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Abstract. Concentrically Braced Frames (CBFs) are commonly used in the construction of steel structures because of their
ease of implementation, rigidity, low lateral displacement, and cost-effectiveness. However, the principal disadvantage of this
kind of braced frame is the inability to provide deformation capacity (ductility) and buckling of bracing elements before
yielding. This paper aims to present a novel Composite Buckling Restrained Fuse (CBRF) to be utilized as a bracing segment in
concentrically braced frames that allows higher ductility and removes premature buckling. The proposed CBRF with relatively
small dimensions is an enhancement on the Reduced Length Buckling Restrained Braces (RL-BRBs), consists of steel core and
additional tensile elements embedded in a concrete encasement. Employing tensile elements in this composite fuse with a new
configuration enhances the energy dissipation efficiency and removes the tensile strength limitations that exist in bracing
elements that contain RL-BRBs. Here, the optimal length of the CBRF is computed by considering the anticipated strain
demand and the low-cyclic fatigue life of the core under standard loading protocol. An experimental program is conducted to
explore the seismic behavior of the suggested CBRF compare with an RL-BRB specimen under gradually increased cyclic
loading. Moreover, Hysteretic responses of the specimens are evaluated to calculate the design parameters such as energy
dissipation potential, strength adjustment factors, and equivalent viscous damping. The findings show that the suggested fuse
possess a ductile behavior with high energy absorption and sufficient resistance and a reasonably stable hysteresis response
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under compression and tension.
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1. Introduction

Lateral loads generated through earthquakes and wind
are an important consideration in the design of structures.
Engineers have long understood the need for lateral load
resisting systems. One of the oldest framed structures which
incorporated the very first lateral load resisting system is
Chicago's Insurance Home, a 10-story building that was
built in 1885 (Craighead 2009). The lateral load resisting
systems were either braced systems or moment frames.
Until the Northridge earthquake in 1994, moment frames
were thought to resist earthquakes better as they were
thought to be more ductile. In the Northridge earthquake,
however, it was seen that steel moment frames with welded
beam-to-column rigid connections were highly damaged
(Engelhardt and Sabol 1995, Engelhardt and Sabol 1998).
The damage sustained by moment frame structures were
dispersed in the whole structure and thus were very costly
to repair (EERI. 1995). Unlike moment frames, damages to
concentrically braced frames were limited to the braces
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themselves and thus were less costly to repair. This
generated a paradigm shift and resulted in many changes to
the design standards (Bruneau et al. 2011). The only issue
with the concentrically braced frames was that they were
less ductile than moment frames. Many researches since
have been concentrated on enhancing the ductility of CBF.
The majority of these researches attempted to provide
modifications in connections or embed a ductile member
into concentric frames to raise the deformation capacity.
Among these, Pall friction damper with frictional sliding
surfaces (Pall and Marsh 1982), Popov friction connections
(Grigorian ef al. 1993), linear and rotational sliding friction
connections (Mualla and Belev 2002), shear wall bracing as
the original idea of Buckling-restrained braces (BRBs) by
Yoshino and Karino (1971), test on braces encased by
mortar in-filled steel tubes, composite buckling-restrained
bracing placed in reinforced concrete components and
modern buckling-restrained bracing with steel core, gaps
with non-sticky materials and concrete encase (Fujimoto et
al. 1988, Kim et al. 2004, Xie 2005, Mete Giineyisi ef al.
2015, Maalek et al. 2019) can be named.

Among the energy dissipation devices, yielding elements as
dampers and fuses can be used to increase the deformation
capacity of braced systems. In 1980, primary examples of
energy-absorbing steel elements were presented by Skinner
to be used in buildings and bridges (Skinner et al. 1980).
When these dampers are subjected to loads, they yield and
dissipate large amounts of input energy of the structure. The
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existence of a fuse that yields at a certain load limits the
damage to other elements of the system and avoids
overload. Among these, triangular-shaped (TADAS,
Triangular-plate Added Damping and Stiffness) and X-
shaped (ADAS, Added Damping and Stiffness) dampers
proposed by Tsai in 1993 that is able to highly absorb and
sustain a considerable number of yieldings without any sign
of strength or stiffness degradation (Tsai et al 1993).
Yielding central dampers by Jurukovski et al. (1995) as well
as use of ring as a ductile and energy-absorbing element in
concentrically braced frames can be mentioned (Gorji
Azandariani et al. 2020a). Bazzaz et al. (2012, 2015a, b)
examined the role of using half-ring elements in energy
dissipation and sustaining hysteresis curves for Y-shaped
bracing. Bonetti (2008) provided a composite fuse including
rebar embedded in polymer matrix surrounded by FRP.
Mirtaheri et al. (2011) modified BRBs with shorter lengths
and used them as damper BRB in CBFs. Hoveidae et al.
(2015) proposed short core buckling-restrained bracing
analyzed its seismic behavior numerically and the effect of
this system in reducing relative displacement of stories and
substituting it with full core buckling brace. Pandikkadavath
and Sahoo (2016b, 2017) presented the results of cyclic
loading tests on Reduced-Length BRB (RL-BRB) with the
aim of investigating the hysteretic behavior of these
specimens as a bracing segment. This concept was further
developed by Kachooee and Kafi (2018), and Mohammadi
etal (2019).

