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Summary

There has been an increasing interest in using residual deformation as a
seismic performance indicator for earthquake resistant building design. Self-
centering braced structural systems are viable candidates for minimizing
residual deformations following a major earthquake. Hence, this study pro-
poses an alternative type of buckling restrained brace (BRB) with externally
attached posttensioned (PT-BRB) carbon fiber composite cables (CFCCs). The
steel core of the brace is used as an energy dissipator, whereas the CFCCs pro-
vide the self-centering force for minimizing residual story drifts. Three proof-
of-concept specimens are designed, fabricated, and cyclically tested at different

posttensioning force levels. The CFCC behavior to obtain cyclic response,
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including the anchorage system, is examined closely. A parametric study is
also conducted to show the effect of the different configurations of PT-BRBs

Lo . on the inelastic response. Furthermore, optimal brace parameters are dis-
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cussed to realize design recommendations. The results indicated that the
implementation of partially self-centering BRBs in building frames can lead
to the target residual displacements. A stable behavior is obtained for the
proposed PT-BRBs when subjected to the loading protocol specified in the

American Institute of Steel Construction (AISC) 2016 Seismic Provisions.
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1 | INTRODUCTION

Conventional seismic design practices and current codes allow buildings to experience large plastic deformations under
a design basis earthquake (DBE)." The use of such code criteria results in significantly damaged buildings that do not
return to their original positions, and large amount of residual displacements hinder the reuse of these buildings follow-
ing a major earthquake. Hence, buildings are sacrificed after a major earthquake while safety of lives is assured. The
loss of damaged buildings and reconstruction of new buildings significantly impacts the economy” and environment.>
Macrae and Kawashima* showed that residual deformations are mainly dependent on postyield stiffness ratio (a)
for elasto-plastic hysteresis, and they decrease as « increases. Thus, one possible solution to minimize residual deforma-
tions, which is commonly used in the Japanese design practice, is the concept of damage controlled building.’ This con-
cept constitutes a dual system composed of moment resisting (MR) frames that support gravity loads and added seismic
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dampers for mainly resisting lateral loads. MR frames provide additional postyield stiffness to elasto-plastic dampers
(such as metallic or friction dampers); thus, the MR frames aid in reducing residual deformations.

The residual deformations can also potentially be mitigated by self-centering (SC) structures. They have been pro-
posed in various structural configurations such as frames incorporating posttensioned/pretensioned beam-to-column
connections,®’ rocking frames,® or SC-braced frames.® SC behavior is generally realized by adding restoring forces to
the structural system for recentering the building after an earthquake. Christopoulos et al.'® investigated seismic
response of SC single degree of freedom systems. They showed that no residual deformation and peak deformation sim-
ilar to that of elasto-plastic behavior can be obtained when flag-shaped behavior is provided. Zhu and Zhang'' devel-
oped an SC brace by using shape memory alloys (SMAs). However, the proposed brace exhibited relatively low
damping values when compared with metallic or viscous dampers. Christopoulos et al.'? developed and tested'* an SC
brace, which consists of a damper with friction-based energy dissipation mechanism and aramid base tendons. Chou
and Chen'* tested braces of similar concept with steel, e-glass fiber, and T-700 carbon fiber tendons. In addition to
friction-based energy dissipation mechanisms, buckling restrained braces (BRBs) have been introduced in an SC
brace.'® BRBs exhibit an excellent energy dissipation capacity, and they have been used as seismic dampers in seismi-
cally vulnerable areas, such as Turkey, Japan, the United States, Taiwan, Canada, and New Zealand, since the first
application of BRBs in 1988 by Fujimoto et al.'® However, connection details/types of frames incorporated with BRB
exhibit a significant impact on the overall behavior. For example, implementation of BRBs in buildings with a non-MR
frame results in high residual displacements following a major earthquake.'”'® Miller et al.'> developed a self-centering
BRB (SC-BRB), which consists of a mortar-filled BRB for energy dissipation and SMA rods for the SC mechanism. Spe-
cifically, SMAs are useful in seismic applications for the required recentering force and energy dissipation. However,
they are expensive and difficult to process. Subsequently, the concept of SC-BRB was modified by Zhou et al.,'" wherein
an all-steel dual tube BRB is combined with basalt fiber reinforced polymer cables (BFRPCs). They reported that pre-
stress loss and elastic modulus of BFRPC increases under cyclic loading.

This study extends the concept of SC-BRBs by describing an alternative type of posttensioned buckling restrained
brace (PT-BRB). The proposed PT-BRB is expected to be used as a full or partial SC-BRB or a BRB with high postyield
stiffness ratio, which behaves similar to dual systems without requiring an MR beam to column connection detail. The
PT-BRB consists of mortar-filled BRB for energy dissipation and posttensioned carbon fiber composite cables (CFCCs)
for the SC mechanism. A more simplified brace design is proposed here, when compared with previously developed
SC-BRB, by using an inner tube for restraining the buckling of the core and for transferring restoring forces in the SC
mechanism. CFCCs exhibit linear and easily predictable behavior when compared with SMAs. Their elastic modulus is
similar to that of steel strands and exhibit higher corrosion resistance and elastic elongation capacity. The CFCCs are
used for the first time in SC-BRBs proposed in this study. Hence, special emphasis is placed on coupon tests of CFCCs
and the effect of anchorage system, which plays a significant role on the overall brace performance. Three proof-of-
concept BRB specimens were designed and tested in a diagonal brace configuration under varying levels of
posttensioning (PT) forces in the cables. Additionally, a thorough parametric numerical study was conducted to show
the impact of PT-BRBs on steel-framed buildings. Full SC hysteresis decreases the energy-dissipating performance of
the braces when compared with that of a conventional bilinear hysteresis. Therefore, a trade-off relationship exists
between the reduction in maximum response and residual drift. An optimal combination of SC force and postyield stiff-
ness are discussed to control maximum response and residual drift.

2 | CONCEPT AND PRELIMINARY DESIGN OF THE PT-BRBS

Conventional BRBs can be combined with symmetrically placed four posttensioned CFCCs to develop a brace with SC
(complete or partial) capabilities. PT-BRBs consist of a steel core, an inner tube (it), an outer tube (ot), two end plates,
and four CFCCs. Specifically, the use of CFCCs in providing the required PT for the brace is novel idea. Figure 1A
shows the production steps of the proposed PT-BRBs. First, a steel core is produced and welded to the core stiffeners
(step 1). Second, the core is placed into an inner tube wherein only left-side of the tube is welded to the core stiffeners
and mortar is filled into the inner tube (step 2). Once the production of the energy dissipating element of the brace
(i.e., BRB) is completed, it is placed inside the outer tube, and only right-side of tube is welded to the core stiffeners
(step 3). Finally, CFCCs and end plates are placed in the brace without any welding, and a PT force is applied to the
CFCCs (step 4). The production process of the BRB is very similar to that of a conventional BRB with the exception of
the welding of the inner tube. This type of welding aids in the use of the inner tube as a casing tube of the BRB and as
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FIGURE 1 Posttensioned buckling restrained brace (PT-BRB) A, production steps and B, gap opening mechanism

an element for the SC mechanism. The main purpose of the SC mechanism is to change the direction of the compres-
sion force by 180°, thereby transferring it to the cables. This is realized by creating a gap for tension and compression
cases (Figure 1B) to maintain tension in CFCCs. In the case of no force, tubes touch the end plates because of the PT
force in the cables. When the brace moves under tension, welded parts of the tubes push the end plates, and thus, a gap
is created between the end plates and free parts of the tubes. In compression, a part of the forces on the brace is trans-
ferred through the tubes to the end plates. Hence, gaps are created between the end plates and welded parts of the
tubes.

