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Abstract

To eliminate the geometrical defects and to reduce the damage caused by out-off-plane rotation of the end portion of the conven-
tional buckling restrained braces, as well as introducing a new way to facilitate the construction and installation process, the exper-
imental behavior of 5 proposed specimens as new type of all-steel tubular buckling restrained braces (AST-BRB) under cyclic axial
loads was studied.

The proposed specimens consist of a steel tube as a load bearing member (core), which is placed inside a larger tube as a buckling
restraining member (pod). At the two ends of the core member, different end details and connection (compared to the common BRBs)
are provided as the elastic transitional region. The performance of the specimens were evaluated based on indices, such as damage
mode, repeatable behavior, adjusted strength factors, load-bearing capacity, and cumulative inelastic displacement.

The evaluation of the results indicated that, the specimens, which welded variable cross-section steel lids at both ends of the core,
have superior seismic performance. The superior specimens, for all cycles with larger displacements of the yielding displacement,
exhibited a stable hysteresis behavior in bearing of cyclic loads. The bearing pressure was about 1.07 times greater than the tensile
load. The cumulative inelastic axial displacements of these specimens is at least 209 times of their yield displacement. Meanwhile, they
can tolerate at least 140 % compressive load and 10 % greater tension loads relative to the nominal capacity of the core individual.
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1 Introduction
Ordinary braces perform well under tensile loads entering
the inelastic range, but under pressure buckle and they do
not have a satisfactorily performance within the inelastic
range. To resolve this defect, Takaeda et al. [1] first came
up with the idea of buckling-restrained braces (BRBs) in
the 1970s.

The introduced BRBs are made of a core steel plate as
a bearing member, placed into a steel hollow structural
section filled by concrete as a restraining unit (pod) [2-5].

Defects such as being bulky, lengthy construction time,
difficulty in construction and installation, as well as heavy-
weight of the concrete, have limited the use of conventional
BRBs to specific buildings; as such, engineers and design-
ers are less likely to use them in public buildings.

Other developed BRBs, are all steel BRBs, in which the
restrainer member is usually made of several steel pieces,
such as plates, angles, channels, or their combination. These

pieces are assembled by welding or through bolt and nuts
and, they prevent the buckling of the core member by their
own resistance. Some of the advantages of all-steel BRBs,
compared to the conventional BRBs, are as follows: (i) the
minimum executive problems of the installation process;
(i1) the inexpensiveness due to their light weight, and also
no special technology is necessary for their construction
and installation [6—16].

The BRBs have a symmetrical behavior under compres-
sive and tensile loading. The structural frames equipped
with BRBs possess a high bearing capacity and they can
show satisfactory performance in earthquake events.
This desirable behavior has prompted researchers to
numerically or experimentally examine various types
of braces in various shapes and materials [17-28], or
small and large scales [29-32], either directly or sub-
assemblage [33—41].
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In recent years, engineers and building designers have
also shown interest in using the BRB for designing new
buildings and retrofitting existing buildings [42—45].
In addition, valid building regulations and rules have allo-
cated parts of the regulations to this issue [46—50]

The experimental research indicated that, (almost) in all
BRBs, whether conventional or all-steel, a local damage
occurs due to the out-off-plane rotation and plastic hinges
at the two ends of the brace [51-55], as well as the low gyra-
tion radius of the core member relative to its weak axis.

There was an experimental project conducted to intro-
duce a new type of all-steel brace, which first possesses
the same seismic specifications as with BRB; and secondly,
it will minimize the local damage at the two ends of the
brace. Furthermore, the cost of construction and installa-
tion of the brace is reduced by removing or minimizing the
cross-section of steel stiffener plates, welds, bolt, and nuts
required for the assembly of pods and shortening the con-
struction time.

Accordingly, 10 different prototype models (specimens)
with different steel sections for the pod and various end
connections were considered as BRBs. Briefly, the pro-
posed BRBs consist of a steel tube as a core member,
inserted into a larger tube, or two steel angles as pods.
Also, at the two ends of the core member, different details
(compared to the common BRBs) are provided as the elas-
tic transitional region and end connection.

