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Abstract: The seismic design of structures is crucial for preventing structural collapse and safeguard-
ing human lives. Buckling-restrained braces (BRBs) have emerged as effective seismic protection
devices due to their high stiffness, strength, and exceptional energy absorption capabilities. Typically,
a conventional BRB consists of a steel core surrounded by concrete-filled steel tubes, with a separation
mechanism ensuring axial-only deformation of the core. However, researchers have been increasingly
focusing on developing innovative BRB designs with enhanced performance, incorporating different
materials and configurations. This paper presents a comprehensive analysis of the development of
novel BRBs introduced in the past 15 years. A systematic review approach is adopted, and the selected
articles are categorized based on the shapes, materials, and compositions of the BRB components.
Although carbon steel has been widely used in numerous studies, its susceptibility to corrosion and
its potential impact on the hysteretic behavior of BRBs remain unexplored. Consequently, future
research prospects are identified, highlighting the significance of employing anti-corrosive mate-
rials in fabricating BRBs to ensure their stable seismic performance under harsh environmental
conditions. Investigating novel materials and configurations can lead to the creation of more robust
and corrosion-resistant BRBs, thus enhancing the safety and longevity of structures in earthquake-
prone areas.

Keywords: seismic design; seismic protection devices; buckling-restrained braces; anti-corrosive
materials; corrosion-resistant BRBs; earthquake-prone areas

1. Introduction

Natural disasters such as frequent earthquakes pose a serious threat to human life and
drastically influence the economy of a country [1-3]. Effective aseismic structural systems
always have been an important challenge for engineers. During the past few decades,
various types of earthquake-resisting techniques have been developed for the protection of
structures by limiting movements during seismic events [4-15]. Additional energy dissipa-
tion devices such as braces, dampers, shear links, and shear walls are employed to protect
the structures from collapse by dissipating earthquake energy [16-26]. The application of
steel braces in high-rise buildings is an effective way to resist seismic forces. Ordinary steel
braces provide good performance in the event of a small earthquake, but they undergo
buckling deformations and demonstrate unsymmetrical hysteretic response in compression
and tension when subjected to large cyclic loads [27,28]. This effect deteriorates the strength
of ordinary steel braces substantially and reduces their ability to dissipate seismic energy
as shown in Figure 1la. BRBs were developed to restrain the buckling deformation of
conventional steel braces and withstand applied loads efficiently [29-31]. These braces

Buildings 2023, 13, 2156. https://doi.org/10.3390/buildings13092156

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings13092156
https://doi.org/10.3390/buildings13092156
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-5278-1759
https://doi.org/10.3390/buildings13092156
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13092156?type=check_update&version=1

Buildings 2023, 13, 2156

2 of 36

exhibit the same strength under compressive and tensile forces and absorb more energy as
compared to ordinary steel braces Figure 1b.

Research on BRBs started in Japan in the 1970s. Yoshino et al. [32] conducted pioneer
experiments on flat steel plates surrounded by reinforced concrete panels with a concept of
“steel reinforced concrete shear walls with braces”.
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Figure 1. Response of ordinary steel brace and BRB under lateral loading [33].

Subsequently, many researchers [34-36] keep working on the same idea, and in 1988,
Fujimoto et al. [37], and a team from Nippon Steel Company developed the first practical
form of the currently adopted BRB. Poor performance of moment-resisting frames (MRF)
and steel-braced frames during the Northridge and Kobe earthquakes also attracted the
research community’s attention to investigate the seismic behavior of BRB frames and
explore their potential benefits as earthquake-resisting systems [38—40]. As a result of their
effective performance and stable hysteretic response under cyclic loading, BRBs gained
popularity and magnetized the interest of other countries” researchers. It is now broadly
utilized worldwide in many countries such as the U.S., Canada, China, Turkey, Chile,
and New Zealand [41-43].

The regular structure of a conventional BRB generally consists of four parts: a core
component, unbonding material, infilled material, and an exterior restraining unit as shown
in Figure 2. Regardless of the exceptional ductility and energy dissipation of conventional
BRBs, these braces have some drawbacks. The braces become heavier due to the presence of
concrete/mortar and create problems inspecting the damaged core after earthquakes [44].
Subsequently, different forms of BRBs with restraining parts mainly made of steel, labeled
as all-steel BRBs, have been proposed by numerous researchers in the last few years.

Steel BRBs are getting increasing preference from engineers and manufacturers, owing
to their enhanced performance and unique specifications, such as lighter weight, shorter
manufacturing duration, and easy assembling and disassembling requirements for main-
tenance and inspection [45,46]. A steel BRB consists of an internal core with a separation
unit in the form of a thin layer of unbonding material or pure gap restrained by an external
restraining component. The core element of the BRBs withstands the entire axial load
and consists of three different segments along its length. The central region, also known
as the yielding section, has a reduced cross-section to undergo inelastic deformation for
energy dissipation. At both ends of the yielding part, there are two transition segments
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with a larger area than the yielding zone to resist the axial demands and remain elastic.
Furthermore, the area of the connection parts is increased to connect the BRBs with the
structural frame through gusset plates, thereby avoiding stress concentrations [47]. The ex-
ternal restraining component prevents the core from buckling in compression and the
separation unit facilitates the smooth axial-only deformation of the central core within the
restraining member [48]. The overall efficiency of the Steel-BRB mainly depends on the
inelastic deformation capacity of the brace core under repetitive cyclic loading and the
stability of the exterior restraining unit [49].

Core Component

\

Unbonding
Material

Exterior Unit

Infill Material

Figure 2. Components of conventional BRB [50].

Despite the structural advantages of the steel-BRBs, when BRB frames are employed in
coastal areas and humid environments, the outer steel restraining component may become
vulnerable because steel corrodes with the passage of time and results in mass loss as
well as deterioration of the mechanical properties of the steel [51-56]. To cope with this
corrosion issue of the braces, there is a need to develop a better anti-corrosive response of
BRBs using alternative materials, such as aluminume-alloys, stainless-steel, shape-memory
alloys, and fiber-reinforced polymers (FRP) [57,58].

Efforts are continuing to overcome the inadequacies of BRBs and improve their seismic
performance by adopting novel approaches. A state-of-the-art review was presented by Xie
on the research and developments of various types of BRBs with different designs in Asia,
mainly in Japan [33]. Most recently, Shedge et al. [59] presented a state-of-the-art study on
the history and design of BRBs. However, a broad systematic literature review (SLR) on the
development of conventional BRBs, all-steel BRBs, and their response under cyclic loadings
(with controlled-corroded restraining components) has not been published yet. Thus, this
systematic literature review presents a comprehensive analysis of the past 15 years of
studies conducted to develop conventional BRBs and all-steel BRBs with an emphasis
on the techniques to protect the braces from corrosion. This paper is structured into five
sections. Section 2 introduces the methodology for a systematic review to search and
identify the relevant research findings. Section 3 analyzes the experimental and numerical
studies conducted to develop BRBs and categorizes them based on their main components.
Section 4 focuses on the application of anti-corrosive materials in the manufacturing of
BRBs. Section 5 presents the conclusions and recommendations for future research on BRBs
under corrosive environments.



Buildings 2023, 13, 2156

4 of 36

2. Systematic Review Methodology

Systematic reviews have progressively been endorsed by researchers due to their
impartiality and understandable nature. Systematic literature reviews (SLR) can assist the
scientific community to reproduce the evidence and examine the status of their research
field by following a systematized protocol [60,61]. In the literature, several guidelines
and approaches have been proposed to perform systematic reviews in a transparent and
well-defined manner. This study adopted the systematic literature review methodology
recommended by Gregory et al. [62] based on Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.

2.1. Search Strategy

As illustrated in Figure 3, the adopted protocol entails four steps: (1) Identification
and Information sources, (2) Screening, (3) Eligibility, and (4) Included. In the first step,
six popular publishers and a citation index database were considered to locate the most
relevant publications, namely ASCE Library, ScienceDirect, Springer Link, MDPI, Taylor
& Francis Online, Willey Online Library, and Web of Science. A wide range of complete
scientific works was available in these scientific digital databases and included literature
related to BRBs published in high-quality journals. The search queries ((“BRB” or “All-
steel BRB” or “Buckling Restrained Braces” or “All-steel Buckling Restrained Braces”)
AND (“Corrosion”)) were formulated and employed to find them in the article/ abstract/
keywords using the advanced features available in online databases.
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Figure 3. Systematic literature review protocol [62].

The first identification step resulted in 2016 articles. In the next step, duplicate articles
(present in more than one database) were removed with the purpose of avoiding counting
the same article twice. In addition to this, the title and abstract were examined to figure out
the relevant articles based on the research objectives, and 1854 articles were excluded in the
screening step. Following the screening stage, the remaining 162 articles were subjected
to a second and more detailed filtering to determine whether they met the inclusion and
exclusion criteria (Table 1). After thoroughly reviewing, 84 articles were excluded. As a
result of the above two processing steps, a total of 1938 articles were eliminated and in the
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last step, four more articles were excluded despite fulfilling the acceptance criteria due to
inaccessibility issues. Finally, 74 articles were selected for the detailed review.