Previous studies have demonstrated that residual deformations are mainly dependent on postyield stiffness ratio («)
and energy dissipation ratio () for bilinear and flag-shaped hysteresis.*'>° Therefore, a and /3 values of the braces are
selected as two major parameters in designing any type of PT-BRBs. The first stiffness of posttensioned systems is gener-
ally not clear or lower than the calculated values.?"** Hence, in this study, « is adopted as a ratio of postyield stiffness
of the brace (K5) to the first effective stiffness (Ki_.g), as shown in Equation 1, where F,.g denotes the axial force on the
brace at the yield displacement of the brace (6,.g) and BRB (,.grg)-

Fy_p
5,_5

Kl—eﬁ = (1)

The preliminary design of PT-BRBs is based on two assumptions: SC-mechanisms exhibit multilinear elastic behav-
ior (Figure 2A), and BRBs exhibit an elastic-perfectly plastic behavior (Figure 2B). Thus, F,.z (Equation 2) can be

——PB=0, F, prs =0

Fysrp
KSC—len /
F
. + pu— ﬁ: 2F . grs
/l4 Fosrs tFpr
Ksc-com ——B=2,Fpr=0
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FIGURE 2 Design concept of posttensioned buckling restrained brace (PT-BRB) A, self-centering (SC) mechanism, B, BRB, and C,
total behaviors
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estimated with sum of the SC mechanism and BRB model (Figure 2C) by assuming that the posttension force (Fpr) is
transferred instantly. In Equation 2, F,, grg and Kgc.., denote yield force of the BRB and the equivalent stiffness of the
SC mechanism in tension, respectively.

F,_p=F)_prp+ Fpr + 0y_preK sC—ten- (2)

The energy dissipation ratio parameter (f) in Equation 3 denotes the SC capability of the brace (Figure 2). This is
demonstrated by the fact that when PT force (Fpr) is equal to the ultimate strength of the BRB (F, prp), f/ becomes
unity. This implies that the brace has sufficient force to recenter after the earthquake has lasted. Furthermore, g = 2
implies that PT-BRB is a conventional BRB and when 1 < f < 2, the brace becomes a partial SC-BRB.

2-Fy_prg

p= - UBRE (3)

Fyu_pre+Fpr

The strain hardening adjustment factor (w) of the core and compression strength adjustment factor of the BRB
(Beo-BrB) increase F, ppp (Equation 4). Hence, the elastic-perfectly plastic BRB model assumption is not used in the
calculation of f.

Fy_prB :ﬁco—BRBwa—BRB' (4)

The tubes are inactive in tension. Hence, the equivalent stiffness of the SC mechanism in tension (Ksc.sen)
(Equation 5) is equal to total stiffness of the (n) CFCCs, which is slightly different than that in compression (Ksc.com)
(Equation 6). Hence, there is a difference in the equivalent stiffness of the brace in compression (Kp.con) (Equation 7)
and tension (Kp.,.;,) (Equation 8). Subscripts for equivalent stiffnesses (K) denote the corresponding names of the com-
ponents, such as core regions E1, E2, E3, E4, E5, and E6 in Figure 3.

Ksc—ten =n-Kcree, (5)
amm (e 1) o
sc—em=|—+——+—7—] ,
" \Ki Ko n-Kcrcc
K ( L + 1 + 1 >_1 (7)
B— =\ - - )
" \Kprp+Ksc—com  Km  Kge
1 1 1\7!
U A :
“ " \Kpgp+nKerce ' Kpi - Ko ®

The equivalent stiffness of the BRB (Kpgp) is calculated as per Equation 9 where apgp is the postyield stiffness ratio
of the BRB and is assumed as 0.02.%
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FIGURE 3 Regions for calculating equivalent stiffnesses
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The size, shape, materials, yield (¢,) or ultimate (o,,) strength, elastic modulus (E), cross-section area (A), length (L),
and stiffness (K) of the corresponding regions used in the production of the PT-BRB are listed in Table 1.

Three identical specimens, with the exception of the PT levels, are designed and produced for the experiments in
the study. The capacity of the hydraulic actuator (500 kN) used in the experiment is the main limitation in the design
of the specimens, and this is common in many experimental studies. Hence, the minimum possible core cross-section
(12 x 25 mm) was designed to ensure that the maximum possible PT force can be applied without exceeding the
hydraulic actuator's capacity. In the next step, locally available CFCC cables were selected and PT-BRB-80 was
designed. Specimen PT-BRB-80 was designed to ensure minimum possible § values (maximum PT force) by considering
the actuator force capacity, minimum required elongation, and uncertainty in prediction of material and geometric
properties such as yield stress, cable stiffness, and hardening parameters. PT-BRB-56 (partially SC-BRB) and PT-BRB-16
(bilinear BRB) were obtained by reducing the provided PT. PT-BRB-16 is designed such that it is similar to a conven-
tional BRB but with relatively high postyield stiffness. PT forces on PT-BRB-16, PT-BRB-56, and PT-BRB-80 are approx-
imately 5%, 18%, and 26% of the breaking load of the cables, respectively. The last two characters in the name of the
brace denote value of the PT force in kN. In the design of PT-BRB, two main objectives were considered: (1) to investi-
gate the impact of PT force on the characteristics of the brace and (2) to check whether the elongation capacity of the
brace is suitable for the current codes. A minimum story drift ratio of A = 2% (also proposed for life safety
[LS] performance level in many seismic codes e.g., ASCE/SEI 7-16>*) is considered for the experimental protocols devel-
oped in this study. The compression strength adjustment factor of the BRB (f.,.5rp) and strain hardening adjustment
factor (w) are assumed to be higher than the typical values® when the ultimate force of the brace (F,.) is calculated.
The parameters calculated before the production of PT-BRBs are presented in Table 2 where T+, C—, and A represent
tension, compression, and story drift ratio, respectively. As mentioned earlier, actuator force capacity was the major
limitation in selecting the parameters a and f for the experiments of this study. However, in the design of a building, «
can be freely selected when g is selected as 2.0 (i.e., bilinear systems). Partial and full SC systems, where f can be freely
selected and « is be merely dependent on f, are discussed in the numerical part of the paper.

TABLE 1 Characteristics of PT-BRBs

Region Shape Size (mm) Material 6y, (MPa) E (GPa) n A (mm?) L (mm) K (kN/mm)
Core I 12 x 25 SN400B 235-355 205 - 300 1000 61.5
El 171 X 171 X 12 3960 310 2618.7
E2 171 X 171 X 12 3960 200 4059.0
E3 113 X 112 X 12 2556 530 988.6
E4 + 113 X 112 x 12 2556 530 988.6
E5 270 X 270 X 12 6336 120 10 824.0
E6 270 X 270 x 12 6336 380 3148.1
Inner tube (it) O 190.7 X 8.2 STK 490 315 4701 2380 404.9
Outer tube (ot) D 250 x 250 X 9 BCR 295 295 8467 2380 729.3
CFCCs * 7.5 CFCC 2444 (6,) 155 4 31.1 2350 8.2

Abbreviations: CFCCs, carbon fiber composite cables; PT-BRBs, posttensioned buckling restrained braces.

