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Investigating the Seismic Performance of Strong Back and Buckling Restrained Brace
Systems for High-rise Structures in Far-Field Earthquakes
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ABSTRACT: Earthquakes are currently considered a serious threat to structures, particularly steel-
braced structures, underscoring the need for systems that are capable of maintaining functionality and
serviceability after seismic events. In this regard, the StrongBack Structural System (SBS) has been
introduced as a combination of elastic and plastic truss elements, which, by ensuring a uniform distribution
of forces along the height of the structure, prevents the development of a soft-story mechanism. In this
study, through a detailed investigation of the conventional configuration of this structural system, a new
configuration is proposed with the aim of achieving improved seismic performance.
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1- Introduction

Seismic design codes have been developed with the
primary objective of preventing building collapse; however,
they do not adequately address structural performance
in terms of post-earthquake serviceability and economic
consequences. Although steel-braced frames provide life
safety, they are susceptible to the formation of a soft-story
mechanism due to brace buckling, a phenomenon that can lead
to increased structural damage. Post-earthquake observations
demonstrated that braced frames often exhibit unsatisfactory
performance because of buckling of compression members,
resulting in a reduction in their capacity under cyclic loading
[1-3]. To mitigate the probabilistic formation of soft-story
mechanisms, the StrongBack Bracing System (SBS) has been
introduced. Numerous studies have shown that the presence of
an elastic truss component in this structural system improves
the uniform distribution of interstory drift along the height of
the structure [4, 5]. Furthermore, experimental and numerical
investigations indicate that the strong-back system is capable
of maintaining stiffness and reducing damage concentration,
even after the failure of inelastic bracing elements [6, 7, 8].
In this study, by examining the conventional configurations
of the strong-back structural system, a new configuration is
proposed to enhance the seismic performance of the strong-
back system during earthquakes.
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2- Methodology

In this study, to investigate the seismic performance of
the strong-back system in high-rise structures, buildings
with a square plan layout consisting of four bays of 5 m
each and heights of 8, 12, and 16 stories were examined
(Figl). The story height was taken as 2.9 m, and gravity
loads were applied in accordance with the specified values.
The structures were designed using ST37 structural steel, in
compliance with ANSI/AISC 341-16 and the fourth edition
of Standard 2800 [9,10].

To evaluate the performance of the modelled frames, a set
of 22 pairs of far-field earthquake acceleration records with
moment magnitudes ranging from 6.5 to 7.6 on the Richter
scale was employed. These ground motion records were
recorded at distances ranging from 11.1 km to 26.4 km from
the seismic source [11].

3- Results and Discussion

Based on the curves presented in Fig.2, it can be
observed that BRB structures experience a degradation
in seismic performance as the number of stories increases.
Comparison of the spectral acceleration values for the
8-story models indicates that no significant improvement in
seismic performance is observed. Similarly, for the 12-story
structures, comparison of the spectral acceleration values
between the 12ST-BRB and 12ST-EM-SBS-BRB models
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Fig. 1. View of the structures modelled in the OpenSees
software (a) BRB, (b) SBS-BRB, (c) EM-SBS-BRB.

shows an improvement of 27.2%. However, when comparing
the 16ST-BRB and 16ST-EM-SBS-BRB analytical models,
a 279.7% improvement in seismic performance is observed,
representing a substantial enhancement in seismic behavior.
By comparing the fragility curves shown in Fig3., it can be
observed that, in general, the probability of collapse increases
with increasing structural height, since high-rise structures
experience larger lateral displacements at the story levels. As
can be seen, in the 12- and 16-story structures, the proposed
model of this study was able to improve the inter-story drift.

4- Conclusion

An examination of the structural models indicates ing
height has a significant influence on the results. In the 8- and
12-story structures employing only the buckling-restrained
bracing (BRB) system, the collapse demand in the 8-story
structure exhibited lower values; however, as the height
increased to 12 stories, this demand gradually increased,
and ultimately, in the 16-story structure, very poor seismic
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Fig. 2. Median IDA curves for (a) 8-story, (b) 12-story,
(c) 16-story.

performance was observed. This trend clearly demonstrates the
adverse effect of building height on the seismic performance
of BRB systems. It further indicates that combining the
buckling-restrained bracing system with the strong-back
system can effectively enhance the seismic performance
of BRB-based structural systems. Across all analyses, the
proposed model of this study exhibited the highest seismic
performance in the 12- and 16-story structures. In addition,
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Fig. 3. Fragility curves corresponding to a 10% drift
limit for (a) 8-story models, (b) 12-story models, (c)
16-story models.
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the fragility curves of these structures show significantly
lower probabilities of damage and collapse compared to the
conventional BRB structural system.
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VogA



VOV BAOFY doxio VFF Jlo & oyles

DY 093 ¢Syl (lyos (pizee &yt

Force Beam-Column Menegotto-Pinto
with Co-rotational Tnnsformatic{n "
N
N ) !
\ D \ \ To 7
e ﬂ /"' N N
Rigid Link Y N N
J \A\%, / Fiber Section