The present research attempts to represent a novel
Composite Buckling Resistance Fuse (CBRF) to increase
the ductility of concentrically braced frames and prevent
early buckling of whole braces, allowing high energy
dissipation and increasing the loading capacity to cope with
lateral forces caused by earthquakes and other lateral loads.
Despite the advantages of structural fuses (Jurukovski et al.
1995, Abdel Raheem and Hayashikawa 2013, Bergami and
Nuti 2013, Calado ef al. 2013, Karalis and Stylianidis 2013,
Andalib et al. 2014, Dougka et al. 2014, Bazzaz et al.
2015b, Xu et al. 2016, Deihim and Kafi 2017, Andalib ef al.
2018, Rashidi et al. 2018, Usefi et al. 2018, Bahirai and
Gerami 2019, Gorji Azandariani et al. 2020b, Usefi et al.
2020) and also in continuation of previous works carried
out by the researchers on RL-BRBs (Tremblay et al. 2004,
Bonetti 2008, Fanaie and Dizaj 2014, Hoveidae ef al. 2015,
Dizaj et al. 2017, Mohammadi ef al. 2017, Mohammadi e?
al. 2018a, Mohammadi et al. 2018b), this fuse is designed
to be buckled and failed before the whole brace buckling in
compression. Additional tensile elements have been utilized
innovatively; therefore, no limitation of the tensile capacity
of the whole brace can be occurred unlike what happens
when a structural fuse or RL-BRB is utilized in a brace
member. The small size of this CBRF makes it economical
compared to that of full-length BRBs.

In the present research, the suggested buckling-restrained
fuse is presented, and design details are discussed
theoretically. The optimal core length is determined
according to the anticipated core low-cyclic fatigue life and
its strain demand. This study continued with an
experimental evaluation of the hysteretic response of the
CBRF compared with RL-BRB under cyclic loading. The

experimental results on the proposed CBRF with extra
tensile elements are described, its strength adjustment
factors are investigated, and damping potential of the
samples are quantified.

2. Main descriptions

Sacrificial elements or fuses are weak yielding elements
which fail while absorbing considerable energy, thereby
protecting the rest of the structure. In braced frames, the
damage is often concentrated in the bracing members.
When bracing members are equipped with fuses such as
that suggested here, the anticipated damage in the bracing
member will be focused in the fuse only. This further limits
the damage. These fuses can be designed to improve
ductility and damping characteristics of the structure as well.
Fuses should be designed to yield at loads lower than the
buckling load of the bracing member under compression or
its yielding load under tension. Therefore, the buckling does
not occur, and the bracing member does not fail prior to the
fuse yielding.

The reduced-length BRB is a hysteretic fuse composed
of steel parts restrained in a concrete encasement. This kind
of short-length BRB is designed to be placed at the end of
each bracing member. RL-BRB with almost similar tension
and compression capacity can enter into the inelastic range
to absorb energy while preventing global buckling of the
primary bracing members (Razavi Tabatabaei et al. 2014,
Pandikkadavath and Sahoo 2016b).
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(b) RL-BRB components
Fig.1 Placement of RL-BRB and its components
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An RL-BRB is easy to install, inspect and replaced
cheaply after a serve loading such as an earthquake. Fig.
1(a), represents the placement of RL-BRB as a structural
fuse in a concentrically braced frame. The RL-BRB
comprises of four key parts including a central steel core,
concrete encases, length and gap size between the core and
encase which could be filled up with a soft material, Fig.
1(b). The proposed fuse in this research is an enhanced
form of RL-BRB discussed in Section 3.

2.1 Central steel core of RL-BRB

Performance of an RL-BRB under compression and
tension is different. The compressive load-bearing capacity
of an RL-BRB depends on the cross-sectional area and on
the type of the steel core. Steel bars or thin plates are the
two possible candidates that can be designed considering a
buckling strength modification factor over the main bracing
element buckling capacity. The concrete encasement avoids
the primary buckling of the central core in the first global
buckling mode shape. The reason is that prior to this
buckling, the core element buckles locally firstly in the first
mode and gradually to the higher modes as it displaces
axially. Originally while the loads are small, the core
undergoes small axial shortening dictated by the strength of
materials formula A=PL./EA, in which A is defined as the
core longitudinal displacement, P is the axial compressive
force, EA is the core axial stiffness, and L. is the length of
the core. The average core strain is defined as €.,.=A/L.. As
the axial load increases the core buckles in its fundamental
mode shapes. The contact between the core and the
encasement as it locally buckles happens at the peaks of the
sinusoidal local buckling waves. The peak contact points of
the waves are the most likely area for development of the
plastic hinges. The peak contact points provide forces need
to be resisted by the encasement. In this regard, a theoretical
study conducted by Jiang ef al. (2017) comprehensively
discussed the core buckling deformations of the BRBs.