Table 1. Inclusion and exclusion criteria.

Criteria

Inclusion

Exclusion

2009-2023

Documents published before 2009

Language

Language of documents
must be English

Documents published in
other languages

Type of document

Only research articles published
in journals of the databases

Other documents (book chapters,
conferences, reviews,
and proceedings)

Relevance to topic

Articles aimed to develop BRBs
with novel aspects

Articles investigated different
parameters of previously
developed BRBs

Availability

Full-text accessible

Availability restricted

2.2. Search Results

The study included 74 articles published from 2009 to 2023 (May). Researchers’ focus
has continuously increased in the past few years on developing novel BRBs to enhance their
performance. Figure 4 displays that during the initial two years of the selected duration,
two articles were published every year on this topic. From 2011, the number of studies
increased, reaching a maximum of 16 articles published in 2017. Subsequently, there was a
moderate tendency in the number of publications in the domain of developing innovative
BRBs, with an average of approximately 5 articles published annually.

17
16
15
14
13
12
11
10

Number of publications

O = W RN 00N

16

2008 2010 2012 2014 2016 2018 2020 2022 2024

Year

Figure 4. Distribution of articles per year.

Figure 5 illustrates the journals of the selected articles, the journal “Engineering Struc-
tures” (22) exhibited the highest publication rate, followed by “Journal of Constructional
Steel Research” which contained fifteen articles. In addition, five articles were published in
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“Journal of Structural Engineering” and “Earthquake Engineering and Structural Dynamics”
and among the remaining journals, each has one to four articles.

Engineering Structures

Journal of Constructional Steel Research

Earthquake Engmeerm% And Structural Dynamics

Journal of Structural Engineering

Journal of Earthquake Engineering

Journal of Composites for Construction

. International Journal of Steel Structures

Soil Dynamics and Earthquake Engineering

The Structural Design of Tall and épeplal uildings
Journal of Materials in Civil Engineerin;

aterials

Practice Periodical on Structural Design and Construction

Earthquake Engineering And Engineering Vibration

nternational Journal of Architectural Heritage

Bulletin of Earthquake Engineering

Journal of Bridge Engineering

Thin-Walled Structures

Composite Structures

Structures

Metals

CivilEng

1 1 1
0O 2 4 6 8 10 12 14 16 18 20 22 24

Number of publications

Figure 5. List of journals featuring selected articles.

Figure 6 demonstrates the geographical distribution of the selected publications
based on the country of the first author’s institute. The authors of 74 articles belonged to
14 countries (China, USA, Iran, Japan, Taiwan, South Korea, India, Spain, United Arab
Emirates, Argentina, Canada, Italy, Portugal, and the Turkey). Research institutes from
China published most of the articles (50%), followed by the USA (11%), Iran (10%), and
Japan (7%), and from the remaining countries each contributed (4%) to (1%) to the overall
research output.

B China
BUSA

W Iran

W Japan

B Tawan

¥ South Korea
mIndia

® Spain

m United Arab Emirates
m Argentina

B Canada

B Ttaly

u Portagal

u Turkey

Figure 6. Geographical distribution of articles.

3. Discussion

Based on the selected articles, several types of BRBs have been developed and ex-
amined over the years. The BRBs can be categorized mainly according to the material
properties of their components (core, un-bonding layer, infilled material, and external
restraining component) and the shapes adopted to produce the braces as shown in Figure 7.
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Figure 7. Types of BRBs based on components.

3.1. Studies Based on Core Component Materials of BRBs

The brace core is considered the most important component of BRBs because it is
directly connected to the main structure and designed to withstand all the applied axial
loads [63]. The material selected for the core component has an important impact on the
performance of BRBs. To meet the requirement of energy dissipation capacities and hys-
teretic properties under intense earthquakes, the material should have adequate ductility,
stiffness, and strength. Carbon steel, also known as structural steel with a yield strength of
about 235 MPa, is mostly used in steel structures because of being relatively economical
and having better toughness, strength, and welding properties. In the past, according to
a comprehensive study about applications of BRBs [41], most of the researchers used this
material with different designations ASTM A36 [64], JIS S5400 [65], and GB Q235B [66]
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to manufacture the core components. The present study is focused on including recent
findings that explore the utilization of novel materials to improve the performance of BRBs.

The aluminum alloy consists primarily of aluminum, with additional elements added
to improve strength, such as iron, silicon, copper, magnesium, manganese, and zinc. Despite
the exceptional qualities, such as lightweight, high strength-to-weight ratio, good corrosion
resistance, durability, recyclable characteristics, high strength analogous to carbon steel,
easy formability (e.g., extrusion), and long history of use in building structures as non-
structural components, aluminum alloys still only make up a small percentage of studies
related to BRBs [67]. Low-yield-point steel is a type of steel that possesses a yield strength of
less than 235 MPa and the development of this steel was started by Japan as a material with
excellent hysteretic properties that provide higher ductility, efficient energy dissipation,
and shock absorption [68]. The core components of BRBs have also been constructed using
low yield point (LYP) steel due to its exceptional properties, either as the sole material or in
combination with other grades.

Stainless steel is an alloy of steel that contains a minimum of 10.5% chromium by
weight, as well as other elements like nickel, manganese, molybdenum, aluminum, or ti-
tanium. The incorporation of these chemical constituents enhances the properties of the
material to suit various applications and operating conditions. In recent years, the use of
stainless steel in load-bearing structural applications has grown significantly, primarily due
to its excellent strength, stiffness, and durability characteristics, as well as its low mainte-
nance requirements [69-72]. Stainless steel plates have been used to form hybrid cores of
BRBs and most recently, Al-Sadoon [73] proposed a grout-filled BRB using a stainless-steel
bar as the replaceable fuse.

Shape memory alloys (SMAs) are a type of smart metallic material with the capability
to retrieve prominent deformations through shape-changing sequences, including shape
memory effect (SME) and super elasticity (SE). SME involves shape repossession after
deformation in the martensitic stage upon heating to a specific temperature level, while
SE is termed as unloading-dependent shape recovery after deformation in the austenitic
phase. These characteristics have directed the development of various smart systems for
use in several industries, incorporating aerospace, biomedical, civil engineering, and oil-
gas sector [57]. Vibration control and energy damping needs can be effectively addressed
through the promising implementation of SMAs. In 2020, Ghowsi et al. [74] developed a
novel BRB using Fe-based shape memory alloy plates as the yielding core component. Fe-
based SMAs are based on iron (Fe) as the primary constituent and exhibit a shape memory
effect similar to other SMAs, enabling them to return to their original shape under certain
conditions such as temperature or stress. Compared to other SMAs, Fe-based SMAs have
several advantages, including low cost, abundance of raw materials, and high magnetic
properties, making them suitable for various applications.

Ingot iron contains less than 0.1% of carbon content and is relatively ductile and soft as
compared to carbon steel. Recently, Tao et al. [75] used this material to develop a new type
of BRB and explored its suitability for low-cycle fatigue behavior. A summary of distinctive
BRBs manufactured with these materials is presented in Table 2.

Table 2. Summary of the studies based on cores material.

Reference

Compressive Strength

Material Grade Number of Specimens Purpose of Study Adjustment Factor (8)

Shi et al. [76]

Development of Q195
low-yield point steel
BRBs with the in-line

cross-section

Q195 6 1.08
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Table 2. Cont.

Reference

Material Grade

Number of Specimens

Purpose of Study

Compressive Strength
Adjustment Factor ()

Huang et al. [77]

Q195

Devising all-steel BRBs
using Q195 low-yield
core and Q345 for
restraining unit

1.62

Wang et al. [78]

SLY100

Development of BRB’s
finite element models
using low-yield steel

constitutive model

1.23

Ghowsi et al. [74]

FeSMA

Development of new
BRBs using iron-based
shape memory alloy for

core components
and steel for
restraining unit

1.18

Qiu et al. [79]

FeSMA

Seismic performance
analysis of iron-based
shape memory alloy
(FeSMA) BRBs

1.2

Al-Sadoon et al. [80]

AISI 121.14 carbon steel
AISI 304 stainless steel
AISI 4140
chromemolybdenum
high-tensile steel

Development of new
BRBs for retrofitting of
RC frames employing

three distinctive
materials bars cores

1.46

Al-Sadoon et al. [73]

SS 304

Development of novel

grout-filled BRBs with

stainless steel bar core
component

1.76

Lanning et al. [81]

304/304L

Testing of BRBs with
stainless steel cores for
installing on long-span

near-fault bridges

1.39

Tao et al. [75]

Ingot-iron

Development of
ingot-iron-core BRBs
to explore their
suitability as high-
elongation material

1.51

Cigdem et al. [82]

A508

Development of
concrete-filled
Aluminum-BRBs

1.76

Usami et al. [67]

A508

18

Development of
all-aluminum
alloy BRBs

1.11

Wang et al. [83]

HS63

10

Development of
all-aluminum BRBs
using a new aluminum
alloy-HS63S-T5 for the
core component

1.04

Proenca et al. [84]

6082-AN350/120

Numerical simulation
of Aluminum BRBs for
seismic retrofitting of
pilots’ buildings

1.17
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Table 2. Cont.