The paper about the investigation of pod on the seismic
behavior of the 5 proposed specimens has already been
published [56].

In this article, the effect of the 3 proposed models of the
connection details on the seismic performance of 3 new
small-scale specimens is reported. In addition to introduc-
ing the superior end connection details, the performance
of the two other specimens (including a pod specimen and
a specimen without pod as a control specimen), which are
made with medium scale and conforming to the superior
connection, is described.

2 Experimental program

2.1 Specified material properties of the specimens
Seamless tubes (Mannesmann) have been used as core
members of specimens. As this type of tube is seamless,
it is expected to perform better during an earthquake
compared to other tubes. Nevertheless, this issue is rec-
ommended to be explored in future projects. Mechanical
Properties and Stress Results - Crushing of the tube used
in the core member of the first three specimens (made on a

Table 1 Mechanical properties of the main components of the test

specimens
Section F, F, & £ v
(MPa) (MPa (%) (GPa)
Tube3/4 360 480 0.24 205 0.3
Tubel, 1/4 & 2 240 370 0.2 205 0.3

small scale) was determined by direct tensile testing. Also,
the mechanical features of the pod of each five specimen
and core member of the two last specimens considered by
the presented features of manufacturers have been shown
in Table 1. This table includes the following parameters:
f) yield stress, f, final stress; £ Young's modulus, €, yield
strain, and y Poisson's ratio of aggregate.

2.2 Design, constructional arrangement, and
fabrication of the test specimens

The lengths of the core members are designed such that,
firstly, they resist the maximum compressive load of the
brace, while forming plastic hinges when the core mem-
ber reaches the target strain [9], and secondly, the slim-
ming coefficient of the core member is equal across all
specimens, so that the results of the experiments can be
compared to each other. Furthermore, the buckling of an
individual all-steel BRB with single core member does not
occur before the overall instability of the specimen under
cyclic loads [42]. The length of the pod is shorter than the
core, so that during the experiment, the axial displacement
of the core member is not transmitted to the pod. It has
been recommended that, for improving the cyclic perfor-
mance of all-steel BRBs the gap between the core and the
pod should be kept at the minimum; as such, a smaller gap
would be beneficial to the design [8]. On the other hand,
the very small gap between the core member and the pod
may transfer the core member force to the pod and compli-
cate the brace function and thus, causing design harden-
ing [25]. Therefore, the distance between the pod and the
core members should be selected as minimum as possible,
while the core member during the test can move easily
(without friction) into the pod, preventing force transfer
or axial displacement of the core to the pod. According to
items above, Table 2 presents the geometrical characteris-
tics of the test specimens.

The 3 small-scale specimens are called PES-SBRB,
NWS-BRB, and CPI-LBRB, the control specimen is
NP-LBRB, and the last specimen is called CP2-LBRB.

Constructional arrangement of the test specimens can
be summarized as follows:



» Welding the adjoining parts at one end of the core.

 Inserting the core member inside the pod.
* Welding the adjoining parts at the other end of the

core.

» Welding the prepared set to the end plates.
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The assembly process of the NP-LBRB specimen is
similar to the two CP1-LBRB and CP2-LBRB specimens,

except that there is no pods around the core.

Table 3 indicates the specific manufacturing steps for

each specimen.