TABLE 2 Preliminary design values for the braces

K, (kN/mm) «a F,patA = +2% (kN)
Fy-B ﬁy-B Kl-eﬁ"
Bracename (kN) (mm) (kN/mm) T+ C— T+ (%) C—(%) P T+ C— PcoBrRE @
PT-BRB-16 116.5 1.73 67.15 8.7 8.4 12.9 12.5 1.83 391.5 412.6 1.2 1.6
PT-BRB-56 156.2 1.76 88.74 8.7 8.4 9.8 9.5 1.50 431.0 452.1
PT-BRB-80 180.0 1.78 101.39 8.7 8.4 8.5 8.3 1.35 454.7 475.8

Abbreviation: PT-BRB, posttensioned buckling restrained brace.
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3 | CYCLICTESTING OF PT-BRBS
3.1 | Cyclic coupon tests for CFCCs

CFCCs are widely used in bridge constructions or as prestressing reinforcement elements in concrete elements.*
Although their monotonic behavior is reported in detail by Kimura et al.,>”*® there is a paucity of studies on the cyclic
behavior of externally attached CFCC. To provide a better understanding of the behavior and performance of such
cables under cyclic axial loads (not fully reversed to prevent buckling), CFCCs were placed in a universal testing
machine (UTM) between the grips prior to the tests of the BRB specimens. Additionally, nuts were attached to the end
of the steel sleeves to avoid possible slippage, which is a common problem in such tests. Free length of CFCC
(Ly = 380 mm) specimens with approximately 50 times the diameter and a loading speed of 3.75 mm/min were deemed
sufficient as per ASTM-D7205/D7205M.>° The anchorage system with a highly expansive material (HEM) is used for
fixing the CFCCs to the steel sleeves (Figure 4A). HEM expands because of the chemical reaction and creates high pres-
sure between the steel sleeve and CFCC. This pressure without stress concentration provides an appropriate force trans-
fer between the CFCC and steel sleeve.*® The axial displacement was measured with two linear variable differential
transformers (LVDT) for obtaining the cyclic behavior of CFCC including the anchorage performance. Similar to the
study done by Bruce and Eatherton, loading protocols (LPs) were adopted from FEMA 461.>> Among the test cou-
pons, CFCC-0 was not applied with any initial tension force, whereas CFCC-11.4 and CFCC-19 were tensioned to 15%
and 25% of the design load, respectively. All the protocols were continued for a minimum of 10 steps (i.e., 20 cycles),
and the next step amplitude was defined as a; , 1, which is 40% higher than the previous amplitude (Figure 4B). As
shown in Figure 4C-E, cyclic responses of CFCC coupons are not linear. There are mainly two different stiffnesses
wherein the first stiffness (Kcc.1) includes slippage or placing of the provided anchorage system. After permanent slip-
page, stiffness of CFCC increases and a linear behavior is observed for the second stiffness (Kcc.,), especially for CFCC-
11.4 and CFCC-19. Specifically, CFCC-0 is not applied with any PT force. Hence, the stiffness decreases and becomes
zero when the force on the cable is very low.

All specimens are tested such that they exhibit the guaranteed breaking load (P,). Although some slippage occurred
in CFCC-11.4, there was no visible damage or no stiffness degradation was observed after slippage. It is important to
note that the average of the total strains (¢;) and minimum linear elastic elongations (e,) were 4.83% and 2.07%, respec-
tively. Linear elastic elongation (¢e,.) of a CFCC is calculated in Equation 10 where P,;, and Ly denote the fracture force
and free length of CFCC coupons, respectively. The total strain (g;) is calculated by dividing the elongation at the frac-
ture to Ly The results of the coupon tests of CFCCs, which reveal the ultimate strength (s,) and properties of the cou-
pons, such as effective cross section area (A.4) and elastic modulus (E) calculated from Kcc.,, are provided in Table 3.
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FIGURE 4 Coupon tests of carbon fiber composite cable (CFCC) A, CFCC geometry B, loading protocol, hysteretic curves of C, CFCC-
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TABLE 3 Results of the CFCC coupon tests

Coupon Fpr Ly Ay Py Py Ou Kcca Kcc-

1x7750 (kN) (mm) (mm?®) (kN) (kN) (MPa) (kN/mm) (kN/mm) E(GPa) & (%) €.(%)
CFCC-0 0 380 31.1 76 95.11 3058 6.20 9.20 112.41 4.76 2.72
CFCC-114 114 82.68 2659 6.08 10.51 128.42 4.20 2.07
CFCC-19 19 95.86 3082 5.80 10.90 133.18 5.52 231
Average 91.22 2933 6.03 10.20 124.67 4.83 2.37

Abbreviation: CFCC, carbon fiber composite cable.

_ Pyy
o= — .
Kec-2Ly

When the CFCC specimen exceeds its ultimate deformation, the strength decreases drastically. It should be noted
that all the wires did not fracture instantly. The experiment was continued until all the wires were fractured, and the
images before (Figure 5A) and after (Figure 5B) fracture show brittle failure of CFCC. There was no damage at the
anchorage system for any specimen (Figure 5C). Based on the results of the coupon tests, the following PT process was
established. Each cable was pretensioned to 70 kN (around 92% of design strength of CFCC) and then released until the
target PT force was realized. This eliminated permanent deformation of the anchorage system due to placing or slip-
page. Another advantage of this process ensured verification of the cable strength and stiffness before the BRB testing.
The PT path is necessary to ensure a linear response because the CFCC is used as an external element to minimize
residual deformations.

3.2 | Monotonic coupon tests of the steel core

SN400B type steel is used as the core element of the produced BRBs. From the four monotonically performed coupon
tests, the average yield strain, fracture strain, tensile strength, and elastic modulus values were 0.13%, 33%, 283.81 MPa,
439.52 MPa, and 217.8 GPa, respectively.

3.3 | Testsetup and loading protocol

PT-BRBs are placed diagonally into the test frame (Figure 6A). The angle between the loading direction and PT-BRB is
0 = 25.34°, which represents a typical configuration for diagonal braces attached to buildings with approximately 9-m
beam spans. A displacement controlled testing was performed via a 500-kN capacity hydraulic actuator. All tests were
conducted in the laboratory in the Ookayama Campus of Tokyo Institute of Technology (Midorigaoka Building 2). Both
ends of the braces used pinned connection details, and one of them was attached to the posttensioned reaction beam to
ensure a minimum gap between the reaction beam and frame during the experiment. Pin-to-pin and core lengths of the
PT-BRBs are 3540 and 1000 mm, respectively. During the tests, displacements were measured via 12 displacement
transducers. Reaction forces on CFCCs were significant, and thus they were recorded by four load cells. Additionally,

LY i
““ o N N

FIGURE 5 Images from carbon fiber (B) After fracture

composite cable (CFCC) coupon tests A, before asn —

fracture, B, after fracture, and C, anchorage after

fracture [Colour figure can be viewed at (A) Before fracture (C) Anchorage
wileyonlinelibrary.com]| after fracture
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FIGURE 6 Schematic of specimens and displacement histories A, test setup, loading protocol of B, posttensioned buckling restrained
brace (PT-BRB)-16, C, PT-BRB-56, and PT-BRB-80 [Colour figure can be viewed at wileyonlinelibrary.com]

strain gages were attached to the inner and outer tubes of the braces for monitoring the changes in force during the
experiment.

