.3, respec-
tively. Two types of columns are used: C1 connected to braces
and C2 unconnected to braces. The floors are 12 cm in thickness
and are fabricated with 4000 psi concrete.

3n@3=9m

c o c2 c2 © c

I S s ' g 9~ T
1 1) S e 1 - CLA LA 4 CL

o B ChellGhllh Lo, y
o E i
e ! :
sl
gl aj a ct ctl ct al
o O «O~— AT AP —0 o
T T .'
ai QI c2 a) e cl’

O a] o

:"t 9m@5=45m |

Fig. 10.1. Plan view of the studied frame.

N N

Fig. 10.2. Elevation view of the 20-story building in X direction.

The static load is 1.1 tf/m? for floors 1 to 7, 1.0 tf/m? for floors 8
to 14 and 0.9 tf/m? for floors 14 to roof. The live load is 0.2 tf/m? for
floors 1 to 19 and 0.3 tf/m? for the roof. The total weight of the
structure is approximately 24421.5 ton. It is assumed that the
building is located in Zone II of Taipei and the buildings are
designed for a peak ground acceleration (PGA) of 0.291 g based
on a Taiwan seismic hazard curve corresponding to a 10% excee-
dance probability in 50 years. The design criteria are:

1. Under the design earthquake, the maximum inter-story drift of
the buildings may not exceed the 0.5% limit.

2. The strength ratio of column, beam and brace must be less than
0.95.
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N N

Fig. 10.3. Elevation view of the 20-story building in Y direction.

3. The moment structure should be able to sustain 25% seismic
force alone.

4. The depth of the beams may not be less than 1/20 of the span.

5. Beams in both directions beams are separately designed. Ide-
ally, the beam depth should be identical in both directions. In
case they are different, the differential may not be smaller than
10 mm to facilitate installation of the stiffener inside the box-
type columns.

4.2. Preliminary designs and materials

In the preliminary study, three buildings are designed under the
same criteria (section 4.1) and are termed SNSN, SNHT and HTHT.

Table 3
Periods of three preliminary buildings.

SNSN SNHT HTHT
1st period 2.56s 2.68 s 2.84s
2nd period 2.49s 2.56s 2.70s
3rd period 1.81s 1.88s 195s

Table 4

Mechanical properties for the steel materials used in case study.

SNSN indicates SN490 is used for both beam and column, and
SNHT indicates that SN490 and HT690 are used for beam and col-
umn, respectively. HTHT indicates that HT690 is used for both
beam and column. For a fair comparison, these three buildings
are designed to have a similar strength ratio. Nonetheless, there
are some exceptions. For example, the depth of beams is strictly
not permitted to be less than 1/20 of the span by Taiwan practices.
In such a situation, the strength ratio may not be the major control-
ling factor, making it impossible for all three buildings to have an
identical strength ratio. One of the focuses in these preliminary
designs is to identify the performance of the SNSN building that
is used as the design target (or constraints) in the subsequent opti-
mization study. Please note that in practice, the built-up box is
often used for columns and all beam-to-column joints are designed
as moment-resisting connections in Taiwan.

The core material in BRB is A36. The minimum cross-section
area for the braces is 30 cm? with an increment of 5 cm?. SN 490
and HT 690 are used for beam and column, respectively. If the plate
thickness of the beams is larger than 40 mm, the material is chan-
ged from SN490B to SN490C and a uniform girder size is used for
all stories (BH400 x 300 x 12 x 25). Periods of the three buildings
are displayed in Table 3. As expected, the HTHT frame has a lower
stiffness as a result of the smaller section and therefore has the
highest period. Table 4 shows the properties of SN490B, SN490C,
HT690 and A36 steel.

4.3. Evaluation process

Both static and dynamic analyses are conducted in the struc-
tural evaluation process. The key evaluations in the static analysis
are inter-story drift, strength ratio and whether the moment-
resisting frame has the ability to sustain 25% of the seismic force
without the presence of the BRB. The key evaluations in the
dynamic analysis are inter-story drift, top-floor acceleration ampli-
fication factor and maximum/cumulative damage index of the BRB.
For dynamic analysis, the design regulations in Taiwan require a
minimum of three earthquake records, and their response spec-
trums must be scaled to fit the design response spectrum. To be
specific, for a damping ratio of 5%, the response spectrum of the
selected earthquakes falling in between 0.2 T and 1.5 T (T as the
fundamental period) may not be lower than 90% of the correspond-
ing design spectral acceleration. In addition, the average value of
the response spectrum within the designated period range may
not be lower than the average value of the corresponding design
spectral accelerations. This study selects eight seismic records
and scales them based on the above regulations, as shown in
Fig. 11.