Compressive Strength

Reference Material Grade Number of Specimens Purpose of Study Adjustment Factor (8)
Development of
Tabatabaei et al. [85] DIN 17100 2 Reduced-length BRBs 1.25
using German standard
ST 37-2 steel for cores
Q235 Development of
Xu et al. [86] LYP225 7 double-tube BRBs with 1.08
EN 1.4301 different material cores
Development of novel
G50 all-steel BRBs with a
Hoveidae et al. [87] LYP100 7 hybrid core 1.16
SS304L made of three
different materials
Development of a
full-scale BRB system
Dehghani et al. [88] CSA G40.21-350WT 12 using Canadian 1.47
standard category
4 steel
Improvement of
low-cycle fatigue
response of
Wang et al. [89] SM400A 12 high-performance mild 1.14
steel BRBs by
employing Toe-
finished method
Development of
all-steel tube-
Seker et al. [90] ASTM A500 Gr. B 3 . . 1.10
in-tube buckling
controlled brace
Development of
Concrete-filled and
. 55400 hollow steel tube BRBs
Kim etal. [91] HYUNDAI-STEEL 3 using 5400 and SM490 120
for cores and external
units, respectively,
ASTM A36 Development of
Atlayan et al. [92] LYP100 3 hybrid-core BRBs for 1.05
HPS-70W multi-level hazards
Q235 inr]ii/‘iaili?/}égle{%t v?/fith
Wang et al. [93] 1860-grade 1 1.19
high-strength wir gap-supported
& tendon protection
Development of
. LY225 multistage mortar-filled
Sitler etal. [94] SA440B 1 BRBs using two cores 1.06

of different materials

3.2. Studies Based on Core Component Shapes of BRBs

The core component is designed to concentrate the inelastic deformation in the central
region to keep both ends in elastic range and to ensure this phenomenon, the yielding
zone is shaped like a tensile coupon or small holes are made to reduce the area. In the
past, various forms of core components have been proposed and investigated as shown in

Figure 8.
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The rectangular-shaped core was used in the first practically implemented BRB and is
still the common type because of its ability to provide a desirable hysteretic response and
simpler and welding-free manufacturing. In 2010, Mirtaheri et al. [95] used rectangular
plates as core components to conduct an analytical and experimental study on concrete-
filled BRBs. This study was mainly carried out to analyze the effect of core length on the
overall behavior of braces and the core plates were developed with different connections
(pinned and stiffened end-plate) to install in the test setup as shown in Figure 8a. The
experimental work was started on a 140 cm long trial specimen to insight the possible defi-
ciencies and subsequently, four braces of distinctive lengths were fabricated with improved
configurations to conduct the main tests. All braces showed stable responses without any
significant drop in compressive and tensile strengths and stiffness was found inversely to
core length because the specimen with minimum length showed the highest stiffness.

Stoppers

N

(b) (c)

/
d stiffener
® End
‘e(a\ Connector
/ ) ®
éi‘J (e)
(i)

\

(h)

Bolt

Core Bar

\

\ Central Coupler
Roll-threaded Screw

’ Secondary tube
N
(k) 0}

(m) (n)

Figure 8. Shapes of cores introduced to develop new BRBs [95-109].

In another study, Xu et al. [96] introduced BRBs with prismatic steel plates as core
components to reduce manufacturing costs and avoid waste of material. The core plates
were straight throughout their length without any cuts or holes and connection plates were
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welded perpendicularly at core ends to attach the braces with gusset plates as shown in
Figure 8b. A total of four specimens were tested, in which two braces contained single
plate core components while the other two were fabricated using dual plates with identical
thicknesses of 25 mm. The results revealed that there was no brace instability, rupture,
or failure in the connection region up to loading equivalent to 2% story drift and the
load-displacement curves showed stable response with satisfactory increasing stiffness.

Modifying the rectangular plates, Jia et al. [97] introduced a fish-bone-shaped core
component to fabricate an all-steel BRBwith smoothed dismountable requirements. Multi-
ple stoppers on both sides of core components were machined to maximize the deformation
capacity of the proposed BRB by developing several necks in the core plates before the
rupture as shown in Figure 8c. Experimental and numerical studies were conducted to
investigate different design parameters and configurations. The study found improved seis-
mic performance for newly developed fishbone-shaped BRBs as compared to conventional
BRBs and a maximum value of 20.6 was recommended for the width-to-thickness ratio of
the core component to avoid pre-mature local buckling. Auxetic metamaterials have been
increasingly studied for civil engineering applications due to their distinctive deformation
attributes and mechanical characteristics like appropriate energy dissipation capability,
enhanced shear, and fracture resistances. Zhang et al. [98] manufactured a small-scale
all-steel BRB with a perforated core as shown in Figure 8d, having a negative Poisson
ratio to delve into the hysteretic response of auxetic metamaterials under cyclic loading.
Experimental and numerical studies were conducted to mainly investigate the effects of
porosity, auxetic unit cell, and section weakening rate. The newly-developed negative
Poisson ratio BRB showed a stable hysteretic response and a comparison of its performance
with conventional perforated core BRB having a positive Poisson ratio demonstrated that
the usage of auxetic metamaterials can be advantageous for the development of damping
devices to mitigate the seismic effects.

Cahis et al. [99] also introduced a new perforated-core all-steel BRB that not only
lessens the weight but also facilitates the post-earthquake examination. The usually adopted
dog-bone-shaped core in this new BRB was replaced with a rectangular cross-section
perimeter that has a constant size, and its yielding part was divided into two lateral bands
which were linked by stabilizing bridges as shown in Figure 8e. The lateral bands in
the design of the new core component were intended to yield under axial forces similar
to conventional BRBs, but stabilizing bridges were proposed to maintain their elasticity.
Two specimens with different geometries of core elements were tested up to failure under
different loading patterns. The radius of the lateral band connections was the primary
distinguishing factor between the two geometries. According to the experimental results,
the specimen with a smaller radius, even though it provided a longer yielding length with
a constant cross-section, resulted in reduced dissipation capacity and a smaller distance
between the stabilizing bridges. This specimen also experienced gradual compression
capacity reduction due to local buckling as compared to the larger radius specimen which
displayed a consistent response.

BRBs with H-section core components can withstand large axial loads and are cost-
effective because H-shaped members are readily available. Alemayehu et al. [100] presented
a NOVEL all-steel BRB, comprised of an H-section core component as shown in Figure 8f
which was enclosed in a square tube, having unique properties with minimum construction
noise, CO2 emission, vibration, labor efforts, and enhanced energy dissipation capacity.
Experimental and FE parametric studies were conducted on full-scale brace specimens and
subassembly under displacement-based cyclic loading according to the American Institute
of Steel Construction seismic provision (AISC) [110]. Two failure patterns (global buckling
and flange buckling of core components) were observed as most predominant, and it was
found the proposed BRB can provide a stable hysteretic response till the end of applied
loading with a minimum flange slenderness ratio of 5.06.

Corrugated plates are capable of showing high buckling resistance under in-plane
loads and enhanced out-of-plane stiffness because of their geometric properties.
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Jamkhaneh et al. [101] proposed a new all-steel BRB with a corrugated-edges core as
shown in Figure 8g and exterior components without including the welding process to
enhance the plastic deformation and energy dissipation capabilities. FEM models under
cyclic loadings were developed to validate the laboratory specimens and analyze the ef-
fects of gap distance between the core and external sheets and the sizes of brace sections.
A 10 mm value size gap was found most appropriate for the distance between the compo-
nents and the results showed that the installation of corrugated-edges BRBs can increase
the ductility and performance level of high-rise structures.

BRBs with cruciform-shaped core components facilitate brace and gusset plate con-
nection. A welded cruciform core component can affect the low-cycle fatigue properties of
braces due to significant residual deformations resulting from high-temperature welding.
To diminish the initial geometric imperfections of core components and improve low-cycle
fatigue response, Zhao et al. [102] introduced a novel angle all-steel BRB. As illustrated
in Figure 8h, the core component was fabricated by combing four steel angles with eight
stiffening plates at the ends to produce a cruciform shape without welding in the yielding
section. Hing connectors were welded at both ends and the restraining component was
formed by combing two angles through longitudinal welding. All seven tested specimens
exhibited stable hysteretic performance and were found feasible to employ as seismic
dampers. The authors recommended that the projected parts of the core component should
be might in an elastic state to avoid compression—flexure failure.