Plastic behavior of the core material and formation of
plastic hinges could enhance the energy dissipation for RL-
BRB. Owing to the short length of RL-BRB, in the same
relative displacement (Drift=A./H), the average core strain,
€ca, would be more than the similar longer samples (BRBs).
A typical application of Full-length BRB and RL-BRB are
depicted in Fig. 2.

In order to have the desired performance for the RL-
BRB under compressive loads, the core buckling has to
occur in the inner part of the encasement, and outer parts of
the core have to remain elastic without defect.

(a) full-length BRB (b) RL-BRB
Fig. 2 The application of RL-BRB and BRB in the frame
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Fig. 3 Preliminary rod vs. samples of RL-BRB core

Fig. 3 demonstrates the considered transition zone with a
larger cross-section than the inner yield zone for two kinds
of the core. Different core types can be used for the RL-
BRB. Steel thin plate (Razavi Tabatabaei et al. 2014) and
steel bars (Bonetti 2008, Park et al. 2012) are two common
types of the core used by researchers in the past. A steel
core of circular section may buckle about any axis while a
steel thin plate may only buckle about its minor axis.
Therefore, use of thin plates for the core is a better option
naturally as the direction of buckling is known and as such,
it would be easier and more cost-effective to design an
encasement that resists the contact forces of the buckled
core at known positions. Double or triple thin core steel
plate or some parallel steel bars with several layouts to
improve the capacity of the segments in tension and
compression have been employed (Hoveidae 2018).

2.2 Determination of the RL-BRB length

The fuse length, specifically the steel core length in RL-
BRB, plays an important role in providing adequate
ductility and absorbing sufficient energy in this system.
Robert Tremblay et al. (2006) examined 6 BRB specimens
with short lengths, and different encase. Their tests showed
that BRBs with longer cores hardly entered the inelastic
zone while shorter ones achieved higher strains easier at the
same displacement (Tremblay et al. 2004, Robert Tremblay
et al. 2006, Stratan et al. 2020, Zub et al. 2020). Therefore,
when the core undergoes significant plastic deformation, the
hysteretic energy dissipation will increase, though the
sensitivity to low cyclic fatigue phenomena may increase.
In order to arrive at an optimal length for the RL-BRB, two
considerations were made. Firstly, the optimal length of the
core with elastic material was obtained and secondly the
minimum length of the core to prevent low-cycle fatigue
was calculated as the core entered the plastic phase.
RL-BRB can be modeled elastically such as a linear spring
located in the full-length brace, as shown in Fig. 4
(Hoveidae et al. 2015). Each part of the main brace is
considered to work in the elastic phase too. Considering the
Hooke’s law, members with lower stiffness, K;, would
experience larger displacements under the same load as per
Eq. (1).

1
A, o K. f; (1)
where A; is the elastic displacement of the member i and K;
is stiffness of member i. Linear springs in series displace as
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per Eq. (2). Moreover, considering the elastic behavior and
the threshold of yielding for the BRB core, and substituting
for the material yield strain, ¢,, in Eq. (2), Eq. (3) can be
obtained

Ay =Ag_gre T A 2

P P P
A, =(e, xL)+(—+—+..+— 3
Lb y C K1 Kz Ki ( )

in which Ay is the displacement of the whole brace that is
dependent on the maximum story drift § and shall not be
taken less than 0.01 times the story height (AISC341 2016).
Since the force, P, applied to each member must be similar
to the yield force of the RL-BRB, we will have

< ALb

e, MK (%» @

L. and K. represent respectively length of the core and
linear stiffness of the CBRF core. Eq. (4) can be used to
calculate the maximum length of the core, in accordance
with the allowed story drift. To calculate the axial stiffness,
K;, of each member, Eq. (5) is used.

_ Ei
P J-Li dx (5)
o AX)

where E; is the Elasticity Modulus, A4;(x) represents the
cross-sectional area as a function of distance, (x), and L; is
the length of the member i.

Material yielding of the core under the cyclic loads
could exceed the probability of sudden and brittle low-
cyclic fatigue (LCF) fracture for mechanical parts of the
fuse. With Regard to the metallurgy, based on the adopted
loading protocol and the number of inelastic cycles, N we
can evaluate the minimum length of the core to prevent
LCF fracture by Coffin-Manson equation, Eq. (6),
according to the total material strain (Budynas ef al. 2011).
Inelastic or plastic cycles are defined as the cycles during
which the core was definitely entered into the plastic phase
passing the yield deformation.

Ae_As, | AS,
2 2 2

where Ae, Ae., Ae, are the total, elastic and plastic strain
amplitudes respectively, oy and & are fatigue strength and
ductility; coefficient, b, and ¢ are fatigue strength and
ductility exponents and E is the Elasticity Modulus of the
material. Since the elastic strain component is small in
comparison to the plastic strain for the steel material, it can
be neglected. As the loading protocol applied to the segment
has a variable number of cycles at the same stress level,
such as shown in Fig. 5, the damage sustained during multi-
stage loading can be defined by the Palmgren-Miner cycle-
ratio summation rule, Eq. (7) (Hashin and Rotem 1978,
Budynas ef al. 2011).