4.4. Results of static analysis for the preliminary buildings

Table 5 displays the maximum inter-story drifts of these
three buildings. As expected, to satisfy the demands of gravity
loading, the SNSN frame needs to have a greater column size
because its material strength is lower than others, resulting to
a greater structural stiffness and a smaller inter-story drift.

Steel Yield stress (N/mm?) Ultimate stress (N/mm?)
SN490B 65t<12 125t 16 16 =t=<40 t>40 490-610
325 325-445 325-445 295-415
SN490C 16 <t <40 40<t<50 t>50 490-610
325-445 295-415 295-415
A36 300 400-550
HT690 550 690
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Fig. 11. Example of the Kobe earthquake and the scaled spectrum compatible with
the design spectrum of 475 years.

Table 5
Maximum inter-story drifts (%) of the three
buildings under static analysis.

Frame X-Dir. Y-Dir.
SNSN 0.38% 0.33%
SNHT 0.45% 0.39%
HTHT 0.46% 0.48%
Table 6
Total steel weight used in the three buildings.
Frame Total steel Reduction
content (Ton) rate
SNSN 3720 -
SNHT 3310 11.01%
HTHT 2986 19.71%

" Compared to SNSN

Table 7
Strength ratios of the three moment resisting frames under 25% seismic loading.

Frame Strength ratio of beam Strength ratio of column
SNSN 0.3-0.65 0.3-0.45

SNHT 0.35-0.55 0.35-0.75

HTHT 0.3-0.45 0.25-0.7

Although the inter-story drifts of SNHT and HTHT frames are not
up to the level of SNSN, they still meet the requirements (0.5%).
Note that the BRBs in these three buildings are at the same loca-
tions but have different section areas. Table 6 shows the total
steel weight used in these three buildings. Compared to the
SNSN frame, the HTHT and SNHT frames can reduce the total
steel weight by 19% and 11%, respectively. Table 7 displays the
strength ratios of three buildings only with a moment resisting

frame (i.e.,, no BRB) under 25% seismic loading, indicating that
all three buildings meet the standards.

4.5. Results of dynamic analysis for the preliminary buildings

Eight sets of earthquake records are selected from the NGA-
West2 Ground Motion Database, namely TCU065, TCUO084,
TCU129, CHY028, TAP103, Kobe, Loma Prieta and Northridge.
Fig. 11 displays the time history and response spectrum of the
scaled Kobe earthquake corresponding to the 475-year design
response spectrum. The PGAs of all of the scaled earthquakes are
shown in Table 8.

Fig. 12 shows the X direction inter-story drift of each floor for
three buildings under the scaled Kobe earthquake excitation. It is
seen that for all buildings, the BRB arrangement has a significant
influence on the drift values. For example, the inter-story drifts
between the 11th and 12th stories are abruptly heightened
because of the reduced number of braces (from 2 to 1) on the
12th floor.

Table 9 exhibits the maximum inter-story drift of three build-
ings for the eight earthquake excitations in both directions. Similar
to the results of static analysis, the SNSN frame has the smallest
inter-story drift. Analysis of variance (ANOVA) is adopted to ana-
lyze the inter-story drift performance among three buildings. As
indicated in Table 9, the difference among them is significant. Nev-
ertheless, the inter-story drifts of three buildings all meet the
requirement of collapse prevention in FEMA356 (2%).

To evaluate the fatigue performance for three buildings, the
fatigue damage index (M—index) is used. Two types of M—index
are used as the measurement for comparison: the maximum value
of M—index among all BRB members in a building (denoted as
Dmax hereafter) and the cumulative value of M—index for all
BRB members in a building (denoted as Cdamage hereafter).
Table 10 shows the Dmax in X direction and the corresponding
story number for three buildings. It is seen that Dmax is prone to
occur on higher stories because of the vertical layout of BRB.
Table 11 shows the Cdamage in the X direction. The results of
ANOVA show that differentials in X-axis Dmax among the three
buildings are not significant, but that the differentials in Y-axis
Dmax, X-axis Cdamage and Y-axis Cdamage are significant. The
all-steel BRB of all three buildings has not yet reached fatigue fail-
ure point under the selected earthquake excitations. Among them,
the BRB of the SNSN frame absorbs the highest level of energy and
SNHT follows.