To facilitate the transportation, installation, maintenance, and replacement of BRBs
parts, Piedrafita et al. [103] developed a novel approach using a modular steel-yielding core
component. This design allows for the use of smaller units and enables adjustments to the
yielding load and plastic deformation based on specific design requirements. The concept
of Modular BRB was devised from the idea of connecting the buckling self-stability of the
small-scale steel energy dissipation devices. As shown in Figure 8i, the core consisted of
several seriated modules which were connected through the pins to permit the transmission
of axial force from one module to the other and each module contained several Shear Basic
Dissipation Units (SBDUs) to ensure the yielding by shear. Experiments and FEM simula-
tions were performed on full-scale specimens under displacement-based cyclic loadings to
analyze the yielding force and displacements. The results demonstrated balanced hysteretic
responses and the axial force of the whole specimen was found to be dependent on the
number of Shear Basic Dissipation Units (SBDUs) for each module.

To make the BRBs adaptive to different earthquake actions, Sun et al. [104] introduced
a double-stage yielding BRB with the idea that the brace will partially yield under frequent
and minor earthquakes and also withstand large axial loads to limit structural damage
in the case of rare earthquakes. The core component of this brace was comprised of two
plates, one small and one large plate, which were combined in series as shown in Figure 8;.
The constitution of the double-yield BRB core component was analogous to the traditional
BRBs and could be considered a tandem formation of two conventional all-steel BRBs
having different sizes. In addition to small and large plates, the core component also
contained a stopper mechanism to activate the function of the large part after the maximum
deformation capacity of the small one under rare seismic action. Two ribs were also welded
at both ends of the core component to ensure the inelastic deformation in reduced sections.
Quasi-static tests on three specimens were performed to analyze the influence of varying
lengths for the core component plates. All specimens demonstrated ductile and stable
hysteretic performance and the ratios of maximum compressive-tensile forces remained
within the range of 1.3 as recommended by AISC [110].

Dongbin et al. [105] proposed novel three-steel tubes BRBs to ease the fabrication
process and enhance energy dissipation capacity. In this BRB, three circular tubes of
different diameters were used and placed as inner, middle, and outer tubes. The mid-
dle tube with slotted holes was supposed to be the core component which is shown in
Figure 8k, and the inner and outer tubes performed the restraining unit function to impede
the core’s compressive buckling. The same air gap of 1.5 mm was employed between all



Buildings 2023, 13, 2156

14 of 36

tubes without laying any debonding material. The inner and middle tubes were used
as one part, while the outer tube was divided into two sections of identical lengths and
all three tubes were connected through spot-welding at mid-span to keep them at exact
positions. Five specimens with distinct sizes and the number of holes in the core compo-
nents were tested under quasi-cyclic loading to analyze the performance of the proposed
braces. Based on the results, the composition of braces was found effective and reasonable,
and all specimens produced balanced and saturated hysteretic curves. The brace exhibited
excellent performance in terms of low-cycle fatigue response and deformation capacity with
2 x 2 slotted holes and a 0.2 opening-hole ratio of the core component.

In comparison to steel plates and tubes, round steel bar cores used in BRBs provide
a significant advantage due to the ability to connect bar ends to the structural members
using screw joints. Recently, Zhang et al. [106] proposed a novel all-steel BRB by employing
four round steel bars as core components to enhance the reasonable strengths of braces
and reduce their manufacturing cost. The core part contained eight bars with roll-threaded
screw ends, which were connected to the central coupler through screws as shown in
Figure 81. Two restraining members, known as primary and secondary tubes were utilized
to restrict the buckling of braces. The primary tubes were mainly designed to restrict the
buckling of core bars, whereas the secondary tubes were enacted to restrain the primary
tubes from buckling through spacers. Three specimens with varying spacings of spacers
were manufactured and tested to assess the structural performance of the proposed braces.
Based on the comparison of hysteretic curves, two specimens with spacers spacing of
275 mm and 415 mm, respectively, exhibited stable and satisfied hysteretic behaviors, while
the third specimen with a maximum spacing of 824 mm could not perform well due to the
buckling of primary tubes.

To remove the impact of welding on the low-cycle fatigue performance, Xie [107]
developed a weld-free sort of all-steel BRB. The whole BRB was designed without a single
weld and the core component was fabricated from a steel plate through line cutting. Two
T-shaped sections manufactured from H-shaped steel were fastened with high-strength
bolts on each end to increase the stiffness of connection zones as shown in Figure 8m.
The stoppers in the center of cores were created as a convex arc-shaped boundary to
produce a steady shift of section. Under various strain amplitudes, three welded and
three weld-free specimens were tested, and their hysteretic behavior and low-cycle fatigue
performance were examined. The test findings showed that the weld-free specimens have
substantially higher ductility and cumulative plastic deformation than the welded ones,
which are much closer to the material capacity’s performance.

Due to their excellent seismic performance, miniature BRBs are frequently utilized
as energy-dissipating dampers in precast concrete and steel beam-to-column connections.
Gu [108] proposed a novel all-steel corrugated MBRB (CMRB) by employing corrugated
core components surrounded by circular tube restraining units. In order to increase ductility
and enable the CMBRB to be shorter than traditional MBRBs, various D-shaped cuttings,
also known as D-cuts, were designed on the core elements as shown in Figure 8n. This
design requires a lower installation area for the beam-to-column connections and to explore
the impacts of section spacing-to-D-cut cross-section height ratio and slenderness ratio on
seismic performance, six specimens were constructed and tested under cyclic loading. All
tested specimens exhibited favorable cumulative deformation capacity and the seismic
performance of the proposed CMBRB was observed to be influenced significantly by the
slenderness ratio (1) and the ratio of segment spacing to D-cut cross-section height (D).

Jamkhaneh [109] introduced a novel all-steel BRB consisting of mainly three parallel
plates which were combined together with Z-shaped sections as shown in Figure 8o.
The employed plates having adequate strength and stiffness, were positioned with respect
to the weak axis, spreading the force among them. The position and depth of the plates
inside the system were adjustable and the system’s resistance, stiffness, and ductility
could be changed by adjusting the quantity, thickness, and heights of the plates utilized.
The plastic joints were created for the top and bottom of every plate and were attached to
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the corresponding plates, and this mechanism resulted in energy absorption in a targeted
manner. Initially, the cyclic response of the proposed BRB was inspected through finite-
element modeling and then 5, 10, and 15-story steel buildings were numerically designed
to examine the performances through nonlinear dynamic and static analyses. The results
demonstrated that the newly developed BRBs were able to obtain the performance level of
structural-life safety.

3.3. Studies Based on Debonding Mechanism of BRBs

The separation mechanism between the core and buckling-restraining components
has a significant influence on the performance of BRBs. It generates a space for the core
to expand transversely under the compressive loads and stops shear stress transfer. This
debonding process needs a thin film-like material and a small gap can be placed between
the core and the restraining unit. In the past, different materials have been investigated for
this purpose.

Tsai et al. [111] developed 13 full-scale BRBs and performed experiments to analyze
the effectiveness of four debonding materials shown in Figure 9, (chloroprene rubber (CR),
silicone rubber sheet (SR), rubber sheet (R), and high-density Styrofoam sheet (HS)) for
reducing the variance between the maximum compressive and tensile strengths. The influ-
ences of the ratio between yielding length and whole specimen work-point to work-point
length on the axial stiffness of the braces and design story drift were also investigated. All
tested specimens unveiled satisfied hysteretic performances and results indicated that the
chloroprene rubber (CR) having self-adhesive properties was found most convenient for
placing on the core components and very efficient in minimizing the variances between the
maximum compressive and tensile values in the hysteretic curves.

Figure 9. Placement of four different debonding materials on cores. (Reprinted with permission from
Ref. [111]. Copyright 2014 John Wiley and Sons.)

Chen et al. [112] developed all-steel BRBs by employing a pure gap and a 1-mm thick
layer of butyl rubber between the core components and exterior restraining units as shown
in Figure 10 and conducted an experimental study on seven specimens to analyze the
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variances in the low-cycle fatigue performances. The results demonstrated that all speci-
mens were able to dissipate adequate energy and sustain collective plastic deformations
1000 times more than the yield strain. However, the absence of unbonding materials cre-
ated jamming and gradually increased the friction forces between the core and restraining
components, which ultimately led to a substantially higher compression strength adjust-
ment factor. In addition to this, the jamming and friction forces developed non-uniform
residual deformations and it was recommended to install unbonding layers to achieve
better performance of all-steel BRBs.

1 mm butyl rubber Care

Air-gap  Core \

/

I
Restraining Plate Fille{ Restraining Plate Eiller
Figure 10. Composition of all-steel BRB by placing air-gap and butyl rubber for debonding
process [112].