Table 2 Key geometric parameters of the test specimens

. . Length ‘Medlum Thickness ¢ Gap between Area 4 Momept Gyrgtlon
Specimen Member Section L (mm) diameter D | (mm) core to pod (mm?) of inertia / radius r
(mm) (mm) (mm*) (mm)
PES-SBRB Pod Tubel,1/4 1050 39.03 3.59 440 83778 13.80
NWS-BRB, 4
CPI-LBRB Core Tube3/4 1150 24.25 2.87 219 16064 8.57
Pod NO 1150
NP-LBRB
Core Tubel,1/4 1750 39.03 3.59 - 440 83778 13.80
Pod Tube 2 1650 56.39 391 693 275183 19.94
CP2-LBRB 5.1
Core Tubel,1/4 1750 39.03 3.59 440 83778 13.80
Table 3 Constructional arrangement of the specimen
Constructional
arrangement 1 ) 3 4
Specimen
Pod end slot
Longitudinal
stiffening plates
Core —3\
End plates
Connection
PES-SBRB stiffener 4 \
segments
Connection stiffener Connection stiffener
segments and Longitudinal A segments and Longitudinal ~ Specimen welded to both
stiffening plates welded to A core placed within pod stiffening plates welded to end plates a, ¢
one end of the core a, b other end of the core a, b
4 ~
Core end slot
NWS-BRB g_ S
Longitudinal stiffening Longitudinal stiffening .
plates welded to one end A core placed within pod plates welded to other end Specimen welded to both
end plates a, ¢
of the core a, b of core a, b
Steel Lid
CP1-LBRB .# -H ’H
& Core member
CP2-LBRB

A lid welded to one end of
corea, b

Alid

A core placed within pod

welded to other end
of core a, b

Specimen welded to both

end plates a, ¢

a) The E6010 electrode is used for welding, b) The effective thickness of the welds is 3 mm, c) The effective thickness of the welds is 5 mm
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1150 mm
' | 1050 mm | !
Loading Dir Pod:Tube 1,1/4 S3
_.][E L r
Core:Tube 3/4 *s3
u2.2 -
355 longitudinal
e stiffening plates
26.9 4 PL100#80%8
21.6
1 Core
Pod
@/ Pod end slot Sﬁ‘mJE
Core
Sec S3-S3 Sec Si4-Sb4 Detail B
(a) PES-SBRB specimen
1250 mm(Specimen)
1150 mm (Core)
1050 mm (Pod)

Loading Dir ! rPod:Tubel,l/lo rSB

- 3

ore:Tube 3/4 LS3 re,
longitudinal
stiffening plates I@E B
2PL100*8028 S

Not welded
 Longitudinal [, longitudinal il
stiffening plates A stiffening plates
B TS TEN Sec Su-Sh  PL200+80s8 Detail B

(b) NWS-BRB specimen

1250 mm(Specimen)

| 1150 mm (Core)
Il TO50 mm (Pod)
T
Loading Dirw rS3 [~ Pod:Tube 1,1/4
—] [
L83 L corerTube 3/4

Detail C

1950 mm(Specimen)
1750 mm (Core) |

| Lid Lid ”

Loading Dir FSS
.—.]@ £ £

S5 L Core:Tube 1,1/4

. . . T 3
Core‘h Full- penetration

v weld !
B s |

Sec S§5-85 Detail D

(d) NP-LBRB specimen

1950 mm(Specimen)
1750 mm (Core)
T650 mm (Pod)

-
| Lid

Loading Dirﬁ/ rSG r'Pod:Tube 2
“s6

L core:Tube 1,174

60.3
52.5
42,

2

351

1

P\
Pod_@
Core

Sec S6-Si

o

Detail E

(e) CP2-LBRB specimen
Fig. 1 Photo and connection erection detailing of test specimen



Figs. l(a-e) present the shop drawings, geometric
dimensions, fabrication details, and a photograph of the
end connection of the specimens employed in this study.

The end region of core member of both PES-SBRB and
NWS-BRB specimens, was reinforced by welding 4 the
longitudinal stiffening plates to keep it elastic (Figs. 1(a)
and 1(b)). In the two extreme edges of the pod of PES-
SBRB specimen, 4 slots have been created to allow lon-
gitudinal stiffening plates to move easily into the slots
during the test, and also the compressive axial force is not
transferred from the core member to the pod. In The PES-
SBRB specimen in addition to full penetration welding of
core member, three support stiffening segment are used
for connection (Fig. 1(a)).

But the NWS-BRB specimen was connected to the end
plate only through full penetration welding of the core
member (Fig. 1(b)).

In the NP-LBRB (control specimen), CP1-LBRB, and
CP2-LBRB specimens, both end region of core member
of the longitudinal stiffening plates and support stiffening
segment are replaced by a steel lid, which has a cross-sec-
tional variable and its diameter gradually extends from the
ends of the core member to the end plate (Fig. 1(c—e¢)).