The “roof acceleration amplification factor” refers to the max
ratio of the roof acceleration to the ground acceleration through
the entire dynamic analysis duration. Table 12 shows the X-axis
(in positive direction) roof acceleration amplification factor of the
three buildings under the eight sets of scaled seismic excitations.
The results indicate that the roof acceleration amplification factors
of all three building all meet the code requirement. In addition, the
F value suggests that the differentials among the three buildings in
terms of roof acceleration factor are not significant.

4.6. Optimal design using PSO and its structural responses

To increase the benefits and structural performance of using
high-strength steel, this study used PSO to find an optimized design
(O_SNHT) having the equivalent structural performance of an SNSN

Table 8

PGA of the eight scaled earthquakes.
Earthquake TCUO065 TCU084 TCU129 TAP103 CHYO028 Kobe Loma Prieta Northridge
PGA (g) 0.34 0.26 0.30 0.31 0.26 0.27 0.25 0.26
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Fig. 12. X-Dir. inter-story drifts under the scaled Kobe earthquake excitation.
Table 9
Maximum inter-story drifts of three buildings for the eight earthquakes.
X-direction Y-direction
D_SNSN D_SNHT D_HTHT D_SNSN D_SNHT D_HTHT
TCUO065 1.27% 1.50% 1.93% 1.42% 1.35% 1.63%
TCU084 1.29% 1.62% 1.62% 1.24% 1.41% 1.35%
TCU129 1.17% 1.36% 1.32% 1.14% 1.31% 1.34%
TAP103 1.35% 1.83% 1.84% 1.28% 1.54% 1.59%
CHY028 1.29% 1.56% 1.57% 1.13% 1.33% 1.45%
Kobe 1.53% 1.66% 1.64% 1.44% 1.59% 1.66%
LomaPrieta 1.56% 1.65% 1.57% 1.40% 1.59% 1.62%
Northridge 1.34% 1.77% 1.65% 1.17% 1.47% 1.44%
Average 1.35% 1.62% 1.64% 1.28% 1.45% 1.51%
STD 0.00132 0.001487 0.00184 0.00128 0.00115 0.00130
ANOVA F value 8.62 7.46
Critical value 347 3.47
Table 10
Dmax in X direction for three buildings.
SNSN Story SNHT Story HTHT Story
TCU065 0.0035 16 0.0023 13 0.0021 17
TCU084 0.0036 16 0.0035 17 0.0031 17
TCU129 0.0034 16 0.0013 17 0.0011 17
TAP103 0.0026 16 0.0028 17 0.0028 17
CHYO028 0.0023 16 0.0023 17 0.0021 17
Kobe 0.0031 16 0.0027 17 0.0023 17
LomaPrieta 0.0031 16 0.0029 17 0.0026 17
Northridge 0.0030 17 0.0043 17 0.0041 17
Average 0.0031 0.0028 0.0025
STD 4.46x10* 8.86x10% 8.73x10*
ANOVA F value 1.045
Critical value 3.466

frame that is confirmed by dynamic and fragility analysis. In addi-
tion, the strength ratios of the each element in the optimization
design are suggested as a design reference for engineers. Factors con-
sidered in the optimization process include the following: maximum
inter-story drift should be no greater than the maximum inter-story
drift of SNSN frame, BRB strength ratio must fall between 0.95 and

0.7 and the column size in lower floors may not be smaller than that
in higher floors. The design variables are the width and thickness of
box column and BRB core area. Because the column size is designed
with two floors in a unit, the number of design variables is 79. It
should be noted that the dynamic analysis is not included in
optimization because of its higher computational cost.
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Table 11
Cdamage in X direction for three buildings.
SNSN SNHT HTHT
TCU065 0.12 0.10 0.10
TCU084 0.14 0.11 0.11
TCU129 0.14 0.04 0.04
TAP103 0.13 0.09 0.09
CHY028 0.07 0.05 0.05
Kobe 0.13 0.01 0.01
LomaPrieta 0.13 0.11 0.11
Northridge 0.10 0.11 0.10
Average 0.121 0.077 0.076
STD 0.0239 0.0388 0.0377
ANOVA F value 4.247
Critical value 3.466