In the first part of the LP, the American Institute of Steel Construction (AISC) protocol, which is a cyclic test for
qualification of BRBs in ANSI/AISC 341-16,>* was applied to all the specimens for a better comparison. The AISC proto-
col requires completion of two cycles of loading at the deformation corresponding to 4,, 0.54,,, 1.04p,,, 1.544,,, and
2.04,,, where Ay, denotes design story drift and A, denotes drift where the brace is yielded. Considering the elongation
capacities of partial SC PT-BRBs (the elongation capacity of bilinear PT-BRB is higher), design story drift is limited to
Apm = 1% as per ANSI/AISC 341-16.* This is similar to limiting the story drift ratios to 1% under the DBE and 2% under
the maximum considered earthquake (MCE). The limit of the design story drift to 1% is quite common in Japan.** How-
ever, this limit is generally used for essential facilities (e.g., hospitals) in the United States.>* Additional complete load-
ing cycles at the deformation corresponding to 1.54,,, is required for the brace to realize cumulative inelastic axial
deformation of at least 200 times the yield deformation. Due to relatively short core configuration of BRBs, PT-BRBs
reached the required cumulative inelastic axial deformation even before the loading of the peak displacement level
(2.04,,) of the AISC protocol was reached. To compete with the conventional low cycle fatigue performance of BRB,
the first part of LP (LP—part I) defined in this paper consists of the AISC protocol and four cycles of loading at the
deformation corresponding to 1.54,,, even exceeds the required minimum cumulative inelastic deformation capacity
(Figure 6B,C). In the second part of loading (LP—part II), all specimens were tested with different protocols. LPs of PT-
BRB-56 and PT-BRB-80 (Figure 6C) were continued with a constant amplitude (1.5% and 2.0% story drifts, respectively)
until fracture to determine low cycle fatigue performance of the core at different strain levels. As stated before, PT-
BRB-16 was designed as a conventional BRB with high postyield stiffness. Hence, this BRB is expected to exhibit a
higher elongation capacity because of the low PT force. Therefore, the LP of PT-BRB-16 (Figure 6B) was continued with
increasing amplitudes of 2.5% and story drift ratios of 3.0% at every two cycles to verify higher elongation capacity of
the brace. Another aim of the LPs was to determine the behavior of the brace after a component had failed (CFCC or
BRB core). Therefore, LPs of PT-BRB-56 and PT-BRB-80 were continued even after the core fractured to observe the
overall failure mode. Additionally, once the second part of protocol of PT-BRB-16 was completed, the CFCCs were
released from PT-BRB-16. In this case, the hysteretic behavior of only the BRB was obtained, and thereby the sole
response of the brace was observed for a scenario when the cables failed.

4 | TEST RESULTS

Images of the BRBs before the experiment and that of all braces and PT-BRB-16 in the test frame are shown in
Figure 7. The properties of the braces, such as stiffness, yield force (F).p), yield displacement (6,.5), peak force (F,.g) at
A = +2% drift, and compression strength adjustment factor (f.,p), obtained via experimental tests are presented in
Table 4. It is shown that F, g and K., increase with increasing levels of PT, as expected. Although the second
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FIGURE 7 Images before experiment A, buckling restrained brace (BRBs) only, B, posttensioned buckling restrained braces (PT-BRBs),
and C, PT-BRB-16 in the test frame [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Brace properties from experimental data

K, (kN/mm) a F,pgatA = +2% (KN)
Fy—B 6y.B Kl-eﬁ'
Brace name  (kN) (mm) (kN/mm) T+ C- T+ (%) C—(%) p T+ C— BeoB
PT-BRB-16 119.4 1.9 65.0 7.7 8.5 11.9 13.1 1.93 344.2 —-372.4 1.08
PT-BRB-56 150.9 2.1 74.1 7.8 9.0 10.6 12.1 1.59 388.2 —456.8 1.18
PT-BRB-80 183.4 1.7 106.5 8.6 9.4 8.1 8.8 1.35 427.5 —455.3 1.07

Abbreviation: PT-BRB, posttensioned buckling restrained brace.

stiffnesses (K3) of the braces are similar, « is the lowest for PT-BRB-80 mainly due to a higher K;_4 All the postyield
stiffness ratios are higher than that of conventional BRBs.>® Due to the compression overstrength, stiffness values after
the BRBs yielded were slightly higher in the compression (C—) zone than in the tension zone (T+). The highest ratio of
the maximum compression force to the maximum tension force (fB.,.5) was 1.18 for PT-BRB-56, and this value was
much lower than the allowable limit (1.5) as per ANSI/AISC 341-16. Energy dissipation ratio parameters () presented
in this table are calculated at two times the design drift (4 = 2%) level.

Cyclic responses of PT-BRBs are presented in three parts: (a) first part LP (LP—part I), (b) low cycle fatigue loading
or increasing load protocol part (LP—part II), and (c) response after fracture of the BRB cores or release of CFCCs. Hys-
teretic curves obtained from the reversed cyclic testing of the developed PT-BRBs are presented in Figure 8. The AISC
protocol was successfully completed for 1% design and 2% peak story drift levels without any premature failure,
strength, or stiffness degradation.

Figure 8 reveals that PT-BRB-16 exhibits bilinear behavior, whereas PT-BRB-56 and PT-BRB-80 exhibit partially SC
behaviors as per the design. These curves prove that the SC mechanism of the braces functioned correctly. Conversely,
an SC mechanism does not instantly transfer forces as in an ideal condition. This phenomenon is emphasized and will
be discussed later in this paper.

Story Drift (%) Story Drift (%) Story Drift (%)
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
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FIGURE 8 Hystereses of posttensioned buckling restrained braces (PT-BRBs) (loading protocol [LP]—part I) [Colour figure can be
viewed at wileyonlinelibrary.com|
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During the tests, an example of gap opening behavior is shown in Figure 9 for PT-BRB-80. When the brace is in
compression, inner tube (red circular tube) pushes the lower end plate and a visible gap opens in the lower part of the
brace (Figure 9A). In tension, the welded part of the inner tube pulls the upper end plate, and a visible gap opens in the
upper part of the brace (Figure 9B).

After the first part of the LP was completed, low-cycle fatigue performance of PT-BRB-56 and PT-BRB-80 was inves-
tigated. Additionally, an increasing load was applied to PT-BRB-16 to determine the elongation capacity (Figure 10).

Furthermore, PT-BRB-56 completed 34 cycles at around 1.8% core strain before fracture, whereas PT-BRB-80 com-
pleted 13 cycles at around 2.5% core strain. PT-BRB-16 realized a 3.8% core strain, which is relatively high for current
engineering practices.