2.3 Test setup

The test setup includes the specimen, strong bases, mea-
suring instruments, and a data logger device assembled
through a suitable and reliable method prior to testing.
One end of the specimen is connected to the strong base
via the end plate, while the other end of the specimen is
connected to the load cell device via the end plate. Axial
loads were applied to the specimens through a 2000 kN
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hydraulic jack and measured by a recurrent load cell.
At each end of the specimen, pairs of linear variable dis-
placement transducers (LVDT) were placed to measure
the axial displacement of the core member. They way the
test specimen and other test equipment have been installed
is shown in Fig. 2.

2.4 Loading protocol

The specific AISC 341-10 provisions [47] (for BRBs) were
used, in order to evaluate the qualification of the proposed
connection details from the loading protocol. This regu-
lation specifies a sequence of quasi-static cyclic loading
protocol, in terms of the displacement quantities cor-
responding to the first significant yielding (Aby) and the
minimum brace displacement demand (A, ). This loading
protocol prescribes two cycles at tension and compres-
sion Aby, 0.5A, , A, , 15A, |
ment levels as shown in Fig. 3. Since BRBs are treated

along with 2A, ~displace-

as hysteretic dampers, AISC requires an additional com-
plete cycle of loading at the displacement correspond-
ing to A, = 1.5A, ;
specimen to achieve a cumulative inelastic axial dis-

which is required for the brace test

placement of at least 200 times of the yield displacement.
It is noteworthy that, given the geometry of the test speci-
mens, the axial elongation in the core member nearly cor-
responds to the story drift. In other words, for example,
a story drift of AP/ = 2% would induce a strain of & .= 2%
in the core member [8]. Furthermore, the minimum brace
displacement demand, A, , cannot be considered less than
1 % of the story height. Table 4 presents the sequence of
loads applied to the specimens, according to the length of
the specimens.

Fig. 2 Setup ready for the test
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Specified loading Additional loading

A
\

Strain %
o

= - = =
o N IS o
Cycles

Fig. 3 Loading protocol of test specimens

3 Test results of the specimens

3.1 Damage mode and rupture position

Fig. 4 presents the damage mode and rupture position of
the test specimens. The PES-SBRB specimen could only
tolerate 9 complete cycles predicted by the loading proto-
col, accordingly, the first cycle is A, =22.3 mm = 2.0A, .
This specimen experienced three damage mode during the
experiment, including (1) core member end longitudinal
stiffeners bending damage, (2) core member end rotation,
and (3) pod end edges local bending damage (Fig. 4(a)).
The asymmetric performance of the specimen, in the ten-
sile and pressure tolerance, started from the 7th cycle
(A, =16.73 mm = 1.5A, ) with core member end longitu-
dinal stiffeners bending damage. At the compression of
22.3 mm of the 9th loading cycle, the damage of the spec-
imen was significantly increased and occurred at the core
end rotation and pod end edges local bending, simultane-
ously. Eventually the core member rupture occurred in the
tensile of the 10th cycle loading, in the vicinity of the con-
necting stiffeners (Fig. 4(b)).

The NWS-BRB specimen was rotated at the end of the
core member, due to the removal of the support-stiffening
segmentand non-welding ofthelongitudinal stiffening plate
edge to the end plates (Fig. 4(c)). This specimen could not
tolerate more than § complete cycles predicted by the load-
ing protocol, corresponding to A, = 16.73 mm = 1.5A, .
The asymmetric performance of the specimen, started
from the 5th cycle (A, = 11.15 mm = A, ), and the compres-
sive load of the specimen was significantly reduced in the
8th cycle of the compressive loading path, with a compres-
sion of 16.75 mm. The 9th cycle and the compression path
of A, =22.3 mm = 2.0A, experienced a general buckling
after experiencing a 17.6 mm of compression displace-
ment (Fig. 4(b)) and it could not tolerate greater loads.
Accordingly, the experiment was continued only by apply-
ing a tensile load. Finally, following the partial hardening,