Table 12

X-axis top-level acceleration amplification factor (positive).
Earthquake SNSN SNHT HTHT
TCU065 2.2 2.3 22
TCUO084 3.0 33 32
TCU129 2.1 2.1 23
TAP103 2.2 2.2 2.1
CHY028 3.0 2.9 2.7
Kobe 2.4 2.4 2.3
LomaPrieta 3.2 3.2 3.2
Northridge 3.1 3.1 33
Average 2.6 2.7 2.7
STD 0.46 0.49 0.50
ANOVA F value 0.012

Critical value 3.466

In summary, the optimization is displayed in Eq. (10):

Min. the total weight of building
story drift < Maximum story drift of SNSN
column size; > column size;.;
0.7 < Brace stress ratio < 0.95
particle lower bound < particle (section size)
< particle upper bound
stress ratio of beam and column < 0.95
where i is the story number from 1 to 20

In the optimization process, a parametric structural model is
developed for evaluating the building responses in an automatic
fashion. The SAP2000 Application Programming Interface (API) is
able to carry out both pre- and post-processing such as assigning
the section area and capturing the strength ratio, respectively.
Thus, the API is adopted here to prepare the building model and
deliver the analysis and design outcomes in each optimization iter-
ation. PSO is used as the optimization engine by taking advantage
of not being trapped in a local minimum because of the inherent
random searching procedure. A new position of a particle, which
represents a set of section sizes in the current study, is generated
using Eq. (11), as shown below:

Xi(t+1) = 7;(t+ 1) + X(t) (11)

where ¥(t + 1) denotes the position of the it" particle in the next
iteration, %(t) denotes the position of the it" particle in the current
iteration and 7;(t + 1) denotes the velocity of the i™" particle in the
current iteration. The velocity of the i particle is determined by Eq.
(12), as shown below:

I_}i(t + 1) =WX 77,‘([') + 11 ()_('pBest - )_f,(f)) + rZCZ()_{gBest - Xl(t)) (12)

where w is the inertia factor, 7;(t) is the velocity of at previous iter-
ation, r; (i = 1-2) are random numbers between 0 and 1, and ¢; and

Table 13

Parameters of PSO used in this study.
Number of particle 10
Number of iteration 40
Column width upper bound 1500
Column width lower bound 100
Column thickness upper bound 70
Column thickness lower bound 16
BRB area upper bound 300
BRB area lower bound 10
Upper bound of w 0.9
Lower bound of w 0.2
(o} 2
C2 2

¢, are the cognition factor and the social factor, respectively. The
parameter X,z is the particle position with the minimum objective
value in the i" population, and Xges; is the particle position with the
minimum objective value among all populations. Detailed informa-
tion for the PSO used here can be found in Table 13. The flowchart of
PSO-based optimization is shown in Fig. 13.

Fig. 14 shows the convergence history of the objective function.
The maximum X-axis inter-story drift of the O_SNHT frame is
0.38% (SNSN: 0.38%), and the maximum Y-axis inter-story drift is
0.32% (SNSN: 0.33%). The total steel weight for O_SNHT is 3211
tons, which achieves a saving of 13% steel compared to that of
SNSN frame. It can be observed that the proposed optimization
algorithm reduces the inter-story drift (from 0.45% to 0.38% and
from 0.39% to 0.32% for the X-axis and Y-axis, respectively) as well
as the amount of steel. Based on the analysis results of O_SNHT, the
strength ratios of C1 and C2 columns, beams and braces are recom-
mended to be the vicinities of 0.9, 0.8, 0.8 and 0.95, respectively, to
ensure that the design frame fits the concept of damage control.