At the last part of the LP, the failure modes of PT-BRBs are investigated (Figure 11). The first failure mode and the
fracture of the core due to low-cycle fatigue were investigated for PT-BRB-56 and PT-BRB-80. The idea of testing the
PT-BRB-16 at the last part of the LP involved investigating the failure modes of the cables. Given that the cables did not

FIGURE 9 Posttensioned buckling
restrained brace (PT-BRB)-80 gap
opening at A, —24,,, and B, +24,,,
[Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 10 Hystereses of posttensioned buckling restrained braces (PT-BRBs) (loading protocol [LP]—part IT) [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 11 Hystereses of posttensioned buckling restrained braces (PT-BRBs) (loading after failure of core or release of carbon fiber
composite cables [CFCCs]) [Colour figure can be viewed at wileyonlinelibrary.com]
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fail during the experiment, they were released and only bare BRB was planned to be tested. However, before completing
one cycle, the BRB failed due to the low cycle fatigue of the core. This was also expected because a core strain of approx-
imately 3.8% was observed until this stage. Hence, it can be seen that braces are stable without a core or any PT cables
(Figure 11).

The sum of the responses of CFCCs are given for the first part of the LP in Figure 12A. Owing to the PT force path
of PT-BRBs, there were no permanent deformations due to the end anchorage system. The attached cables exhibited
linear behavior without any significant changes in the stiffness.

CFCC-80 and CFCC-56 exhibited very stable and constant cyclic response under low cycle fatigue load (Figure 12B).
There was a drop in force reaction of CFCC-16 at +1.25% story drift. This reduction in force occurred instantly due to
the relaxation of the cables on the upper side of end plates. This behavior could potentially be due to the rotation of
end plates. The end plates touch core stiffeners due its rotation and create an interaction between the end plate and
core stiffeners. This causes an instant release of force on the cables when it reaches a certain force limit. The effect of
this drop in force on the hystereses is observed to be limited and temporary. The cables showed stable response even
after the core fractured (Figure 12C). Behavioral values of CFCCs of PT-BRBs from cyclic tests are shown in Table 5.
Loss of posttension is a crucial issue in SC systems and is limited for partially SC braces (especially when PT is high).
Cables of PT-BRB-80 are slightly stiffer than other cables. Elastic modulus values of cables used in PT-BRBs (Table 5)
are approximately 20% higher than CFCC coupon tests values (Table 3). The difference may be due to different bound-
ary conditions and loading path applied to CFCCs for PT-BRBs. Elastic strain (,) is calculated as the sum of the strain
from initial PT force and strain due to peak deformation during cyclic loading. A 1.75% of total elastic strain (e,) is
obtained at a peak force of 314.3 kN for CFCC-16.

Cumulative plastic deformation parameter (CPD) can be defined as the ratio of cumulative plastic deformation to
the yield deformation. This is calculated for the core (CPD,,,.) and brace (CPDg) itself. The CPD,,,, is calculated by
using the gap deformation that consists of elastic deformation of the restrainers inside the tubes although the elastic
deformation is expected to be very low. The CPDg is calculated by using axial plastic deformation of the brace as defined
in ANSI/AISC 341-16.>* The CPD values and number of cycles related to the core strain are listed in Table 6. Increases
in the peak strain decreases the low cycle fatigue (or fracture) life of the brace. However, cumulative deformation
capacity of the brace (PT-BRB-16) with the lowest CPDg is approximately 3.7 times the cumulative plastic deformation
required to achieve the AISC protocol (CPD 4;sc = 200).

Equivalent viscous damping ({.4,) values are significant while evaluating the seismic effectiveness of the developed
BRBs. The values are calculated for all PT-BRBs and presented in Figure 13A. They generally reach peak values in
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z ol LP-PART I [ LP-PART II [\ [After fracturd /
3 200 i | of core
ERES - -
= 100 | - - —— CFCC-80
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FIGURE 12 Hystereses of carbon fiber composite cables (CFCCs) for A, loading protocol (LP)—part I, B, LP—part II, and C, loading
after failure of core [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Behavioral values of CFCCs of PT-BRBs

Initial PT PTloss 4 X Kcrcee Peak disp. Peak PT strain e, P,y
Ly Fpr loss (%) (kN) (kKN/mm) E(GPa) (mm) strain (%) (%) (%) (kN)
CFCC-16 2350 16.34 42 6.81 7.77 146.70 39.0 1.66 0.09 1.75 3143
CFCC-56 56.07 13 7.44 7.72 145.76 26.4 1.12 0.31 143 2535
CFCC-80 80.43 4 3.38 8.22 155.22 26.7 1.14 0.42 1.55 2974

Abbreviations: CFCC, carbon fiber composite cable; PT-BRBs, posttensioned buckling restrained braces.
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TABLE 6 Number of cycles and fatigue characteristics

Core strain 0.0% 0.5% 1.2% 1.8% 2.5% 3.1% 3.8% CPD.ore CPDg
PT-BRB-16 Number of cycles 2 2 2 6 2 2 2 951 734
PT-BRB-56 2 2 2 34 2 = = 1893 1342
PT-BRB-80 2 2 2 6 13 - - 1421 1137

Abbreviations: CPD, cumulative plastic deformation; PT-BRB, posttensioned buckling restrained brace.

1.20
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5 —— PT-BRB-56 1.05 ~ —— PT-BRB-56
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0 T T T T T T 1-00 T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 00 05 1.0 15 20 25 3.0 35 4.0
(A) Story Drift (%) B) Core Strain (%)

FIGURE 13 Comparing specimens A, equivalent viscous damping ratio and B, compression strength adjustment factor [Colour figure
can be viewed at wileyonlinelibrary.com]

between 0.5% and 1% story drifts and slightly decrease until the termination of testing. The minimum value of (e,
exceeds 17% for all specimens. Average compression strength adjustment factor (5., g) of all cycles at each displacement
levels is shown in Figure 13B. Effect of repeated cycle number or amount of PT force on f,. g is not observed during the
experiments. However, increases in core strains increase f., p.

4.1 | Load transfer within the transition zone

Recentering force mechanism is expected to be active when the brace returns to its original position where displace-
ment is zero. Theoretically, the force transfer should be instant when the tubes touch the end plates. However, it is
observed that the force transfer occurs smoothly with more than one step. Figure 14A shows the hysteretic behavior of
PT-BRB-80 with response from inner and outer tubes for the first part of protocol. Forces at the inner and outer tubes
are calculated by using data obtained from the strain gauges. Strain gauges' data are corrected with available load cell
data. Responses of each cable are shown in Figure 14B for the same LP. To better understand the restoring force mecha-
nism, Figure 14C presents a zoomed in view of Figure 14A,B and is divided into five regions. The force transfer steps in
these regions may be classified as follows:

Region I: When the brace returns from the tension to compression zone, end tubes initially touch the outer tube. In
this region, forces on the inner tube are very low, and most of the cable force is resisted by the outer tube because the
outer tube is slightly longer than the inner tube.

Region II: In this region, most of the forces on the cables are carried by the outer tube, whereas the brace force is
governed by the BRB.

Region III: A part of the inner tube touches the end plate, and thus, force is transferred to the inner tube. In the end
of the region, CFCC-1 and CFCC-4 complete the transfer of the load to the inner tube.

Region IV: In this region, CFCC-1 and CFCC-4 start to elongate although CFCC-2 and CFCC-3 do not affect brace
behavior. Second stiffness of the brace is governed by CFCC-1 and CFCC-4.