Table 4 Predicted loading sequence for the test specimens

Axial displacement, A,, (mm)

Sequence Cycles PES-SBRB, NP-LBRB
NWS-BRB, & &

CPI1-LBRB CP2-LBRB

1 2@A,, +2.76 +3.5

2 2@0.54,, +5.75 +8.75

3 2@A,, 1115 £17.50

4 2@1.54,, +16.73 +26.25

5 2@2A, +22.3 +35

6* 2@2.5A,, +27.87 +4375

7 n@l1.57,, +16.73 +26.25

* After loading 2A, , the specimen loading continues with 1.5 A, until
the cumulative inelastic displacement of 200 A, is achieved

at the displacement of A, = 53.3 mm = 4.8A, , the core
member was broken from the point where the specimen
was attached to the strong base of the set up (Fig. 4(d)).

The CP1-LBRB and CP2-LBRB specimens showed
more reasonable deformation compared to the other spec-
imens, and the end lids were significantly effective in
preventing the core end rotation. Sue to this reduction in
the core end rotation, these specimens exhibited symmet-
rical behavior against compression and tensile loading
during the test.

Furthermore, the CP1-LBRB specimen completed two
additional cycles A, = 1.5A, before failure, and the CP2-
LBRB specimen also passed an additional full A, = 1.5A, |
before the experiment was completed. The tensile fail-
ure of the CP1-LBRB specimen (Fig. 4(f)) occurred at the
end portion of the core member (near the end lid of the
load cell). However, the CP2-LBRB specimen test (which
loaded only 150 mm as a tensile displacement after the
first additional loading cycle) was ended without breaking
the core member, due to the lack of tongue Jacks. There
was no rupture in lid welds. Also, there were no core insta-
bility or core member-to-end plate connection rupture in
these types of the proposed specimens. Fig. 5 display the
appearance of this specimen and residual elongation in the
core member at end of the experiment and its separation
from the setup.

As expected, the seismic performance of the NP-LBRB
specimen was far weaker than the pod specimen. This
specimen was only able to complete 5 full loading cycles,
with a maximum compression of A, =17.5mm=A,, while
the specimen performance along this path was also associ-
ated with a decline in compressive load capacity and over-
all buckling (Fig. 6(a)). The experiment was completed by
abruptly cutting the specimen from the two-thirds of the
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(a) Core end rotation and bending of the pod slotted edges (b) Core rupture position of PES-SBRB at the tensile loading of the
of PES-SBRB at the compression of last loading cycle of the A, =533 mm=4.8A,
A,=1673 mm= 1L.5A,

(c) End rotation of the core member of NWS-BRB at the compression (d) Core rupture position of NWS-BRB at the tensile loading of the
of last loading cycle of the A, = 16.73 mm = 1.5A, | A,=533mm=48A,

(e) End rotation of CP1-LBRB at the last compression loading cycle of (f) Core rupture position of CP1-LBRB (In the tensile loading of the
A,=1673mm=1.5A, third additional cycle)

Fig. 4 Damage mode and core rupture position of the test specimens.

Residual elongation

Fig. 5 Damage mode and core rupture position of the NP-LBRB specimen
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(a) End rotation of NP-LBRB at the last compression loading of the
A, =16.73 mm = 1.5A

bm

(b) rupture position of NP-LBRB at tensile of the

19.76 mm < 1.5A, A

bm b
Fig. 6 Damage mode and core rupture position of the test specimens

end of the specimen (which has been used due to the weak
molecular structure of the tube). Fig. 6(b) shows the spec-
imen rupture position.

3.2 Validation of the cyclic behavior of the test
specimens

Generally, the cyclic behavior of the test specimens, as
BRBs, is evaluated through load-displacement hystere-
sis curves and based on indicators, such as the compres-
sive strength adjustment factor g, the cumulative energy
dissipation index, and bearing capacity of the specimens,
which is governed by AISC 341-10 Building Code.