Although the dynamic analysis is not included in optimization,
the performances of the optimal frame (O_SNHT) under seismic
excitations are examined and displayed in Table 14. Compared to
the results of SNSN, inter-story drifts and top-floor acceleration
amplification factors of O_SNHT in both X and Y directions are sim-
ilar to those of SNSN. In the BRB damage index, significant differ-
ences are found in all indices except Y-axis Dmax. It is seen that
although the dynamic analysis is not considered in optimization,
most of the indices indicate that the structural performance of
O_SNHT is similar to that of SNSN. Please note that all responses
of O_SNHT meet the standards.

4.7. Results of fragility analysis

In addition to evaluate the deterministic performance of the
investigated buildings, this study further assessed the probabilistic
performance of two frames, O_SNHT and SNSN, through the fragi-
lity analysis. In general, the inter-story drift is used as the struc-
tural performance index, and therefore the relationship between
spectral acceleration and maximum inter-story drift is established
through Eq. (13).

D =a(S.)’ (13)

in which D is the demand of the inter-story drift, S, is the spectral
acceleration and a and b are constants derived from regression
analysis.

The fragility curve is a conditional probability computation,
representing a system failure probability for a given intensity mea-
surement. For example, when S, is given, assuming that the capac-
ity and demand of the building are lognormally distributed, the
corresponding failure probability can be calculated through Eq.
(14):
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Table 14
Dynamic performance comparison between O_SNHT and SNSN frames.

O_SNHT SNSN

X_drift Average 1.31% 1.35%
STD 0.0006 0.00132
Z-value 0.79 (1.96)
Y_drift Average 1.17% 1.28%
STD 0.0011 0.00128
Z-value 1.81 (1.96)
X_Dmax Average 0.0020 0.0031
STD 0.0013 0.00043
Z-value 2.25(1.96)
Y_Dmax Average 0.0029 0.0028
STD 0.0009 0.00048
Z-value 1.64 (1.96)
X_ Cdamage Average 0.05 0.12
STD 0.03 0.02
Z-value 5.38 (1.96)
Y_ Cdamage Average 0.06 0.15
STD 0.03 0.04
Z-value 4.77 (1.96)
X-axis top-floor acceleration Average 2.6 2.6
amplification factor (positive) STD 0.56 0.47
Z-value 0.21 (1.96)
X-axis top-floor acceleration Average 2.5 24
amplification factor (negative) STD 0.24 0.27
Z-value 0.43 (1.96)
Y-axis top-floor acceleration Average 2.8 2.8
amplification factor (positive) STD 0.63 0.40
Z-value 0.19 (1.96)
Y-axis top-floor acceleration Average 2.6 2.5
amplification factor (negative) STD 0.40 0.43
Z-value 0.54 (1.96)
C In .
P{(C>DIS, =x) =1 ﬂ/){l“!(f)] -1 4{(!}")] (14)

in which C is the mean value of the capacity, D (a(S,)") is the mean
value of demand in terms of inter-story drift, is the standard devi-
ation with respect to the limit state, and is the probability density
function of standard normal. With reference to the FEMA356, two
structural performance levels are adopted: life safety (LS) and col-
lapse prevention (CP). That is, the values of C are 1.5% and 2% for
LS and CP, respectively. The parameter is calculated by Eq. (15):

B=1/Bos, + B (15)

in which . is the standard deviation of capacity for a given S,. The
value falls between 0.2 and 0.4 [14]. The parameter fs, is the stan-
dard deviation of demand corresponding to a given S,, representing
the uncertainty in inter-story drift under excitations with a given S,.
To calculate the value of fps,, similar to D, this study establishes the
relationship between the standard deviation of the inter-story drift
and spectral acceleration from eight sets of earthquake excitations
and from Eq. (16), as shown below.

Boss, = ¢(Sa)’ (16)

in which ¢ and f are constants derived from regression analysis.
Parameters of a, b, ¢, and f are displayed in Table 15.