Chou et al. [113] proposed conventional concrete-filled BRBs by employing a pure air
gap instead of unbonding material between the core component and exterior restraining
units and performed four sub-assemblage experiments to examine the inelastic defor-
mations. The developed BRB contained a dog-bone-shaped core component that was
sandwiched between two identical restraining units. Each restraining component was
manufactured by welding a channel section to a flat plate and filled with 28-days concrete.
Along with experimental tests, a FEM parametric study on 18 specimens was conducted
and found that the ratio between maximum compressive and tensile strengths remained
in the range of 1.1-1.5 and mainly concluded that the replacement of unbonding material
with air space would not affect the cyclic performance of the proposed BRBs.

In another study, Wu et al. [114] also developed all-steel BRBs without implying any
debonding materials on the surfaces of core parts and conducted detailed experimental
and finite element investigations to examine the high-mode buckling process of core
components. The proposed cores and restraining units were bolted through shim spacers
as shown in Figure 11 and a dust-remover WD-40 lubricant was sprayed on the inner
sides of restraining components and the whole surface of core parts. Test results revealed
that the developed braces sustained large cyclic strains and underwent cumulative plastic
deformations over 400 times the yield strain values. Through this study, it was confirmed
that the high-mode buckling wavelength of core components was dependent on their
thickness sizes and the patterns of loading protocols.

Core member

i ® —~——
Restraining member -
g o ®

Figure 11. Composition of BRB with shim spacers. (Reprinted with permission from Ref. [114].
Copyright 2013 John Wiley and Sons.)
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The thickness of applied unbonding materials is also considered significant for the
design of BRBs. Palazzo et al. [115] proposed a low-cost durable buckling restrained
using easy-to-find construction materials. The developed device comprised a slender
solid steel bar core component and a high-strength mortar-filled circular steel tube as a
restraining system. A three-layered periphery was applied to limit the transfer of shear
stresses from the core component to the surrounding mortar and ensure proper sliding
between them. Firstly, the core component was coated and lubricated with Teflon and
grease, respectively, and then wrapped with a 1.7 mm thick rubber. The tested braces
showed a stable hysteretic response and it was suggested that a too-thin deboning layer
would inhibit the core component from expanding laterally, and a thick layer could permit
enlarged local buckling which ultimately caused a reduction in the fatigue life of braces.

To analyze the lateral thrust applied from core components on restraining units,
Gennaetal. [116,117] presented bolted steel BRBs by employing a synthetic general-purpose
paste (BERULUB PAL 3) for debonding process and reducing friction. The incorporation
of a solid lubricant, specifically polytetrafluoroethylene, into the material resulted in a
significant decrease in the friction coefficient. The configured BRB was developed with a
rectangular steel plate core, which is encased and restrained by two bolted C-shaped steel
struts. Six reduced-scale specimens with two different cross-sections of cores and three
altered core-restraining gaps were tested inside the INSTRON 1274 /8500 apparatus under
displacement-controlled loading specified by the AISC standards (AISC 2005). In con-
tinuation of this study, engineering analytical expressions of the thrust were developed
by considering the air gap between the core and restraining struts. In conclusion, it was
found that accurate prediction of the total thrust for these BRBs was challenging due to the
discontinuous relationship between its value and the loading history. It was stated that the
real behavior of these BRBs and the developed analytical expressions were conditional for
a sufficiently small casing-core gap. If the gaps become excessively large, the BRBs lose
their ability to dissipate energy in compression, leading to notable geometrical effects.

3.4. Studies Based on Restraining Units of BRBs

The restraining encasings have functions to stop the core component from buckling
and ensure the same response in compression and tension of BRBs to dissipate more energy
under earthquake actions as compared to ordinary steel braces. Therefore, the restraining
element must have adequate stiffness and strength to substantiate the local stability as
well as the global stability of the core component. In the case of conventional BRBs,
the restraining component usually consists of a hollow steel section filled with traditional
concrete or mortar, fiber-reinforced concrete, steel-reinforced concrete, and polymer-filled
steel tubes.

3.4.1. Conventional-Concrete BRBs

Zhang et al. [118] proposed an innovative spiral stirrup (S5-BRB) to reduce manu-
facturing costs and improve the service life of braces. The restraining unit of these novel
braces was comprised of reinforced concrete with longitudinal steel bars and spiral stirrups
to restrict the buckling of core components and enhance flexural capacity. A paper tube
with a lubricated inner side was used as formwork to fill fine aggregate concrete and place
the assembled cage of rebars as shown in Figure 12. Displacement-based cyclic tests were
conducted to investigate the feasibility of newly developed BRBs and examine their basic
performance. The load-displacement response showed balanced hysteretic loops without
any degradation in compressive and tensile strengths and proved this restraining system
practical and reliable.

Gheidi et al. [119] organized a series of experiments to discover different infilled mate-
rials to prevent the buckling of core components in BRBs. Three infill materials compacted
aggregate, lean/lightweight concrete, and normal concrete were included with a percep-
tion to decrease the overall weight of braces and eliminate debonding agents. The results
revealed that the compacted aggregate (non-cohesive) material was not feasible to limit the
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buckling of the core component, which caused a prompt reduction in compressive strength.
The specimens with lean concrete showed a 30% reduction in the efficiency of braces due
to the crushing of concrete and local buckling failure of core components. Normal concrete
was found to be the most efficient infilling material because the braces with this material
performed stable hysteretic response with enhanced energy dissipation capacity.

(a) Core component (b) Spiral stirrups (c) Paper tube
Figure 12. Components of spiral stirrups BRBs: (a) steel core (b) spiral stirrups (c) paper tube [118].

Takeuchi et al. [120] developed mortar-filled conventional BRBs with different sectional
shapes of exterior restrainers and conducted cyclic loading experiments with varying
mortar thicknesses. This study also proposed an approach to prevent the in-plane local-
buckling failure of the core component. Rectangular and circular-shaped steel tubes were
employed as restraining components with distinctive thicknesses, and it was observed that
mortar thickness affected buckling failure initiation and local buckling failure delayed as
mortar thickness increased. The local-buckling failure of specimens having circular-shaped
restraint did not occur until the plastic strain amplitude of the core component reached
3% even with larger values of diameter-to-thickness ratios, while the braces with rectangular
tubes having width-to-thickness ratios of 65 and 76 showed local-buckling failures.

Esfandiari et al. [121] developed fiber-reinforced concrete BRBs and conducted a
series of experiments on six samples by using only concrete as a restraining unit. Initially,
compressive, and tensile strengths tests were carried out on concrete cubes containing
polypropylene, macrostructure, and hybrid (combination of polypropylene and steel fibers)
fibers to determine their optimum amount and the results indicated that the non-fibrous
samples showed lower compressive and tensile strengths as compared to polypropylene
and hybrid fibers cubes. The samples of used fiber are shown in Figure 13 and the test
matrix was categorized into three groups non-fibrous, polypropylene, and hybrid fibers
BRBs according to the composition of fibers in the restraining component. Experiments
were performed under displacement-based cyclic loading and the braces with hybrid fibers
concrete were able to bear the maximum number of loading cycles and also performed
better as compared to other groups in terms of energy absorption capacity, structural
ductility, and undergoing higher compressive and tensile loads.

Alemayehu et al. [122] proposed a tube-in-tube BRB using a quick-hardening and
lightweight polymer as filling material between core and restrainer components as dis-
played in Figure 14. The tube-in-tube composition reduces the required amount of infilling
material and enables the braces to withstand large axial loads. The adopted polymer was
able to fully solidify within 24 h at room temperature and had a density of 1178 kg/m?
in its hardened form equal to half of the mortar. Ten full-scale experiments of six circular
and four-square-shaped specimens were conducted to investigate the buckling behavior
and inelastic deformation capabilities of braces. The test results demonstrated that circular
braces performed better, and the infilled material provided adequate resistance against
buckling even with a small amount of its leakage in all experiments and future research
was recommended to investigate the impact of this leakage and propose suitable remedies.



Buildings 2023, 13, 2156 19 of 36

Figure 13. Samples of fibers used in Fiber-reinforced-concrete BRBs. (Reprinted with permission
from Ref. [121]. Copyright 2018 Elsevier.)

With the aspiration to reduce the health hazards triggered by scrap tires, researchers
have directed their attention toward the utilization of scrap tires in asphalt concrete, ce-
mentitious concrete, and soil embankments. These materials, referred to as tire-derived
aggregates, offer energy dissipation and damping capabilities in different uses.

.-~ Debonding layer
- Casing™._

- ~

., Core .~
. .~ Polymer

Figure 14. Configuration of Polymer-filled Tube-in-Tube BRB [122].

The concrete made from these recycled tires is commonly known as tire-derived
aggregate concrete (TDA) or rubberized concrete. Recently, B. Pathan et al. [123] proposed
novel BRBs using only tire-derived aggregate concrete as a restraining component without
encompassing exterior steel tubes. To substitute mineral aggregates, Crumb rubber was
produced through the mechanical shredding of recycled tires shown in Figure 15, and three
specimens of BRBs were manufactured by using these aggregates. In addition to these,
three conventional concrete-BRBs samples were also tested to compare their damping
ratios, ductility, failure patterns, and energy dissipation capacities. All specimens were
tested using a shake table in the structure’s laboratory of California State University, Fresno,
USA. From the results, it was found that TDA-BRBs provided additional damping and less
energy dissipation as compared to conventional concrete braces and the authors advised
using these braces exclusively in systems where damping is the main priority.
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Figure 15. Samples of crumb rubber used in manufacturing of tire-aggregate-concrete BRBs [123].