=%?QNfP+342NQ° 6)

|
]

Transition zone

Iransition zone

Gusset plate Non-buckling scgments RL-BRB ; Gusset plate
L, Ly L, L L, L,
. RN I e M NN
K, K, K, K K, K

Fig. 4 Spring model of the brace with RL-BRB
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Fig. 5 Loading protocol sample
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where the #;is the number of cycles at stress o; and Ny is the
number of failure cycles at the level o; of stress.

The parameter D is usually determined by experiments,
but it is also found with an average value near unity when
the failure occurs so the minimum length of the core can be
estimated when D falls below 1.0. Replacing Eq. (6) into
the Eq. (7) yields

<
Ag, 2 (8)

where m is defined as the total number of the inelastic
cycles acquired from the selected loading protocol and Ae;
is the value of the strain experienced in the ith cycle, i.e.

Ag =2— 9)

where A; is defined as the value of cycle amplitude and L. is
the minimum core length. By replacing Eq. (9) into Eq. (8),
and considering a negative value for parameter c (the
fatigue ductility), we have

gz(:]x4° (10)

where
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1
c

1
c

1
c

l:(anxAl +2n, X A,lcl +...+2n, x A

j (1D
For general metal, ¢/ is defined as to the true strain of
material fracture in tension (Mirtaheri ef al. 2011). Egs. (4)

and (10) then provide the boundaries of optimal
RL-BRB length.

2.3 Importance of the gap size

One of the important issues in designing RL-BRB is the
determination of the size of the gap that has to be allowed
between the central core and the concrete-encase. The
concrete encases shall only act as lateral support to the core
but not to take any role in carrying the load itself. The gap
size affects the contact force of the buckled core acting on
the concrete encase; an increase in the gap size might
naturally happen due to elastic deformation of the encase
during loading. Larger gap sizes result in higher contact
forces and require higher stiffness and strength for the
encase (Genna and Gelfi 2012, Jiang et al. 2015). In an
effort, Jiang et al. (2015, 2017) conducted an analytical
study regarding the influence of design parameters of BRBs
and suggested the maximum gap size of 2 mm.

The gap can be filled with soft materials that allow the
deformation of the core as it buckles under load.
Researchers have suggested different materials for this such
as epoxy resin, silicone resin, vinyl tapes, etc. though
finally suggested silicon resin coating layer to fill the gap in
the BRBs. Among other materials used by researchers in
this regard, polystyrene foam, thin talc, coiling two-layer
polyethylene film sheet with 0.15 by 0.2 mm thickness,
butyl rubber sheet with 2 mm thickness, and so on can be
named. In some cases, no material was used to fill the free
space (Xie 2005).

3. Experimental study and Innovation

Reduced Length BRBs with nearly identical capacities
in tension and compression have been designed as bracing
segments (structural fuses), by having smaller capacities
than that of buckling capacity of the bracing member, to
improve the ductility and prevent initial buckling of the
whole brace. While these fuses offer many advantages such
as ductility and energy dissipation, they suffer from a key
problem. The problem is that in these systems the whole
brace capacity in both compression and tension is limited to
the fuse capacity. The fuse capacity is designed according to
the brace buckling capacity in compression which is even
typically lower than its tensile capacity. Using RL-BRB
reduce not only the axial compressive capacity of the
bracing member but also its tensile capacity. Therefore, the
overall lateral capacity of the braced frame shows
substantial alteration when an RL-BRB is utilized. To gain
higher values of tensile strength and enhance the fuse
efficiency with regards to energy dissipation, innovative
tensile elements were added to this fuse segment. Tension-
only extra elements were used to eliminate the reduced
tensile strength of the whole brace that exists in bracing
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Fig. 6 CBRF components and cross-section

elements which contain RL-BRB.

Based on the aforementioned information, a laboratory
investigation was conducted to evaluate the performance of
the single RL-BRB having tensile-only elements under
cyclic loads as a Composite Buckling Restrained Fuse
(CBRF). Fig. 6 shows the proposed CBRF components and
cross-section. b., t. are the width and thickness of the
central core plate, dr presents the tensile-only element’s
diameter and g is the gap size.

3.1 Innovative tensile elements

Provided that a concentric Chevron-braced frame,
depicted in Fig. 7, is under a lateral load. Normally one of
the bracing members will be under compression while the
other one would be subjected to tension. In a condition that
an RL-BRB is utilized in both of these diagonal braces as a
hysteretic damper, the lateral load that is going to be gained
by the braced frame would be limited to the sum of the
horizontal component of the fuse capacities in compression
and tension which is much lower than the bracing member
capacity without fuse, either in tension or compression.
With RL-BRB, the compressive and tensile capacities of the
fuse are somehow similar and are limited to be lower than
that of buckling capacity of the bracing member to ensure
that the damage is confined in the fuse.

Additional tensile-only elements are utilized creatively
in the proposed CBRF to make sure that the limitations in
tension that exist in bracing members holding RL-BRBs are
eliminated. The characteristic feature of the tensile-only
elements is that they participate axially in bearing only in
tension. The tensile capacity of the CBRF equipped with
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Fig. 7 Performance of CBRF in bracing members

tensile-only elements is designable. It could be designed
according to the highest satisfactory tensile capacity of the
bracing member corresponded to the anticipated story drift.
Since the tensile capacity of the brace is normally greater
than its compressive capacity, the expected tensile capacity
of the proposed CBRF can be designed to be larger than its
compressive capacity, Fig. 7. This increases the overall
lateral capacity of the combination of tensile and
compressive braces in comparison to when an
RL-BRB is used.