Table 15

Parameters used in fragility analysis.
Regression parameter O_SNHT SNSN
a 3.65 3.84
b 0.932 0.924
c 0.37 0.43
f 0.960 0.986

Fig. 15 shows the fragility curves of O_SNHT and SNSN (COV of
capacity are 0.2, 0.3 and 0.4) targeting on the performance levels of
LS and CP. It is seen that the trends of LS and CP fragility curves of
the two buildings are similar. When S, is larger than 0.8 g - 1.2 g,
the fragility curve of O_SNHT rises gradually above that of the
SNSN frame. In other conditions, the performance of O_SNHT frame
is slightly better than the SNSN frame. Although dynamic analysis
is not part of the optimization, the results show that the structural

100%
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40%
= = O_SNHT(CP)
20% ——— SNSN(LS)
===« 0 _SNHT(LS)
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0 0.5 1.5 2

1
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Fig. 15.1. Fragility curves for O_SNHT and SNSN with COV of 0.2.
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Fig. 15.2. Fragility curves for O_SNHT and SNSN with COV of 0.3.
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Fig. 15.3. Fragility curves for O_SNHT and SNSN with COV of 0.4.
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performance of the optimal frame (O_SNHT) is indeed fairly close
to the performance of SNSN.

5. Conclusion

This study explored the safety and economic benefits of a dual-
steel moment frame constructed using a combination of high-
strength and high-ductility steel. An ABAQUS UMAT was estab-
lished to simulate the BRB nonlinear behavior based on test results.
The all-steel BRB damage index was investigated through Miner’s
suggestion [12]. Three numerical examples, based on 20-story
dual-steel moment frames (SNSN, SNHT and HTHT) located in Zone
Il Taipei, were used to obtain detailed information with respect to
the issues of safety and economic cost. To ensure that damage
occur in the brace system first, different strength ratio are assigned
for the main and secondary systems in the design stage. Pseudo-
static, dynamic and fragility analyses were conducted to compare
the structural performances among three frames using ANOVA.
The structural performances investigated included the inter-story
drift, maximum roof acceleration, property of BRB hysteresis,
strength ratio between main frame and BRB and cumulative fati-
gue damage. To ensure that the SNHT structure can provide similar
structural performance as structures built with regular steel but
with minimized use of steel materials, a PSO-based optimization
was carried out. Fragility analyses confirmed that the structural
performance of the optimization design was similar to the SNSN
frame. From the results of the abovementioned analyses, it was
found that all structures constructed from regular or high-
strength steel met the standards in both static and dynamic anal-
ysis. Compared to SNSN, SNHT saved 11% steel, however, the
dynamic analysis indicated that control of the maximum inter-
story drift of SNHT was not as favorable as SNSN. After performing
optimization, O_SNHT saved approximately 13% of steel compared
to SNSN and simultaneously improved the structural performance
of SNHT up to the level comparable with SNSN or even higher. The
fragility curve of O_SNHT was similar to that of SNSN in both LS
and CP. In particular, if the spectrum acceleration is smaller than
0.8 g, O_SNHT is more capable in terms of satisfying the demands
in LS and CP. Based on the results of optimization, for a 20-story
dual-steel moment frame, the strength ratios of C1 and C2 col-
umns, beams and braces are recommended to be the vicinities of
0.9, 0.8, 0.8 and 0.95, respectively, to ensure that the designed
frame can provide similar performance to the optimal design iden-
tified in this study.
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Appendix A: Establishment of the hysteretic model

The two bounding surfaces method is combined with kinematic
hardening to form the complete hysteretic modeling as described
below.

1. For i =1 to the required increment number,

AS = EAg; 0! = o' + AS; o = EjP

where i is the i increment, is the strain increment, E is the elastic
modulus, S is the stress increment, ¢' is the stress at i increment, is
the shifted stress value, E;, is the strain-hardening parameter at the
i increment, and &P is the accumulated plastic strain.

2. If status(i) = elastic, perform the following calculations:

If |61 — o) < gyr

gitl — gitl
else
status(i + 1) = yielded
,‘ i i‘
End if
else
go to step 3
end if

3. If status (i) = yielded, perform the following calculations:

If 6iAs <0
status(i + 1) = elastic
gitl = gitl
else
p=0
End if
else
go to step 4
End if

4. Compute

i

i+1 _ 4 EEP _
o _044MS+E (1-p)Ae

i

P

&P = ¢gP 1 7[))
1+E,/E

5. Compute

i+1 0 0 s
E;J+ =E,+(E-E,) x <6T>

in

6. If 0, < 05

IBI*| = [BY | + 2AsF,
else

B! = |BY | — 2AsFs
End if

where B} is the stress bound in the i" increment, As is |os — 7., Fp is
the hardening coefficient and F; is the softening coefficient.
7. End for
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