Region V: Force transfer from CFCC-2 and CFCC-3 to the inner tube is completed in this region. Transition of axial
force from tension to compression (or vice versa) is completed within a +2 mm displacement level. There are mainly
two reasons for the mechanism: tube length tolerance and rotation of the brace parts (end plates, tubes, core, and
restrainers). Rotation of the brace is also observed in both directions when loading is in the transition zone. Given this
behavior, the force transfer mechanism lasts for multiple steps and is smoothly in contrast to the theoretical assump-
tions adopted in the study.
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FIGURE 14 Restoring force mechanism of posttensioned buckling restrained brace (PT-BRB)-80 A, overall and tube hystereses, B,
carbon fiber composite cables (CFCCs) hystereses, C, zoomed versions of corresponding figures [Colour figure can be viewed at
wileyonlinelibrary.com]|

5 | NUMERICAL ANALYSES

Numerical analyses were performed by OpenSeesPy with the Python programming language interpreter** of OpenSees
(the Open System for Earthquake Engineering Simulation). Component and system modeling issues are discussed here.
Component modeling is considered as a verification, whereas the system modeling is performed to show the effect of
design parameters of PT-BRBs on the overall behavior of a building frame.

51 | Component modeling

The brace is modeled (Figure 15A) based on an earlier study by Eatherton et al.*® The core is assumed as a force-based
fiber element, whereas cables and tubes are treated as truss elements. Elastic beam-column element is assigned to end
connections (i.e., regions C1 and C4) of the brace and transition parts (i.e., regions C2 and C3) of the BRB. Gap opening
behavior is simulated by using multipoint constraints and zero length elements. Core material is modeled as SteelMPF,
which is an extended Menegetto-Pinto model®® to avoid inaccurate partial stress increase after partial unloading in the
cyclic or dynamic analyses.”” Yield strength (s, = 317.87 MPa), initial tangent modulus (E, = 217.8 GPa), strain harden-
ing ratios (bp = 0.003 and bn = 0.018,), initial value of the curvature parameter (RO = 15), curvature degradation
parameters (cR1 = 0.8, cR2 = 0.0015), and isotropic hardening parameters (al = 0.024, a2 = 1, a3 = 0.020, and a4 = 1)
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FIGURE 15 Modeling of posttensioned buckling restrained brace (PT-BRB) and dissipated energies A, brace model with names of
component parts B, comparison between numerical and experimental cumulative energy until fracture [Colour figure can be viewed at
wileyonlinelibrary.com]

are parameters that are required to create the SteelMPF model. Dissipated energies and obtained hysteretic curves are
shown in Figures 15B and 16, respectively, and belong to experimental and numerical studies before fracture and are in
very good agreement. The component model easily captures stiffness after yielding and peak forces. Although initial
stiffness of numerical model slightly exceeds that in the actual case, it does not significantly affect the overall dynamic
behavior of the brace.?

5.2 | System modeling: example building

The geometry and seismic weight of the selected building (Figure 17A) is adopted from FEMA P695.*® The building
which is a typical six-story office building in the United States has 9.00 x 9.00 m spans for the main frames. Story
heights are 4.00 m for the ground story and 3.5 m for the rest of the building. It is assumed that bare frames of the
building have “simple beam-to-column connections” which have negligible MR capacity. Therefore, the bare frames
may be designed only for the gravity loads and for capacity-based design forces coming from the braces. Dead and live
loads are assigned as 5 kN/m?, 2.4 kN/m? for floors and 4 kN/m?, 1 kN/m? for the roof, respectively. Because 100% of
the lateral forces will be resisted by the braces (i.e., PT-BRBs), beams and columns of the structure are assumed as
mainly elastic with required rotation capacities. All beam sections are W21X62, and column sizes are given in
Figure 17A. The brace angle is similar to that in the experimental study. Selected bracing configuration is a two-story
X-bracing configuration in which it is expected to minimize axial loads from unbalanced brace forces to the frame ele-
ments. Given the change in stiffness of yielding elements,*® a 2% of Rayleigh damping is assigned to only the elastic part
of structures at 0.2 and 2.0 times of the first periods. Column bases and beam-to-column connections are assumed as
perfectly pinned. The brace model is similar to the component model and is repeated for each story.

Equivalent lateral load procedure®* with a response modification factor of R = 6 is used to determine the design base
shear forces. Several extant studies focus on the factor R for buckling restrained braced frames (BRBFs), thereby reveal-
ing that the factor R is generally in the range of 3.5 to 8 (e.g., Sabelli et al. and Bosco and Marino'”*°). Additionally, it is
noted that different seismic design provisions allow the use of different response modification factors in design
(e.g., R = 4.8 for Canada, R = 8 for the United States, and R = 4.3 for New Zealand*). Conservatively, an acceptable
value for R factor of 6 is assigned. The building importance factor of I = 1.5 is used to limit design story drift of 1% for

Story Drift (%) Story Drift (%) Story Drift (%)
-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

o 450 L u
z

= 300} L L

g 150 L L

] 0 - L

= —150 - - -

S 300 | —— PT-BRB-16 | |- —— PT-BRB-56 | |- —— PT-BRB-80
51 . . :
< 450 +tV->=— " Numerical - Numerical L= - Numerical

T T
—41.1-27.4-13.7 0.0 13.7 27.4 41.1 —41.1-27.4-13.7 0.0 13.7 27.4 41.1 —41.1-27.4-13.7 0.0 13.7 27.4 41.1
Axial Displacement (mm) Axial Displacement (mm) Axial Displacement (mm)

FIGURE 16 Comparison between numerical and experimental hystereses until fracture [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 17 Example building and acceleration spectrum curves A, plan and elevation of building, B, scaled response spectrum
[Colour figure can be viewed at wileyonlinelibrary.com]

the DBE level and 2% for the MCE level. These are compatible with the experimental results obtained in the study.
Response history analyses are performed under MCE level to check story drifts. Target MCE spectra are calculated by
assuming the structure in San Francisco area on a stiff soil. The mapped DBE spectral response acceleration parameters
are Sy = 1.0, S4; = 0.68, and f; = 12. Far field ground motions dataset is adopted from FEMA P695 study, and 22 ground
motion records are scaled to the target spectra via minimizing mean squared error*? between 0.2 and 2 s periods
(Figure 17B). Names and record sequence number (RSN)** of ground motions selected for the time-history analyses
and their scale factors are given in Table 7.

The braces are designed by using an energy dissipation ratio parameter () such that they are consistent with extant
studies.'®*® A parametric study is conducted from fully SC brace (8 = 1) to the conventional BRB (5 = 2) (i.e., for
values of 1.00, 1.10, 1.20, 1.30, 1.40, 1.50, 1.60, 1.70, 1.80, 1.90, 1.92, 1.94, 1.96, 1.98, and 2.00). Based on the current
design practice, F, g is maintained as the same for all versions of brace design to compare seismic responses fairly.
When the length (L), elastic modulus (E), and ultimate strength (5,) of the modeled brace parts (Figure 15) are
expressed as ratios of core characteristics, Equation 11 is expressed as

_ Lcpec _Lcig _Lezz ,  Ecrec ,, _ Ou-crec
Ry-crcc=——Ri-c1a= " Ri-c23= R »Rs = . (11)
core LCOre LCOV@ Ecore ay —core

Given the limited elongation capacity of cables, the amount of PT stress is limited to Rpr = 15% of ultimate strength
of the cable material (6,.crcc). A safety factor of sp = 1/0.75 (ANSI/AISC 360-16) is used when designing the tubes and
connection parts of the brace to keep them elastic against compression. Capacity design forces or expected ultimate
forces (F,) on the interior connections (i.e., regions C2 and C3), tubes, and end connections (i.e., regions C1 and C4) or
brace (F,_g) are calculated by Equations 12 to 14, respectively.