3.2 Detailing and designing of the CBRF

3.2.1 Material

Base materials used in constructing of the CBRF was
ST37-2 steel (DIN17100 1980) and ordinary concrete.
Material properties of the steel core and steel tensile bar
elements were derived from coupon testing of rectangular
and circular samples loaded monotonically in tension
(ASTM-ES8 2016), shown in Fig. 8. A galvanized thin tube
was considered for the jacket of the concrete encase as a
mold. Since the space between the inner parts of the CBRF
was small, workable concrete using plasticizer (0.5% liquid
by weight of cement) with fine aggregates (less than 12 mm)
was employed (Saberian et al. 2017, Haji et al. 2019,
Kazemi ef al. 2020a, Toghroli ef al. 2020). Water to cement
ratio of 0.50 and the slump of 70 mm was used to achieve
the mix proportions. Evaporation protection was utilized for
curing the concrete after placement (Jahandari et al. 2020).
It should be noted that distilled water was utilized for
characterization test and tap water for casting the samples
since the water quality can have an important effect on the
properties of the concrete (Jahandari ef al. 2019a, Kazemi et
al. 2020b, Rasekh et al. 2020). Concrete cube tests were
conducted after 7 and 28 days of curing period (Jahandari et
al. 2017, Jahandari et al. 2018, Jahandari et al. 2019b). A
summary of the properties of the used materials is shown in
Table 1.

3.2.2 Cross-sectional area and Concrete encase

Structural fuses are used to limit the structural failures to
themselves while preserving the integrity of other
components of the structure. The CBRF cross-sectional area,
A, shall be designed by considering a strength modification
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Fig. 8 Tensile response of coupon tests

factor, v, in a way that these sacrificial elements yield prior
the whole brace buckling in compression or brace yielding
under tension and dissipate the exposed energy. Since the
compressive capacity of the bracing member is normally
lower than its tensile capacity, the fuse needs to be designed
according to the expected compressive capacity of the
bracing member.

In order to make sure that yielding absolutely happens in
the fuse, the strength diminution factor was taken as 0.7
(Kachooee and Kafi 2018). Assuming the frame depicted in
Fig. 1(a), and employing the procedures of designing for
CBFs in AISC341 (2016), Ozcelik et al. (2020) and also
considering the limited states of global and local buckling
for the bracing members in AISC360 (2016), the critical
buckling load of the selected circular hollow section (CHS
60%3) with an approximate full-length of 1650 mm was
calculated about 105kN in compression. Consequently, the
CBRF cross-sectional area, A., was determined by Eq. (12).

A XFCTE
A, SWbF— (12)

y

in which, 4;, is defined as the cross-section area of the
brace (574 mm?) and F., is the brace buckling stress based
on the expected yield stress of brace material calculated as
170MPa. F), presents the yield stress of CBRF core
material. As per relevant calculations, the cross-sectional
area of 210 mm? was obtained for the steel core and a thin
steel plate (42x5 mm) was chosen for the samples.
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Table 1 Material characteristics of concrete and steel
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Steel Concrete
Core plate  Tensile-only bar
. Compressive strength at
Yield stress 290.38 MPa  285.10 MPa 7-days curing period 46.3 MPa
Ultimate Stress 411.63 MPa 388.37 MPa
101 0,

I\ngu;Z ‘]’EEEZISSI%CIW (0.2% offSet 5 296x105 MPa 2.252x10° MPa
( ; ) Compressive strength at 51 MP
Strain hardening 0.0174% 0.0105% 28-days curing period a
Ultimate strain 25.02% 15.50%

Based on the parametric investigations conducted by Jiang
et al. (2015), 2 mm thick silicon resin was selected as the
debonding material in order to fill the gap and avoid
transition of shear force evidenced by Tsai and Weng
(2002). CBREF core details are shown in Fig. 9.

Additional Tensile-only bars were used as a novelty in the
proposed CBRF specimen so that to recover the undesirable
limitation of bracing members in tensile force. Tensile-only
bars need to be designed according to the satisfactory
maximum tensile forces that would happen in the bracing
member upon the predicted story drift. In this sample, four
steel bars with a diameter of 8 mm (cumulative strength of
60kN), were utilized to achieve the satisfactory tensile
strength of the anticipating 2% of frame story drift.
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Fig. 9 Detailing of CBRF (D=diameter, TH=thickness)

The encasement shall be of sufficient strength and
stiffness so that it does not deform relatively to the core.
Encase must be designed for the contact forces that are
exerted by the core as it buckles and makes contact with the
encasement. Similar to the concepts that consider by the
Robert Tremblay et al. (2006) and satisfying the criteria of
Watanabe et al. (1988), a cylinder concrete encase by 120
mm diameter and 360 mm high was considered that shown
in Fig. 9.