Figs. 7(a—e) illustrate the load-displacement responses
and backbone curves of the specimens. The peak points
of each hysteretic loop were related to the formation of
the backbone curve. The vertical coordinate is the load
applied to the specimen with the sign convention, which
is positive for tension and negative for compression. The
horizontal coordinate is the measured displacement value
with the same sign convention.

As seen in Fig. 7, the CP1-LBRB and CP2-LBRB spec-
imens, made by placing two steel tubes with different
diameters inside each other and welding steel lids at the
two ends of the inner tube, are compared to the NP-LBRB
(control specimen) and other tested specimens, with the

plump hysteresis curves exhibiting stable hysteretic and
repeatable behavior without degradation of strength and
stiffness. Therefore, the stiffness values of these spec-
imens are increased after the yielding, due to the strain
hardening effect.

3.2.1 Adjusted test specimen strength factors

The asymmetry of hysteresis curves might be because the
cross-section of the core member tended to increase under
compression due to the Poisson effect. Conversely, it
tended to decrease under tension, leading to an asymmetri-
cal behavior. The symmetric performance of the test spec-
imens is generally evaluated by the compressive strength
adjustment factor, f which is obtained from a qualification
test results of backbone curve, and it is defined by:

Cmax
B= T M

max

In which Cmax and Tmax represent the maximum
compressive and tensile loads tolerated by the specimen,
respectively, corresponding to 2.0A, , and A, is the axial
displacement, according to first significant yielding of the
test specimen.

The f factor depends on the details of the end connec-
tions, components dimensions of the specimen, material
yield strength, and other detail features, determined by
the experimental test [20]. However, AISC 341-10 recom-
mends that the value of f should lie between 1.0 and 1.3 to
prevent asymmetry of loads. Generally, the f factor vari-
ations for the all-steel buckling-restrained braces range
from 1.05-1.15 [49]. The calculated f values for the test
specimens are given in Table 5.

The data available in Table 5 show that, the f coeffi-
cient for the PES-SBRB, CPI1-LBRB, and CP2-LBRB
specimens is between 1 and 1.3. Therefore, symmetric
performance index of the seismic acceptance criteria of
AISC regulations for BRB is satisfied by these specimens.
However, the values of f for NWS-BRB and NP-LBRB
specimens have been less than 1. Therefore, they cannot
satisfy the seismic requirements of the regulation for BRB.

3.2.2 Increase in load-bearing capacity

Based on the AISC requirements (for BRB), in each cycle
with displacement greater than A, , the maximum ten-
sion and compression loads values tolerated by the test
specimen shall not be less than the nominal strength of
the core member. Thus, the load-bearing capacity can be
considered as a key criterion for validating the use of the
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Fig. 7 Hysteretic and backbone curves of test specimens
Table 5 Determination of seismic performance indicators of the test specimens
Specimen PES-SBRB NWS-BRB CP1-LBRB NP-LBRB CP2-LBRB
C... (kN) 53 40.1 106.8 45.29 143.44
T . (kN) 52 61.9 100.1 100.35 132.62
p 1.02 0.65 1.07 0.45 1.08
P (kN) 21.39 21.39 21.39 46.04 46.04
P!(kN) 70.96 70.96 70.96 95.04 95.04
P¢ (kN) 46,7 333 84.4 45.25 112.27
T =P (kN) 45,5 60.4 79.4 99.76 105.03
n° 118.33 55.68 294.58 -1.72 143.85
7 -35.87 -14.88 11.89 4.97 10.51
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proposed specimen as a BRB. Accordingly, a normalized
expression bearing strength increase index can be defined
for the tension and compressive by Eq. (2):

n= Lo b 00, )
£,

The values of the loads tolerated by the test specimen,
for tension and compression P,/ and P ¢ are obtained from
Fig. 6. Table 7 also presents the nominal compressive
strength, P , for the core members, calculated according to
AISC 360-16 [48].