3.4.2. All-Steel BRBs

All-steel BRBs differ from conventional BRBs with concrete-filled tubes in that all of
the parts including the restraining unit are made of steel. These braces were developed to
overcome the drawbacks of conventional concrete-filled BRBs.

To facilitate the post-earthquake investigation and reuse the buckling restraining units,
Qu [46] proposed an innovative all-steel BRB containing substitutable steel angle fuses.
The presented BRB consisted of three major assemblages: the inner telescopic buckling-
restraining mechanism (BRM), the buckling constrained angle fuses, and the exterior BRM.
Seven specimens were tested to examine the seismic response of the proposed braces by
varying fuse design and material, unbonding material, and loading patterns. Based on
the test results, the developed BRBs displayed consistent hysteretic response up to quite
high fuse strain values. Expectedly, angle fuse fractures were found to be the specimens’
failure mechanisms and the accumulated plastic deformation, and the compression strength
adjustment parameters of all specimens satisfied the criteria set out by the current seismic
design regulations for structural steel structures in the United States.

Ghowsi [124] devised a lightweight bolted all-steel BRB to facilitate the post-earthquake
inspection of core elements. This novel solution prompted an in-depth exploration of its
seismic performance, encompassing the analysis of axial strengths, displacement ductility,
and energy dissipation capacities. The investigation encompassed diverse connection details,
stopper positions, and debonding gaps, all aimed at enhancing the understanding of this
innovative system’s behavior. The main components of the proposed assembled-BRB con-
sisted of a core component, a restraining unit, and end connection elements as shown in
Figure 16. The central yielding region of the core component was composed of a rectan-
gular cross-section and the consistent thickness of the cores continued to the transition
and elastic segments. However, the cruciform layout was created by welding supple-
mentary transverse stiffening plates on both sides of the core components to turn both
transitional and end portions stronger. The restraining system was created by placing four
steel angle sections back-to-back, fastening them together with high-strength (HS) bolts,
and adding intermediary transverse stiffeners to the angle sections to increase their flexural
rigidity. Six specimens were designed to perform sub-assemblage experiments and all tests
demonstrated excellent performance with stable energy dissipation up to 3% strain of cores.
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Figure 16. Assembly of angle restraining units all-steel BRB [125].

Guo et al. [126-128] introduced a core-separated all-steel BRB to enhance the efficiency
of material utilization and investigated its hysteretic performance and buckling behavior
experimentally and theoretically. This newly proposed core-separated all-steel BRB differs
from traditional single-core BRB and contains two chord components that are combined
together through continuous web-plates. These braces are lightweight as compared to
conventional BRBs and can be fabricated and installed more conveniently in mega structures
such as large-size BRBs. These studies also proposed a new method to design these braces
based on normalized slenderness relating to the design procedure for axially compressed
columns. Initially, a nonlinear finite element analysis was performed to investigate the
hysteretic response of novel braces and acquire normalized critical slenderness values.
Based on these slenderness values, four specimens were tested, and the results indicated
that these core-separated braces can provide a balanced hysteretic response and have
satisfactory energy dissipation ability with adequate stiffness of external restraining tubes.

Later, a new battened core-separated all-steel BRB was proposed by Guo et al. [125]. It
was assumed that the battened BRBs can have significant advantages due to their assembly,
in which two separate all-steel BRBs with individual welded encasing tubes were connected
through longitudinally scattered battens as shown in Figure 17. This composition created
a sectional cavity which increases the second moment of area and flexural stiffness of
specimens due to outward spreading of the cross-section. Five specimens of battened
braces were prepared to investigate their hysteretic response experimentally. To develop an
integrated exterior restraining unit, sealing plates at both ends of specimens were welded
with cornered steel battens and core stiffeners. The results revealed that the tested battened
BRBs did not fulfill the energy dissipation requirements due to premature failure caused by
the welding rupture of restraining units. Finally, the authors concluded that these braces
can be considered only economical but not efficient in terms of hysteretic performance as
compared to conventional BRBs.

To fulfill the requirement of bulk-size braces required for long-span spatial structures
and mega-frame structures, Guo et al. [129,130] introduced a triple-truss-confined all-steel
BRB. As shown in Figure 18, this novel triple-truss-confined all-steel BRB was fabricated
by adding a series of rigid trusses around a conventional all-steel BRB to enhance the
overall load-bearing capacity and flexural stiffness of the exterior restraining unit. Two
4.6 m long specimens with different thicknesses of the core component were designed and
tested under standard-fatigue combined loading. The results indicated that both speci-
mens attained excellent cumulative ductility and showed stable hysteretic responses and
energy-absorption capacities. Although the novel triple-truss-confined braces (TTC-BRBs)
fulfilled significant performance requirements for earthquake-resistant design of buildings
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according to AISC seismic provisions [110] and the Chinese code GB50010 [131], the authors
suggested imposing additional stiffeners at both ends to impede premature failure.

Steel cores
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Figure 17. Assembly of battened core-separated all-steel BRB [125].
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Figure 18. Tripple-truss-confined all-steel BRB [129].

Guo et al. [132,133] introduced an aesthetically appealing shuttle-shaped all-steel
BRB to utilize in spatial and long-span structures. The developed shuttle-shaped BRB
was comprised of three parts, a circular steel tube core component having a uniform
cross-section, a steel-plate isolation system fabricated through welding of longitudinal and
transverse annular plates, to fill the space between the core, and an exterior restraining unit
made of shuttle-shaped thin-walled steel tube as shown in Figure 19. The core component
was designed marginally longer than the exterior restraining unit to prevent the contracting
of their end plates and to allow the shortening of the core under compression loading.
In addition, four longitudinal stiffeners were welded around the ends of the core component
to keep the connection section elastic and impede premature failure. Initially, elastic
buckling analysis was conducted with pin-ended conditions based on the equilibrium
method to establish the elastic buckling load calculation expression. Finally, the authors
suggested a value of 2.5 for the restraining ratio of shuttle-shaped BRBs to acquire the
maximum cumulative ductility and energy dissipation without undergoing any instability.
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Figure 19. Configuration of Shuttle-shaped all-steel BRB [133].

3.4.3. Timber BRBs

In recent times, the use of timber as a structural material to construct multi-story build-
ings has swiftly magnified to assist in the reduction of carbon footprint for sustainability
and environmental issues. Timber has also been used as a restraining component material
of BRBs in the place of concrete/mortar and steel. Luo et al. [134] introduced a novel hybrid
steel-timber BRB comprising a cross-shaped steel core component and timber restraining
unit to enhance the seismic performance of timber-framed structures as shown in Figure 20.
Eight specimens having 3600 mm in length were fabricated to examine the effects of differ-
ent configurations and design parameters on the hysteretic behavior of newly proposed
braces. Experiments were conducted on an especially established test setup and the fatigue-
based axial cyclic load was applied through a hydraulic ram having 2000-kN load capacity.
To measure the deformation of tested braces, five linear voltage displacement transducers
(LVDT) were placed at different locations. The axial force-deformation curves of tested
timber BRBs demonstrated that all braces provided stable hysteretic response throughout
the loading protocol except T-BRB8, whose restraining unit ruptured prematurely and split
at the ends.

Recently, Takeuchi et al. [135] has developed mass timber BRBs and conducted a
comprehensive experimental study to investigate the bulging of weak and strong axes and
failure modes of global buckling. In the first phase of the investigation, sub-assemblage
tests were performed on short and long specimens with varying features of core and
restraining components to obtain distinctive bulging and global buckling capacities of the
restrainers. Three long and seven small-length specimens, inclined at angles of 25 and
39 degrees, respectively, were tested on a sliding table. Based on the results of this section,
four full-scale mass timber BRBs same as field size were designed and tested to validate the
behavior of previously investigated braces. All full-scale specimens demonstrated stable
hysteretic response and were able to achieve the expected tensile fracture failure mode of
core components under low-cycle fatigue loadings. The study concluded that the mass
timber BRBs justified the performance requirements of traditional BRBs specified in Japan
and can be installed in structures as earthquake-resisting structural members. The authors
also recommended the application of additional hardwood or steel reinforcing plates to
reduce the chances of bulging failures and ensure reliable and stable hysteretic performance.
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Figure 20. Composition of timber BRB [134].

3.5. Self-Centering BRBs

Residual deformations may arise in a structure when the metallic core component of
BRB yields. However, these residual deformations can be minimized by employing a Self-
Centering BRB. The SC-BRB combines an energy dissipation system with a self-centering
mechanism. Essentially, an SC-BRB incorporates a conventional BRB along with a tensing
element, such as a pre-tensioned rod or cable made from a unique material. This additional
element generates a self-centering force, which effectively reduces inelastic or residual
deformations in the structure. The concept of self-centering BRBs, which possess both
energy dissipation capabilities and the ability to restore their original position following
ground shaking, is relatively new and there have been only a few studies conducted on
this innovative design.