. o &
Zero-Length B = \\\
Rotational Spring | e >

pring R 2y YISO Initial Imperfection
(R
| =5 t) \§
Karamanci and B
Lignos Regression
Equation _ /
'- [X] [
Calibrated &, Hsiao et al. Model = \
l\ ‘
A :

» Force Beam-Column

P

I s ol 4 o odlisis] bd pd plaae laaserie .F S

Fig. 4. Nonlinear material prop

osliwwl ForceBeamColumn gy 3l iy oo 5 b g days
St 92 g & 5l o s ploj talS (sl el 01
o8 plaie can 035 plnl ol (giludae 5 105 gl el
o Jao i plSim 5 3 (53l S 53 o 5 (sl o0 Bl
S g | sl 030355 jlate (g 93 Jio & 00D (b s
Gibre g (P-A) Wy o Il 8,3 o 15 (gly ol o oaliul
ol sl oads Jae o8 4SS 3 lade JUasl L ( Column Leaning)
slagygie 4 ((Link Rigid) cdo (giloxe (slays dlwsg 4 logygiu
Blords Luato laks &5 45 00 ginylge I3

Lig-[ya] <Menegotto and Pinto [YA] Je3 & (c,bs, Jso
ol odlazwl Hsiao, D. Lehman(Y-] 4 nos and Karamanci
ol 0ds 0313 b ¥ S5 0 oS ]

olic 51 SBS 3 BRB (gojlo st 39 3,Slac aunlie 5k &
copeizmad Caol 045 odlatul (gl ol piuuw 93 2 )3 i g i LSS

Lol oo 58,8 a5 15 b SBS pies ;3 (sdi)lpe ailad sk p

yo£4

erties used in this study [31].

Seeled Ll 5 938l )b ladilos csjlodse Giaggy cnl 5

Gl o0 plosl OpenSees[YV] ,lssle 5 o Tel oL b Jso il 38!
5l edliwl b a8 cwl oK1y 4 5L 887 l58le 5 S5 OpenSees jlsle 5
Se bl 3l s cal 21 e ojl elgl Joloo 4 3ga0 321 s,
doys ablie il o Jos e g bd ola)ls) lgl 51 ol o)
oxs dbwl Section Fiber jguos b SUI lade 5l lais)lpe 5 b ygiw
G ¥ S dile a4 s Jad g jelaie 4 (slojle (glin) 5 cunl
s sl Wyl (gildse (sly Steel02 (¢3Yed las jl clonds
et e anl 4 s asl jl o) i pdlas g45 pl o 1y 5 Conl
e (6 S ol Wlgi oo oNem glad 14531 g2y Mo cand S
b OYlasl ooman 5 Canl 0ad iy jai  Juato b ygiaw 5 o s Y sl
losiylee 53 leS Jlosl jolate 4y a0 (Juabe & g0 & o5
sgbate (pds Bl ALEh g2y adgl (Al S b )l gas
Mie 4 )lee sl ol 516 ya (gl (iS5 ks > gl
Siledde Gl sl ol Jlosl co3Spe jl gg)3 gas Jobo /)



VOV B AOFY asmio VFF Jlo A oyled D (S pual ol jos  owdize s pi

V5 arn Lab b gl )l38le 5 )3 ol (giludre )3 39 g0 4285
(535 et e o dpulne o dhlby 5 3950 Jio Sl
21y banylee ghaie gaw & bgye gols ghb Ll ) w8l oo in)laee
o isles] g bailgs o 055l 41,157 g sy o )15 055l 415187 L3
o plosl]) o ol 5 (23leS 0ALS s s ()b 9290 (1)
lojlo Jhe A ggomme 13 g (o Sl aw 5l ol o sl
S Sifan e ol Sl s o) 3,50 3 o 30
ol ol oo 45 (558 a5 s (5 5 s (BRB)
BRB-) Cb (t3leS silee ol o] o o g Szl (g5
b els ol ) cuons & (658 culy A)lpe s 9 (SBS
b psleS” wplee Jols ol o o g L3I sl lall b Sz
laseiie 13L& JS5 e b Jse (EM-SBS-BRB) 15l
daie ghaw sl 0ad (GUSELY Jgi2 3 cus p (gt g 5 cblie
o o3l )l £ S 55 e oolitwl gblis g xiype yio cuns » BRB
oS o 90 4y &S ANV NS glaojlo (sl i 5y abolie .ol
Y58 ablis il conly cuow s BRB ablis jl o cans Byl a8 00
Sl ablio b gt S T abolio a5 3455 311 )3 ol 05 et
dhie SVl gb 4 g lamio cblie BRB (glasis)lee < JSii
Gl 0 03y olaid] IS5 WS

R0 P s 3 (3855l > daws adliw! ablio .Y Jgas

Table 2. Sections used in this study expressed in square
meters

MEMBER SECTION

—_—

IPE400
B0OX0.15X0.015
B0X0.5X0.025
B0X0.15X0.01
B0X0.15X0.008
B0X0.8X0.035
B0X0.2X0.02
0.00402
0.007
0.001

O 0 9 N Bk~ W

—_
(=]

o1 ool liseb] o5 slys le SVl 5 Q= 2.5 cuoglia
o]