3.2.3 Length

CBREF core length is an important parameter that has a
substantial impact on the energy absorption of the subjected
load to the system (Tremblay et al. 2006, Mirtaheri et al.
2011). Owing to the short lengths of CBRF, for the same
relative longitude core displacement, A, the average core
strain, €., could be higher than that of longer full-length
BRBs. The optimal core length can be measured according
to its strain demand, &, with regards to the maximum
longitude displacement of the bracing member that holds
CBRF corresponding to the frame story drift, 8, as shown in
Eq. (13).

Ab=(9x¥)>¢b (13)
where A, is defined as the longitude displacement of the
full-length bracing member holding fuse, 8 is the story drift,
¢ presents the bracing angle and L; is the brace length.

Considering the story drift demand of 2% (AISC341
2016) under the Design Basis Earthquake (DBE) hazard
level, A, is assumed to be 16.20 mm for the bracing
elements depicts in Fig. 1(a). Moreover, considering
infinitive stiffness for the frame joints and taking Aeastic /A4c
= 2.73, similar to concepts considered by Hoveidae et al.
(2015) in Eq. (4) for the case with F), = 290MPa, the core
length ratio, L./L, ~ 0.2 is obtained. To gain the predicted 5%
of core demand (Mirtaheri ef al. 2011, Razavi Tabatabaei et
al. 2014) and satisfying the minimum brace deformation
demand, L. = 300 mm was considered for the samples.

It is important to point out that the chance of core
fracture can be raised considerably due to the plastic
behavior of the material because of low-cyclic fatigue (LCF)
action (Takeuchi er al. 2008, Uriz 2008, Mirtaheri et al.
2011, Razavi Tabatabaei et al. 2014). In order to avoid the
arising predicted fracture of the core, Eq. (10) needs to be
considered.
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Table 2 Parameters of sample

Core Plate Tensile-  Restraining
only bars system
No. Samples
Le be te dr (mm) (mm)
(mm) (mm)(mm) " g
1 RL-BRB 300 42 5 - 2
2 CBRF 300 42 5 8 2

3.3 Test samples

To investigate the performance of CBRF subjected to
cyclic loading and earn insight into the use of additional
tensile elements, a laboratory study was performed in
which, two samples were designed, fabricated and tested.
Fig. 9 depicts the properties of the samples mentioned in
Table 2. The first sample as a control specimen was a
Reduced Length Buckling Restrained Brace, RL-BRB,
without tensile components while the second sample held
tensile-only bars.

3.4 Loading history

The choice of a loading protocol depends on the purpose
of the experiments, failure modes and type of the samples.
In order to study the performance of the CBRF as a steel
segment, ATC24 loading protocol was utilized (ATC24
1992). This standard loading protocol includes cycles which
are a multiplier of the yield deformation, A,, of the segment
that was initially determined from the material properties
mentioned. It follows by triple cycles with amplitudes of
0.5, 0.75, 1, 2, 3, 4 yield deformation, A,, of the core and
double cycles with amplitudes of 6, 8, 11, 14, 18, 22, 27,
32, 38, 44 A, which shown in Fig. 10. According to the
loading protocol mentioned, Eq. (8) can be re-written as
follow:

3 3
1 A 1+1 2A, 1
OX(EEE) k()
2 L 2 L
(14)
1 g 1 82A ! =1
SX(E)E xR

80

9 @ elastic 29 @ plastic

AAy

60

.80 L . L .
0 5 10 15 20 25 30 35 40

Number of cycles

Fig. 10 Load-deformation protocol (ATC24 (1992))

Since ¢ has a negative value, Eq. (14) can be modified to:

g g
2 A
| chf
+4x%x(8) +..

1

Cc

6x (1)

:ls 1 (15

+4x(6) ‘
The yielding core deformation was set to A, = 0.38 mm
and &= 0.25 according to the material properties mentioned
for the steel core, Table 1, and coefficient ¢ was taken as -
0.458 reported by the Uriz (2008). In order to prevent the
core fracture due to low-cyclic fatigue, the core, the core
length was calculated as L.> 212 mm which acknowledged
the considered core length of 300 mm.

3.5 Test setup

The uniaxial test setup consists of a hydraulic jack
capable of exerting cyclically up to a maximum of 1000 kN
tensile load and a maximum of 2000 kN compressive load
while accommodating a maximum stroke of +£100 mm. It
was also equipped with a 1000 kN load-cell. As depicted in
Fig. 11, this setup consists of two reaction steel blocks
which were connected to the strong floor with bolts and two
lines of rails that wagons ride on it. Linear guide-way
(wagon) was used to avoid the lateral displacement of the
load cell and jack and apply the load axially to the sample
without any rotation.

In order to create area for placing the tensile elements
behind the endplate, four steel bushes with a height of 50
mm were placed on each side of the CBRF sample though
they were not considered for the RL-BRB test since the RL-
BRB did not contain the additional tensile elements.

Two high accuracy LVDTs were installed on the
endplate to monitor the exact longitude displacement.
Moreover, two other LVDTs were mounted to investigate
the horizontal and vertical deformation of the concrete
encasement. It should be noted that all of the equipment
was calibrated before the test. Fig. 11(b) shows the
assembled CBRF sample in the setup.