As it can be seen in Table 5, except for the PES-SBRB
and NWS-BRB specimens, whose maximum tolerated
tensile load is below their nominal tensile capacity, and the
compressive and tensile loads (especially the compressive
load) tolerated by the CP1-LBRB and CP2-LBRB spec-
imens have been far above their nominal core capacity.
This means that the PES-SBRB and NWS-BRB speci-
mens cannot satisfy this part of the AISC seismic regula-
tion requirements for BRBs.

3.2.3 Cumulative inelastic axial displacement (CID)
Cumulative inelastic axial displacement (CID) can reflect
the capability of a specimen to absorb seismic energy;
therefore, it can be used to evaluate the seismic perfor-
mance of the test specimens. The normalized inelastic axial
displacement for each complete loading cycle (after A,)
is calculated by Eq. (3).

_ 4(Abi _Aby,ave> 3
= Aby,ave ( )

The displacement corresponding to the yielding load
is not equal to the tensile and pressure loading cycles.
Therefore, in the above equation, the average absolute value
of the axial displacement of the specimens in the tensile and
compressive load of each cycle is assumed to be A, e The
normalized cumulative inelastic axial displacement, CID,
was calculated through Eq. (4) as the summation of inelas-
tic displacements for all completed cycles until the end of
the experiment or specimen rupture (where N includes pre-
and post-displacement cycles of 2 % specimen length).

czD:zjVu,. @)

To satisfy the requirements for cyclic uniaxial testing
of individual braces, AISC 341-10 [47] requires a BRB to
achieve a cumulative inelastic axial displacement of 200

300
295,22
specimen receptlon 209,15
200 -
——— NWS-BRB
8 ——— CP1-LBRB
CP2-LBRB
100 | = PES-SBRB 73,83
91,08
0
o N » (<)) (9] = = =
N =Y

Cycles
Fig. 8 Comparison of cumulative axial inelastic displacement o f the
specimens

times the yielding displacement. In Fig. 8, the cumulative
inelastic axial displacement (CID) of the test specimens
are compared.

As it can be seen in Fig. 7, the CP1-LBRB and CP2-
LBRB specimens were able to withstand more than 200
times of the yielding displacement by passing the loading
cycles to the inelastic form before the end of the exper-
iment. Therefore, the minimum energy dissipation con-
dition of the AISC regulations is also met by these two
specimens, so they can be considered as all-steel tubular
buckling restrained braces (AST-BRB).

It should be noted that, the NP-BRB specimen did not
virtually show any inelastic displacement because of its
early buckling due to pressure and sudden tensile failure.

4 Conclusions

To eliminate the geometrical defects and to reduce the
damage caused by out-off-plane rotation of the end portion
of the conventional buckling restrained braces, as well as
introducing a new way to facilitate the construction and
installation process, the experimental behavior of five pro-
posed specimens as new type of all-steel tubular buck-
ling restrained braces (AST-BRB) under cyclic axial loads
was studied.

By comparing the performance of the tested specimens,
they were evaluated based on indices, such as damage
mode, repeatable behavior, adjusted strength factors, load-
bearing capacity, and cumulative inelastic displacement.
Based on the performance of the specimens and the eval-
uation results, the following points can be extracted from
this experimental study.

e The end details and the connection conditions can
dramatically affect the cyclic performance of the
proposed models as All-Steel Tubular Buckling-
Restrained Braces (AST-BRBs).



* The CPI-LBRB and CP2-LBRB specimens, made
by placing two steel tubes with different diameters
inside each other and welding variable cross-section
steel lids at the two ends of the inner tube (as the
elastic transition zone), exhibit superior seismic per-
formances and minimizing of the local damage at
the two ends of the brace

» The superior specimens, exhibited a stable hyster-
esis behavior in bearing cyclic loads for all cycles
with displacements larger than the yielding displace-
ment. In these specimens, the bearing compressive
was about 1.07 times greater than the bearing tensile.
In addition, the cumulative inelastic axial displace-
ments of the CP1-LBRB and CP2-LBRB specimens
were more than 209 and 295 times of their yield
displacement, respectively. Meanwhile, these two
specimens, provided sufficiently rigid pods, which
can tolerate at least 140 % of the compressive load
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