2950 b (5)Lt6 g (S (595 <6 BRB 1iy)lpe &5 Ll
2ol Sy (S g (Ui Cd b g amd i &) ol 53 LS
BRB w)lee (b sl (oiS slasl (2lb Ly, 5l Glgise s
ATSC [¥0] asbie] s clls b gy bl 1 5,5 o3lis
HLis g S ) dylee Sk (6ygme Cuglie ] o vty 341-16
255 53 9= 0.9 o] 385 wle P L oy LRFD oy, ibae
Dy g0 4155

Pysc= FyscAsc ()

PUuBls wplee Sk (g)gme cuoglie™ Py

63V b dit duasidio s i3 = F

@Y i (Al e g = A

@V dtan (glp hdg Jold b (LS oAS Al s
U ooVod gad (IS L (mdge (ileS I b i opl 050
Sl b Lk (s ey plp 9 b blie oS s
oSy )3 58 LSl 53 polie wlusw 35 ()b IS
gy J5leS & jlore il (b (s (80505 plpgo b bl

4 YL 3 o)Ll )00 Sk i (e i (0y] s

D9d o0 Jos pj g

CaxAg = A (v)

dilo (b i S5 = A

odd pasude djfj slagys cod dib s Seyus = AE
ml}‘yj bwg

2liS)p caye =C

& 5ol lee gae (LS 5L GBS wylee ()b )
s 53 s (6)laen e (S g ()L Cud s o 3 &S W] s

1. Load and Resistance Factor Design

Yoo~


https://en.wikipedia.org/wiki/Limit_state_design

16ST-BRB

12ST-BRB

8ST-BRB

(&)

16ST-SBS-BRB

12ST-SBS-BRB

8ST-SBS-BRB

(<)

16ST-EM-SBS-BRB

125T-EM-SBS-BRB

8ST-EM-SBS-BRB

@)
.EM-SBS-BRB (z SBS-BRB(w BRB (i)l glaJs Opensees ,l381s 55 13 s g5t gboo sl 51 oalod .8 JSu

Fig. 5. View of the structures modelled in the OpenSees software (a) BRB model, (b) SBS-BRB model,
(c) EM-SBS-BRB model.
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Table 3. Comparison of the fundamental period of the validation model.
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Fig. 9. Bilinearization of the pushover curve using the Yang method [32].
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Fig. 10. Pushover analysis curves for (a) 8-story models, (b) 12-story models, (¢) 16-story models.
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Table 5. Characteristics of the earthquake record pairs used in this study.

Record

PGAmax PGVmax

pair Earthquake Year Station Mw Component 1 Component 2 (*2) (?)
1 Northridge 1994  Beverly Hills - Mulhol 6.7 MULO009 MUL279 0.52 0.63
2 Northridge 1994  Canyon Country-WLC 6.7 LOS000 LOS270 0.48 0.45
3 Duzce, Turkey 1999 Bolu 7.1 BOL000 BOL090 0.82 0.62
4 Hector Mine 1999 Hector 7.1 HEC000 HEC090 0.34 0.42
5 Imperial Valley 1979 Delta 6.5 H-DLT262 H-DLT352 0.35 0.33
6 Imperial Valley 1979 El Centro Array # 11 6.5 H-E11140 H-E11230 0.38 0.42
7 Kobe, Japan 1995 Nishi-Akashi 6.9 INIS000 NIS090 0.51 0.37
8 Kobe, Japan 1995 Shin-Osaka 6.9 SHI000 SHI090 0.24 0.38
9 Kocaeli, Turkey 1999 Duzce 7.5 DZC180 DZC270 0.36 0.59
10 Kocaeli, Turkey 1999 Acrelik 7.5 ARCO000 ARC090 0.22 0.40
11 Landers 1992 Yermo Fire Station 7.3 YER270 YER360 0.24 0.52
12 Landers 1992 Coolwater 7.3 CLW-LN CLW-TR 0.42 0.42
13 Loma Prieta 1989 Capitola 6.9 CAP000 CAP090 0.53 0.35
14 Loma Prieta 1989 Gilroy Array #3 6.9 G03000 G03090 0.56 0.45
15 Manyjil, Iran 1990 Abbar 7.4 ABBAR-L ABBAR-T 0.51 0.65
16 S“pﬁrﬁiisﬁ"“ 1987 El Centro Imp. Co. 6.5 B-ICC000 B-ICC090 0.36 0.46
17 s“p;rﬁ;isﬁon 1987 Poe Road (temp) 6.5 B-POE270 B-POE360 0.45 0.36
18 Meggg:ino 1992 Rio Dell Overpass 7.0 RI0270 RIO360 0.55 0.44
19 Chi-Chi, Taiwan 1999 CHY101 7.6 CHY101 -E CHY101-N 0.44 1.15
20 Chi-Chi, Taiwan 1999 TCU045 7.6 TCUO045-E TCU045-N 0.51 0.39
21 San Fernando 1971 LA - Hollywood stor 6.6 PEL090 PEL180 0.21 0.19
22 Friuli, Italy 1976 Tolmezzo 6.5 A-TMZ000 A-TMZ270 0.35 0.31
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