In 2012, Miller et al. [136] developed a self-centering BRB which consisted of a typical
concrete-filled BRB and super elastic nickel-titanium (NiTi) shape memory alloy (SMA)
rods to provide additional energy dissipation and self-centering. As shown in Figure 21,
the assembly of the proposed SC-BRB contained a steel plate core component which was
tapered in the central region to make it appropriate for yielding. Three steel tubes were
employed for different purposes as inner, middle, and outer tubes. Pea-gravel-based
concrete was placed between the core and inner tube to prevent the buckling of the core
component. The middle and outer tubes were welded to the left and right ends, respectively,
and worked as a part of the load transfer system to carry compression forces. The pre-
tensioned rods were connected to the brace portion using two anchorage end plates that
govern the rods to stretch when the brace is in both compression and tension. Five large-
scale specimens were designed, manufactured, and tested under cyclic loading and the
results demonstrated that the proposed SMA SC-BRBs showed stable hysteretic behavior
with significant self-centering ability and energy dissipation capacity.

Pre-stressed steel strands are the most widely used and cost-effective method for
applying pre-stressed forces. To enhance the energy dissipation capabilities during earth-
quakes, Wang et al. [137] developed a self-centering BRB using cross-anchored pre-stressed
steel strands. The proposed SC-BRB consisted primarily of two steel plate cores, three
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steel tubes, and two sets of pre-stressed steel strands. The outer and middle tubes in the
SC-BRB served two purposes. Firstly, they prevented the core plates from buckling when
subjected to compression, thus contributing to the buckling restraint system. Secondly,
these tubes could move relative to each other under tension and compression forces, re-
sulting in the elongation of the pre-stressed steel strands. Once the external forces were
released, the steel strands contracted, enabling self-centering behavior. The cross-anchored
subsystem for self-centering was formed by the inner circular tube, two sets of parallel
pre-stressed steel strands, and cover plates. This subsystem significantly increased the
deformation capacity of the SC-BRB, nearly doubling it. The anchorage system used for the
pre-stressed steel strands was of the clip type, a reliable and widely employed system in
Chinese engineering practice.

Middle tube —,

Welded: SMA rods Inner tube
I f |
r :‘
\ AY L
Anchorage plate Core component ' Welded

Outer tube _/(

Figure 21. Composition of Self-Centering BRB [136].

It ensured that as the prestressing force increased, the gripping force also increased,
preventing slippage between the steel strands and the anchor clips. To evaluate the energy
dissipation and self-centering abilities of the proposed SC-BRB, two specimens utilizing
cross-anchored pre-stressed strands were fabricated and tested. The SC-BRBs with appro-
priate parameters demonstrated favorable energy dissipation and self-centering capacity,
maintaining effectiveness up to a deformation equal to 1% of the brace length.

To eliminate the residual drift of braced structures after a major lateral movement,
Zhang [138] proposed an assembled self-centering BRB. The developed device was com-
prised of two systems: an energy dissipation and a self-centering system. The ED section
was created to benefit from the core plate’s stable metal yielding, which eliminates the need
for concrete for buckling restraint. The key components of the self-centering arrangement
were the outer and inner elements, along with pre-stressed disk springs containing link
stoppers. The brace incorporated a feature that allowed for the partial substitution of frac-
tured core and guiding plates by removing the clamping bolts in the steel channels and the
high-strength bolts at the steel angles. Cyclic quasi-static experiments on four samples were
conducted with various energy-dissipation ratios to summarize and empirically establish
the hysteretic mechanics of the self-centering system. The seismic performance of frames
proved that the newly developed braces were able to reduce the residual drifts substantially
as compared to conventional-BRB frames with identical design parameters.

In another study, Zhou [139] presented a novel concept of self-centering BRBs by
employing pretensioned basalt fiber-reinforced polymer (BFRP) composite tendons as self-
centering part with two tubes containing two parallel steel plate cores for energy dissipation
mechanism. Initially, tensile cyclic experiments were performed on two groups of tendons
to examine the elongation capacity and elastic modulus. Following the satisfactory results



Buildings 2023, 13, 2156

26 of 36

of tensile tests of tendons, two specimens of dual-tube self-centering BRB were tested under
quasi-static loading with different areas of core plates. Prior to the failure of the self-centering
system, both test samples consistently displayed the anticipated flag-shaped hysteresis
response, accompanied by a relatively minor residual deformation. The effectiveness of
the self-centering system was verified by measuring the internal forces in the Basalt Fiber-
Reinforced Polymer (BFRP) tendons and the gaps between the tubes and end plates. Both
specimens satisfied the criteria for ultimate ductility and cumulative ductility in braces.
Most recently, in 2023, Chen et al. [140] proposed an all-steel self-centering BRB by
joining a simple-steel BRB and friction spring to overcome the deficiencies of steel strands
and prestressed tendons. The proposed friction spring (SC-BRB) is constituted of two parts:
an energy dissipation mechanism and a self-centering system, which are combined in series
as shown in Figure 22. The BRB member includes an inner core component, debonding
layers, exterior restraint plates, and end plates. The yielding region of the core component
contains elliptical holes to concentrate plastic deformation in the perforated region and
impedes premature failure of connection segments. Two different restraining plates have
been used to impede the buckling of core components and provide space to install the
friction spring for combining it with BRB. The SCS (Self-Centering System) comprises
various components such as a friction spring, baffle plates, link stoppers, and rubber blocks.
The friction spring is made up of inner and outer rings, with multiple pairs of these rings
located between the left and right link stoppers. The baffle plates are firmly fastened
to both sides of the friction spring and link stoppers. During cyclic loading, the baffle
plates can move smoothly sideways the axial path of the brace, compressing the friction
spring. To prevent deflection and dislocation of the rings, rubber blocks of four-quarter
cylindrical shape are adhered to the stiffening rib, plugging the interior bay of the friction
spring. The elastic rubber blocks allow for radial contraction of the friction spring under
compression. Finally, after welding the blanking plate, the friction springs are pre-loaded
using specialized equipment and adjusted using positioning bolts. The hysteretic response
of the proposed SC-BRB was explored by performing two low-cycle fatigue experiments
and the results show that the hysteresis curves of both specimens exhibited symmetric
flag shapes. The authors advised that in order to achieve complete self-reset, the friction
spring’s minimum pre-pressure should be at least four times the yield force of the BRB.

End plate Rubberblocks

o Friction springs
Link stoppers
%<
o ¢
(a) Energy dissipation system (b) Self-centering system
Blanking plate

(¢) Friction-spring BRB

Figure 22. Composition of Friction-spring Self-centering BRB [140].
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4. Corrosion-Resistant BRBs

The exterior steel component of BRBs is susceptible to corrosion due to their installa-
tion in offshore structures and exposure to corrosive environments in factories. Aluminum,
on the other hand, exhibits higher corrosion resistance and requires less maintenance,
making it an excellent choice for construction in harsh locations. Xiang [141] developed a
straightforward method for calibrating the plasticity parameter values of aluminum using
coupon tests and created FE models of aluminum-BRBs. The analyzed BRB consisted
of an outer circular tube and a core bar with a bamboo-like shape, where the parts with
larger cross-sections resembled bamboo slubs. A stopper was incorporated in the middle
of the BRB length to prevent rigid sliding between the core and the external units. Two
specimens with varying lengths of plastic straining sections were designed using structural
aluminum 6061-T6. The validation results demonstrated the effectiveness of the proposed
method in capturing the cyclic plastic behavior of aluminum-BRBs. The authors also rec-
ommended conducting additional experimental tests to further investigate the application
of this approach.

Deng et al. [142] introduced a lightweight and innovative Glass Fiber-Reinforced
Polymer (GFRP) steel BRB as a substitute for heavy concrete-filled braces, making it suitable
for challenging environments. The proposed BRB consisted of a steel core component
and a restraining mechanism formed by four GFRP pultruded tubes securely bonded
together with GFRP wrapping layers. They designed and tested six specimens, which were
classified into two groups based on the wrapping methods, under quasi-static cyclic loading.
The experiments focused on evaluating the energy dissipation capacities and ultimate
failure patterns of the developed GFRP-Steel-BRBs. The results demonstrated satisfactory
performance, and additional reinforcements were recommended to prevent local buckling
of the cores and tubes at the ends. In another study, Dusicka et al. [143] presented an ultra-
lightweight BRB by utilizing an aluminum-core component consisting of four equal-legged
angles, which were restrained by bundled GFRP pultruded tubes. Detailed finite-element
models of the proposed braces were developed, employing a constitutive model for the
6061-T6511 aluminum alloy. The study concluded that the ultra-lightweight BRB prototype
met the requirements for global restraint and weighed only 27% and 41% of the conventional
concrete-filled and all-steel BRB configurations, respectively.