Fy_c23=Fu-preSf, (12)
Fu—tubes:Fu—CFCCSfy (13)
Fy_p=Fy_c14= (Fy_prp+Fu_crcc)sy, (14)

If the same material is used for all steel parts of the brace, then the core area (A.,.) of PT-BRBs is obtained from
Equation 2 as in Equation 15.
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TABLE 7 Selected ground motions and scale factors
H1 H1 scale factor H2 H2 scale factor
component —  component —
RSN Earthquake name Year Station name name DBE MCE name DBE MCE
68 San Fernando 1971 LA—Hollywood Stor FF  PEL090 2.81 4.21 PEL180 4.86 7.29
125 Friuli Italy-01 1976  Tolmezzo A-TMZ000 2.76 4.15 A-TMZ270 2.53 3.79
169 Imperial Valley-06 1979 Delta H-DLT262 2.12 3.18 H-DLT352 1.47 2.21
174 Imperial Valley-06 1979  El Centro Array #11 H-E11140 1.72 2.58 H-E11230 2.04 3.06
721 Superstition 1987  El Centro Imp. Co. Cent  B-ICC000 1.61 2.42 B-ICC090 1.97 2.96
Hills-02
725 Superstition 1987  Poe road (temp) B-POE270 1.88 2.81 B-POE360 2.10 3.15
Hills-02
848 Landers 1992  Cool water CLW-LN 2.57 3.86 CLW-TR 1.42 213
960 Northridge-01 1994  Canyon Country—W LOS000 1.39 2.09 LOS270 1.31 1.97
Lost Cany
1116  Kobe Japan 1995 Shin-Osaka SHI000 1.96 2.94 SHI090 1.94 291
5780 Iwate Japan 2008 Iwadeyama 54015NS 2.20 3.29 54015EW 1.57 2.36
6890  Darfield New 2010  Christchurch Cashmere = CMHSNI10E 1.70 2.55 CMHSSS80E 2.93 4.40
Zealand High School
Abbreviations: DBE, design basis earthquake; MCE, maximum considered earthquake; RSN, record sequence number.
Fy_p
Acore = Y (15)
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Design forces of F, g are increased with 1.3 redundancy factor for calculation of A, as defined in ASCE.** Geome-
try of the brace is selected as a ratio of work point-to-work point length (Lg). Core length, end connections, and cables
are assumed as 40%, 10%, and 80% of Lg, respectively. In the brace model, tubes and cables are assumed to exhibit the
same length. Elastic strain (¢,) of cables is limited to 1.58% to generalize the brace model although minimum elastic
strain from coupon test results exceeded the value. The Ecpcc corresponds to 155 GPa. Multiplication of compressive
(Beo-BrB) and strain hardening (w) parameters is assumed as h = 1.32, which is consistent with the experimental study

that focus on BRBs.**

Ratio of ultimate design force of SC brace to ultimate design force of brace when = 2 is shown in Figure 18A. The
graph shows the manner in which the over-strength force for design increases when SC force increases. Note that due
to minor effect of gravity frames on lateral behavior of the building, beam and column sizes were maintained as
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FIGURE 18 Representation of ultimate design forces A, relation between f and design force of connection elements of posttensioned

buckling restrained braces (PT-BRBs), B, pushover curves for six-story steel frame with PT-BRBs [Colour figure can be viewed at

wileyonlinelibrary.com]
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identical for different § values. The required steel core areas of PT-BRBs are obtained as being between 13.3 and
163.2 cm?®. The maximum cable area is 62.2 cm?.

A pushover analysis is also performed to obtain a better representation of the effect of § parameters on the overall
system behavior. A displacement-controlled loading pattern is applied to the building following the same shape of the
first mode. Given the initial prestress assumption, first stiffness of the SC braces increases when f values decrease
(Figure 18B). In the experimental part of the study, three identical specimens exhibit a similar second stiffness, and this
is mainly from the same total cable area used. Therefore, increases in PT force (i.e., decreasing f) increases F, g and
K o whereas K, is constant because a decreases. However, as shown in Figure 18B, F,. g and K;_o values are very simi-
lar to each other as designed. Decreases in f increase the cable area to keep the elongation capacity at the same level
with other f configurations and again increases K, and a. It should be noted that trend of @ in the experiments and
numerical part is different because the goal of the experimental research differs from the building design perspective.

For each braced system with various  and a values that cover a wide range of structural properties, average peak
and residual drift ratios obtained for selected 22 ground motions are shown in Figure 19. It is observed that increases in
PT force (for lower values of ) increases peak drifts in upper stories and decreases residual drifts. Residual deforma-
tions of the conventional BRBs (ff = 2.0) are highest (as expected) among other PT force levels and exceed 0.5% perceiv-
able limit defined by McCormick et al.*> When 8 equals 1.8 or is lower and given a values of 8.4% or higher, the
building incorporating PT-BRBs displays optimal performance by experiencing negligible residual deformations.

Decrease in f to 1.9 also decreases peak drifts. However, in case when g is less than 1.5, there are significant
drifts in upper stories, which exceed the common code limit of 2%. Standard deviations of peak and residual drifts
are calculated to show dispersion of individual ground motion results. The results indicate that sum of average
peak drift ratios and corresponding standard deviations are less than 3.5% for all cases. Sum of average residual
drift ratios and corresponding standard deviations are less than 0.13% for # < 1.8 and reach 1.54% for conventional
BRBs (4 = 2.0).

The RSN1116 Kobe and RSN960 Northridge-01 ground motion records are used, and nonlinear time history analysis
results are also presented to determine individual PT-BRB responses. The obtained hysteretic curves are shown in
Figure 20 for different  values and braces at first, third, and roof stories. In order to enable a better comparison, axial
force (F) on brace is normalized to design brace force (Fp.ssory) Of each story. Deformation of the conventional BRB
(# = 2.0) concentrates at between 0.5% and 1.5% story drifts given the absence of the restoring force. Thus, a brace with
low postyield stiffness does not return to the original position when the earthquake loading lasts and may result in sig-
nificant residual drifts. It should be noted that although story drifts in the case of fully SC system (# = 1.0) concentrate
around its origin position, high postyield stiffness increases the reaction force such that it exceeds twice Fy.g and espe-
cially at the roof story. The cases in between two extremes (i.e., f = 1.0 and # = 2.0), such as when f = 1.5 or f = 1.8,
can be termed as “partially self-centering braces”. The partially SC PT-BRBs pose very small amount of residual defor-
mations, thereby revealing that neither fully SC nor classical BRBs are optimal alternatives when considering all behav-
ioral values for braced steel frames. This is an important outcome of the numerical part of the study. Additionally, the
ultimate force of brace when # = 1.8, is lower than the case in # = 1.5. Average dissipated energies (cumulative area
under hysteretic curves) of the braces for # = 1.0 are approximately 32% and 40% less than the case when g = 2.0 for
ground motion records Kobe-H1 and Northridge-H1 respectively. However, the dissipated energy for f = 1.8 is very
similar to that of conventional BRBs.
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FIGURE 20 Response of braces for various stories under H1 component of RSN1116 Kobe and RSN960 Northridge-01 ground motions
[Colour figure can be viewed at wileyonlinelibrary.com]