4. Experiment results and discussions

The hysteretic curve of the samples are presented in
Figs. 12(a) and 12(b), where the failure points of the
samples are shown with a red triangle. Figs. 12(c) and 12(d)
presents the comparison of the energy-loading and
backbone curves of the hysteretic response of the RL-BRB
and CBRF. The hysteresis results of two samples were
explored closely. The RL-BRB, sample 1, was the control
specimen without tensile-only bars to compare the
performance of another sample. As presented in Fig. 12(a),
the hysteretic loops of sample 1 are stable and steady
without pinching. This behavior was similar to RL-BRB
tested by Mirtaheri et al. (2011). The fuse has the same
capacity in the compression and tension with favorable
ductility. The axial bearing ratio is defined as P/P,, in which
P, is the product of core area, A. and core yield stress, F)
and P is the axial force. The maximum axial bearing ratios,
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Fig. 12 The Hysteretic response and comparison energy-loading of and backbone curves of the samples

P/P,, of RL-BRB are 1.12 in tension and 1.27 in
compression. Sawtooth parts of the curve demonstrate the
resulting degradation during the buckling of the core in the
compressive phase. The maximum inelastic average core
strain at the end of 36 cycles is 0.048, which is interpreted
by the appropriate behavior of the core in energy dissipation
and ductility. Besides using the features of the buckling-

restrained mechanism in the compression phase, using extra
tensile elements in CBRF are caused that the tensile
capacity of the fuse increases to its desired amount. As
presented in Fig. 12(b), the hysteretic loops similar to
sample 1 which has a desired enhancement on the energy
dissipation and a favorable tensile strength.
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Fig.13 Test observations

The maximum axial compressive bearing ratio of the
CBREF is 1.35 which occurs at the core strain of 0.055. This
has been achieved by the core alone as the extra tensile
elements are not involved in carrying the load in
compression, Fig. 13(a). The maximum tensile axial force
of the CBREF, sample 2, was obtained as 115 kN which is
close to the desired tensile amount of the bracing member.
Prior to the deformation passing the elastic zone at the 9t
cycle, the bearing ratios in compression and tension are
almost similar while beyond A,, at the 10™ cycles, the
compressive and tensile bearing ratios, P/P,, become
different and their difference growing rapidly.

In the 33rd cycle with 32Ay it is about 60 kN due to
additional tensile bars. The maximum average core strain
exhibited by the CBRF and RL-BRB were 0.048 and 0.055,
respectively.

The CBREF satisfied the primarily aim of this study to
achieve higher tensile strength without major changes in the
compressive capacity of the fuse, Fig. 12(c). This hysteretic

damper with high potential of energy dissipation possess
various capacities in compression and tension. In
comparison to the RL-BRB, using additional tensile-only
elements could stretch the tensile zone of the hysteretic
curves and enhances the energy dissipation of the system.
Fig. 12(d) shows the cumulative hysteretic energy
dissipation of the specimens for a maximum of the 38"
cycle corresponding to 0.055 core average strain. As
expected, the CBRF with extra tensile elements exhibited
higher energy dissipation. The CBRF dissipated cumulative
energy of 4125 kN.mm, whereas the RL-BRB sample
showed 3151 kN.mm at the end of 36" cycle. It’s quite
logical that the efficiency expected in the proposed CBRF is
not significantly higher than RL-BRB and resulting from
the design conditions of extra tensile-only bars. Depending
on the desired tensile strength of the brace element with
respect to the expected story drift, the CBRF could achieve
higher tensile strength.

The fuse satisfied the allowable story drift limit of 2%
for the frame as mentioned previously. The core plate was
investigated closely when the sample was dismantled, Fig.
13(b). The steel plate core experienced symmetrical
sinusoidal waves, and there was no buckling in the
transition zone.

4.1 load carrying capacity

The maximum load-carrying capacity of the sample in
consecutive cycles indicates the fuse ability to resist axial
loading (Mirtaheri et al. 2011, Rahai and Mortazavi 2014).
Fig. 14(a) depicts the maximum capacity of the fuse in
tension and compression during cycles. As expected, the
CBRF containing tensile-only elements exhibited greater
tensile strength during the plastic cycles. This performance
could compensate for the reduced tensile strength of the
bracing element with respect to its desired tensile capacity.

4.2 Strength adjustment factors

Strength adjustment factors indicate the magnitude of
maximum forces associated with BRBs for design purposes.
(Pandikkadavath and Sahoo 2016a, b). Two types of
strength adjustment factors are defined by AISC341 (2016).
Tension strength adjustment factor (@) denotes the strain
hardening of the BRB which is defined as the ratio of
maximum tensile force (7max) to the core yield force, Py, at
the same strain level, Eq. (16).