Sun et al. [144] introduced a novel concrete-filled buckling-restrained brace BRB with a
circular-shaped tube made of glass-fiber reinforced polymer (GFRP) as the exterior restrain-
ing member, as displayed in Figure 23. The replacement of the traditional steel exterior unit
with GFRP tubes resulted in a 5-10% reduction in the self-weight of BRBs and offered a
solution to mitigate corrosion-related issues. The experimental setup consisted of fourteen
specimens, including 11 BRBs with GFRP tube braces and three with conventional steel sec-
tions, aiming to investigate the effects of constraint ratios and GFRP characteristics on the
hysteretic performance of BRBs. Two types of GFRP elements, namely winding-pultrusion
and filament winding tubes, fabricated using different processes and varying thicknesses,
were utilized. Additionally, three types of material tests were conducted to evaluate the
hoop tensile, longitudinal compressive, and tensile mechanical properties of GFRP sam-
ples. The findings revealed that GFRP exhibits an orthotropic nature compared to steel,
with lower strength in the longitudinal direction but higher strength in the hoop direction.
The study concluded that the GFRP tubes were effective in limiting local buckling of BRBs
due to their higher hoop strengths, thus contributing less to preventing global buckling.

The wrapping of BRBs with fiber sheets can be a useful approach for corrosive envi-
ronments. Jia et al. [145] proposed a novel concrete-filled assembled BRB, which consists of
a steel plate core component and two steel channels filled with concrete, wrapped using
basalt and carbon cloth to function as a restraining unit. The characteristics of basalt and
carbon fibers were obtained from tensile tests, and eight specimens of assembled BRBs
were assessed to examine their mechanical properties, hysteretic performance, and energy
dissipation capacities under distinctive loading patterns. The experimental results demon-
strated that the assembled BRBs were capable of providing adequate ductility and energy
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dissipation capacities, and the fiber cloth did not show any rupture. Moreover, none of
the specimens underwent global buckling, and their load-carrying capacities were lost
due to the fracture of core components. The authors were satisfied with the performance
requirements of the novel BRBs and recommended them as a beneficial alternative to
conventional BRBs for use in hostile areas.

/1

(a) Core component (b) Concrete (c) GFRP tube (d) GFRP tube BRB

Figure 23. Fabrication of GFRP-BRBs [144].

Zhao et al. [146] developed a maintenance-free BRB by utilizing a rectangular tube
made of glass fiber-reinforced polymer as the exterior restraining unit. As depicted in
Figure 24, the core component consisted of a steel plate that was enclosed within the exte-
rior tube, and the braces were manufactured using a vacuum-infused casting process to
assemble all the components simultaneously. The restraining system incorporated GFRP
ribs, which were formed by applying resin onto strips of polyurethane foam, encased
with fiberglass cloth. Four specimens were evaluated to investigate their hysteretic re-
sponses, deformation capacities, and failure modes. The proposed maintenance-free braces
demonstrated a lighter weight compared to traditional BRBs, and the results indicated that
the tested specimens exhibited improved performance under small displacement loading
cycles and maintained good structural integrity.
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Figure 24. Configuration of Maintenance-free BRB [146].



Buildings 2023, 13, 2156

29 of 36

Z-shaped profile -
Miniature corrugated
Welding free o
Round bars 4
Slotted holes tube
Double-stage 4
Modular core
Cruciform o
Corrugated o
H-section o
Perforated core o
Auxctic perforated o
Fish-bone
Prismatic plates 4
Rectangular plate o

Buckling-restrained brace BRB frames employ strength-adjustment factors in the
design of different elements. The compressive strength adjustment factor, denoted as
(B), represents the ratio of the maximum compressive force to the maximum tensile force
observed during the testing of BRB specimens. This factor characterizes the amplification
of compressive strength, resulting from the combined effects of Poisson’s ratio and the
frictional resistance between the core component and restraining unit of BRBs under
compression loading. In Figure 25, a comparison of compressive strength-adjustment
factors for various BRBs is presented and notably, the majority of these values remain
within the specified limit of (8 = 1.3), as outlined in the code ANSI/AISC 341-10 [147].
This limit serves as a critical criterion to ensure the structural integrity and safety of the
BRB frames.
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Figure 25. Comparison of compressive strength adjustment factors (B) for different types of
BRBs based on (a) Core shapes (b) Unbonding materials (c) Restraining units and self-centering
(d) Corrosion resistant.

As shown in Figure 25a, distinctive core shapes were introduced for the development
of novel buckling-restrained braces (BRBs) to enhance their performance. For the major-
ity of these BRB types, the hysteretic response remained stable with the B values in the
range of 1.0-1.3. However, the value of § reached 1.5 for round-bars BRBs, indicating
a slightly different behavior compared to other BRB types. In the case of comparison
for unbonding materials shown in Figure 25b, the maximum value of  as 1.78 was ob-
served in the evaluation of all-steel BRB with only air-gap. The absence of unbonding
materials created jamming and gradually increased the friction forces between the core
and restraining components, which ultimately led to a substantially higher compression
strength adjustment factor, and it was recommended to install unbonding layers to achieve
better performance of all-steel BRBs. Restraining components have an imperative role
in the performance of BRBs because the maximum compressive and tensile strength of
BRBs depend on the stiffening capacity of these elements to prevent the core from buckling
and ensure a symmetrical hysteretic response. Figure 25c demonstrates that most of the
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recently proposed restraining materials acquired satisfactory results except steel angle-
restrainer and self-centering BRBs with cross-anchored strands which showed higher 8 of
1.55 and 1.67, respectively. The response of corrosion-resistant BRBs, which focused on the
concerns related to corrosive and harsh environments, is shown in Figure 25d and it was
found that all specimens exhibited adequate response with (8 = 0.95-1.17) and symmetrical
hysteresis characteristics.

5. Conclusions and Future Directions

This paper presents a comprehensive systematic literature review focusing on the
development of distinct types of BRBs. With an intensive examination of articles pub-
lished in top-quality journals between 2009 and 2023, this study categorizes the developed
BRBs based on their constitutive components. The analysis reveals that most studies
concentrated on creating distinct configurations of brace components using carbon steel.
The performance evaluation of BRBs is primarily centered around their hysteretic response
and energy dissipation capacities. The inelastic deformation capacity of the brace core
under repeated cyclic loading and the stability of the outer restraining unit are the two key
factors that determine the overall effectiveness of the BRBs. The exterior restraint system
needs to be rigid and have satisfactory stiffness and strength to stop the core component
from buckling globally while still allowing the yielding core zone to buckle in a higher
mode. Inadequate thickness of the restraining elements can lead to local buckling failure,
which, in turn, can induce additional eccentricity in the deformed core component and
result in overall flexural buckling of the BRBs. As shown in Figure 26, the majority of earlier
studies were conducted by employing carbon steel for the restraining units. When BRB
frames are used in humid and coastal locations, the exterior steel restraining element can
become susceptible because steel corrodes with time and loses mass while also degrading
its mechanical properties. Therefore, the detrimental impact of corrosion on BRBs in corro-
sive and coastal environments cannot be overlooked. To withstand strong earthquakes, it
becomes essential to study the influence of corrosion on the seismic behavior and energy
dissipation capacities of BRBs. This comprehensive review highlights the limited research
on braces employing anti-corrosive materials, with only a few studies exploring the use of
fiber-reinforced polymers and aluminum alloys. It suggests numerous prospective areas
for future research to enhance the performance of BRBs.

Future improvements in the performance of BRBs necessitate exploring the impact
of corrosion on their hysteretic properties. There is a need to conduct component and
subassembly level investigations to evaluate the effects of corrosion on ductility, energy
dissipation capacity, and failure mode of BRBs. In terms of alternative materials, aluminum
alloy presents favorable characteristics such as lightweight, high strength-to-weight ratio,
corrosion resistance, durability, and recyclability. However, there have been only five stud-
ies on BRBs fabricated with aluminum alloy, necessitating further investigation, especially
under simulated corrosive conditions.

Similarly, stainless steel offers exceptional durability, ductility, and corrosion resistance.
While some studies have used stainless-steel plates and bars for hybrid core components
in BRBs, no research has focused on fabricating the entire BRB using stainless steel and
analyzing its behavior. Consequently, there is a crucial need for experimental research to
explore the seismic performance of BRBs entirely made of stainless steel.

It is necessary to conduct structural-level studies that incorporate new materials and
consider corrosive features to advance the code provisions and design guidelines that were
originally developed based on the behavior of conventional BRB frames. These studies will
contribute to the advancement of BRB technology and ensure that the code provisions and
design guidelines are updated to reflect the behavior and performance of BRBs utilizing
innovative materials and accounting for corrosive environments.

By addressing these research gaps, the field of BRBs can advance and contribute to the
development of more resilient and corrosion-resistant seismic-resistant structures.
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