5.3 | Comparative study

This section describes a comparative study to evaluate seismic performances of PT-BRBs with newly proposed
CFCCs and commonly used steel strands. In the example building, CFCCs are replaced with steel strands and seis-
mic responses of two cases are compared. Behavior of the steel strand used is adopted from previous experimental
studies.**** A trilinear model that includes the posttensioning loss is considered (Figure 21A). Assumed behaviors
of both CFCC and steel strand are illustrated on the same graph for a better comparison. Initial elastic modulus
and yield strength of steel strand are Es, = 196.5 GPa, 6,.5, = 1675.0 MPa, respectively. Yield strain (e.s;) is fixed
to 1% as per ASTM A1061/A1061M-16.¢ All properties of braces, including F,.p and «a, until the yield point of steel
strands are similar for corresponding f values. PT level is set equal to 0.250.s, (Rpr = 0.25) for steel strands. As
shown in pushover curves of buildings incorporating PT-BRBs with steel strands (green lines) and CFCC (blue
lines) in Figure 21B, building responses are similar until the steel strands have yielded in terms of @ and g values.
On the other hand, after the steel strands have yielded, postyield stiffness of the brace decreases when compared
with the braces with CFCCs. In other words, postyield stiffness values are well maintained in the systems with
CFCCs especially for lower # and higher a values. Such systems with higher postyield stiffness values improve SC
features.

Figure 22A shows that average story drifts are slightly lesser in the case with CFCCs. This is mainly from the
yielding of steel strands, especially in upper stories where average drifts exceed the yield limit for steel strands.
Due loss of PT force and yielding of steel strands, average residual drifts are slightly larger than the case with
CFCC (Figure 22B). As an example, brace hystereses at sixth floor under the H1 component of RSN1116 Kobe
and RSN960 Northridge-01 ground motions are presented in Figure 22C. Note that other stories’ braces experience
various shapes of hystereses under these ground motions. As shown in Figure 22C, plastic deformation of steel
strands has some side effects on the overall PT-BRB with steel strand performance. Firstly, it causes loss of all PT
force on steel strands and a reduction in stiffness of the brace. Secondly, because of the plastic elongation, cables
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FIGURE 21 Numerical models and results A, material models for steel strand and carbon fiber composite cable (CFCC) B,
comparative pushover curves for the example building incorporating posttensioned buckling restrained braces (PT-BRBs) with steel strands
and CFCCs [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 22 Seismic responses A, average story drifts, B, average residual drifts for the example building incorporating posttensioned
buckling restrained braces (PT-BRBs) with PT-strands and carbon fiber composite cables (CFCCs), C, hysteretic responses of a brace at sixth
story under H1 component of RSN1116 Kobe and RSN960 Northridge-01 ground motions [Colour figure can be viewed at wileyonlinelibrary.
com]|

are longer than the tubes in the plastic deformation phase of the strands, thus a distance (+ plastic elongation) is
necessary to activate steel strands. Additionally, hysteretic curves of PT-BRB with steel strands are similar to a
conventional BRB because the only BRB is active in the region + plastic elongations after steel strands have
yielded.

Fracture limit of CFCCs (e, crcc) and steel strands (e, crcc) are larger than average story drifts. However, 0.16% of
CFCCs and 0.11% of steel strands have fractured in all analyzed fully or partially SC braces. For both cases, top story
cables have fractured under H2 component of RSN125 Friuli Italy-01. Note that the design might be optimized by
changing F,, s distribution along the height of the example building These results are intentionally given to show possi-
ble occurrence of cable failure under some ground motions; 12.2% of steel strands have yielded, in other words, have
lost all PT forces. Even though side effect of yielding steel strands is limited on residual deformations, it may be
required to replace these cables in a maintenance work following a major earthquake. PT-BRBs with CFCCs showed
promise for use in new steel buildings as an alternative SC mechanism. Such evaluations are limited to the ground
motions data and example building properties used in this paper. Also, results suggest that although both systems can
be used with confidence, each of the systems considered have some advantages that may favor its implementation,
depending on project-specific constraints.
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6 | CONCLUSIONS

This study proposes an alternative type of BRB that can be used as an SC-BRB, a partially SC-BRB or a conventional
BRB with controllable postyield stiffness ratio. Detailed specifications of the design steps, production process, and
results from an experimental study that includes proof of concept cyclic component tests are provided. A numerical part
is also added to explore the seismic effectiveness of a steel framed building incorporating PT-BRBs with several behav-
ioral parameters already defined in the study. The following results are obtained from experimental and numerical
analyses:

1. From cyclic (not fully reversed) coupon test results of the CFCC members, the anchorage system with HEM
exhibited sufficient force capacity to transfer forces to the end plates. Slippage or placing of the anchorage system
causes permanent deformations, and thus anchorage system response is highly effective when CFCCs are used as an
external posttensioned element on the brace. The behavior of CFCC becomes linear after a certain level of force is
applied. Hence, a PT path is recommended for obtaining a linear response and proving strength. Coupon test results
indicated that CFCCs exhibited very stable behavior with limited loss in posttension.

2. Reversed cyclic component tests reveal that the developed PT-BRBs exhibit stable hystereses even after the core or
cables are fractured. The braces achieved 2% story drift as per the AISC protocol for qualification of BRBs. Force
transfer of the SC mechanisms did not occur instantly due length tolerance, rotation, and difference in stiffness
although +2 mm was sufficient to transfer all the forces. Maximum compression strength adjustment factor (f.,.p)
and minimum cumulative plastic deformation of the braces before fracture (CPDg) agreed with the conventional
BRB requirements as provided in the AISC Seismic Provisions.

3. Results from the numerical model proposed for the PT-BRB component were in good agreement with the experi-
mental data. Numerical studies conducted on steel frames with pinned connections and braced with PT-BRBs indi-
cate that requirements of the current codes can be achieved in the selected building when PT-BRBs are used.
Nonlinear time history analyses suggest that increases in PT force and postyield stiffness of the braces decrease resid-
ual drifts. However, capacity-based design forces significantly affect section sizes of other members. Given the lim-
ited scope of the study, the use of PT-BRBs with # = 1.8 can also be termed as the “partially self-centering” BRB
provided low peak drift ratios and negligible residual drifts for the ground motion data are considered in the study.
Individual ground motion analysis results show that increases in PT force provide more centered behavior and this
can also reduce also peak drifts even energy dissipation potential is lesser than a bilinear hysteresis.

4. As CFCCs have limited loss of posttensioning force under cyclic loading, recentering behavior is more stable than
steel strands. When compared with CFCCs, steel strands possess better ductility capacities due to their higher elon-
gation capacity. Comparative numerical analyses conducted for the selected systems incorporating PT-BRBs with
CFCCs and steel strands reveal that average peak and residual drifts are slightly lesser in the case with CFCCs.
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