=12 (16)

Fig. 14(b) illustrates the variation of w corresponding to the
average core strain of the samples. The values of w for the
RL-BRB and CBRF were calculated to be 1.1 and 1.92 at
core strains of 0.048 and 0.055 respectively. This difference
comes the utilization of tensile-only element in the
proposed CBRF. The compression strength factor () can be
calculated as the ratio of maximum compressive force
(Cmax) to the corresponding maximum tensile force (7max)
at the same strain level, Eq. (17).
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B =" (17)

Fig. 14(c) shows the variation of § with the average core
strain of the samples. The average maximum values of the f
for the RL-BRB and CBRF were found to be 1.1 and 0.68 at
the core strains of 0.048 and 0.055 respectively.

As shown in Fig. 14(c), the compression strength factor
of the CBRF was decreased till the average core strain of
0.0139, beyond which a gradual increase was noticed with
the increasing level of the average core strain. Total strength
adjustment factor in compression is defined as the product
of f and w. This factor represents the combined effect of
Poisson and strain hardening effect which governs the
maximum design capacity of the BRBs (Pandikkadavath
and Sahoo 2016b). Fig. 14(d) depicts the relationship
between the fw and e... The test data were fitted with the
trend lines having a generalized form related to the average
core strain (&ca).

4.3 Damping potential

As noted earlier, CBRF can be used as a damper having
a hysteretic behavior to absorb the energy. Damping
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potential of the samples can be quantified from their
corresponding hysteretic response to be used in structural
design procedures.

The enclosed area under the hysteretic cycles indicates the
energy dissipated by the samples. The equivalent viscous
damping index, fesr, of the samples can be calculated from
the energy dissipated in each plastic cycle using FEMA356
(2000) provision as given below

1w,

ﬁeff 27 Keff Azave (18)
where Wp is defined as an area surrounded by a whole cycle
of the load-deformation response of sample and A, is the
average of the absolute amounts of the displacement that
the sample gained due to this cycle. Equivalent axial
stiffness, Kp;, is defined as the following

_FF
el

(19)

eff

A+

where F~ and F* are defined as the maximum compressive
and tensile forces, while the A" and A" are defined as the
corresponded maximum displacement due to compressive
and tensile displacements in every cycle, orderly. Fig. 15
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Fig. 15 Damping potential of the samples in each cycle

shows the variations of the K.y and S5 of the samples with
the average core strain. The CBRF exhibited higher K.yrat
every loading cycle in comparison to the RL-BRB. The
equivalent axial stiffness of the samples showed a gradual
decrease with the raising magnitude of average core strain.
The maximum amounts of K. showed by the BL-BRB and
CBRF were around 110 kN/mm. The equivalent viscous
damping, S, of the samples exhibited a gradual increment
with the raising amounts of the average core stain. The
maximum amount of the Sy was 50.90% for the CBRF
sample at the corresponding average core strain of 0.055.

5. Conclusions

Fuse or sacrificial elements are the weakest part of a
structure that are designed to fail at certain loads and in
certain modes. These elements can be designed to locally
absorb and dissipate the energy of an extreme load applied
to the system thereby reducing or eliminating damage to the
rest of the structure. Composite Buckling-restrained fuse
(CBRF), proposed here, is an axial innovative structural
fuse which is an enhancement on the reduced-length
buckling-restrained braces (RL-BRBs). The main difference

is that it exhibited different capacities in tension and
compression. Utilizing extra tensile-only elements in an
innovative configuration enhances the energy dissipation
efficiency and alleviates the tensile strength reduction of the
bracing members containing RL-BRBs as a structural fuse.
Design provisions and detailing of the proposed CBRF was
elaborated. The study continued with an experimental
program for the proposed CBRF compared with RL-BRB.
Some key design parameters regarding these were discussed
as well. The results of the study are listed.

e This research proposed theoretical equations for
determining the optimal boundaries of BRB length
considering the elastoplastic behavior of the steel
core and low-cyclic fatigue phenomena.

e Tension-only extra elements are utilized
innovatively in the suggested CBRF to ensure that
no reduction would occur in the satisfactory tensile
load of the bracing elements unlike what occurs
when an RL-BRB fuse is used. The characteristic
feature of the tension-only elements is that they
participate in bearing only in tension.

e Single CBRF and RL-BRB samples were tested
experimentally. The findings show that CBRF
offers favorable improvement in the energy
dissipation and tensile capacity along with
reasonably stable hysteretic response subjected to
cyclic loads. The maximum average core strain
exhibited by the RL-BRB and CBRF were 0.048
and 0.055, respectively. Proposed CBRF gained
maximum amount of 50.90% for the equivalent
viscous damping parameter corresponded to the
average core stain of 0.055.

e The maximum values of the tensile-strength
adjustment factor, w, were 1.11 and 1.92 for the
RL-BRB and CBRF, respectively.  The
compression adjustment factor, S, reached by the
respective samples were 1.1 and 0.68. These
differences come from the utilization of tensile-
only elements in the proposed CBRF.

Low cost of the rebuild, workability, and ease of use are the
most fundamental features of a fuse, all of which are
present in the composite buckling-restrained fuse (CBRF)
with extra tensile-only elements that is proposed in this
research. However, more research is recommended to be
conducted on some key parameters such as the core-length.
The suggested structural fuse is made of conventional
materials and can be cast using a simple manufacturing
process. Both of these can be claimed as advantages of this
axial hysteretic damper.
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