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Buckling-restrained brace with high structural

performance

The authors have studied the buckling-restrained brace providing
a stable hysteretic characteristic even under high-strain condi-
tions. The structural performance of the buckling-restrained
brace is represented by the evaluation formula that is the lower
limit of the cumulative plastic strain energy ratio. However, as
earthquakes are becoming much longer, so it is necessary to re-
search and develop a new buckling-restrained brace with a
higher energy dissipation capacity. In this paper, our past studies
are reviewed and the conditions of high-performance of buck-
ling-restrained braces extracted. The buckling-restrained brace
considered was tested. As a result, a buckling-restrained brace
with a larger cumulative plastic strain energy ratio is proposed.

1 Introduction

A buckling-restrained brace (hereinafter referred to as
BRB) has a core plate that transmits axial force and is
stiffened by a restraining part to prevent low-order-mode
buckling. BRBs deliver equal performance against tensile
and compressive forces, and provide stable hysteresis char-
acteristics [1].

Fig. 1 shows the BRB we have been studying. The
BRB was prepared by welding together a core plate cov-
ered with clearance-adjusting material and a pair of steel
mortar planks (mortar-filled steel channels).

We conducted comparative performance tests on the
BRB. Specimens having core plates of varying cross-sec-
tional area, width-to-thickness ratio and slenderness ratio,
along with those with restraining parts having a varying
geometrical moment of inertia, were fabricated for testing
purposes. According to [2], structural performance require-
ments are effectively fulfilled given that the cumulative
plastic strain energy ratio w, calculated from the test re-
sults (experimental value) exceeds the value obtained from
formulae that express the minimum performance value
(required value) .

As illustrated in Fig. 2, the cumulative plastic strain
energy ratio m, is a parameter found by dividing the buck-
ling-restrained brace’s cumulative plastic strain energy E;,
which is calculated from the brace’s hysteresis characteris-
tics, by Wy, which is obtained by multiplying the core
plate’s yield load Py by its elastic-limit deformation &, and
then non-dimensionalizing the results of the calculation.

* Corresponding author:
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Based on the results of our past studies, this study re-
viewed in detail the factors that determine the experimen-
tal value ®,. Moreover, based on the review results ob-
tained, we fabricated specimens using the factors that de-
termined the experimental value w, as parameters, and
conducted full-scale loading tests to confirm the perfor-
mance of a BRB with a larger w,. Based on the loading test
results, we were able to specify the prerequisites for a fea-
sible BRB with a larger w,,.

2 Results obtained from past studies and test model used
2.1 Test model

Fig. 3 shows the test model used in past studies. The model
represents a building in which BRBs are incorporated. The
testing assumes that shear deformation occurs in the build-
ing under the influence of horizontal force. In the figure,
the core plate length 1y is obtained by subtracting the length
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Fig. 1. Buckling-restrained brace

wu=E/ Wy =Bt/ P,y
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Fig. 2. Conceptual diagram of w, calculation
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Fig. 4. An example of loading equipment

of the rigid zone at both ends Ig from the BRB length. The
ratio of core plate length lg to core plate plastic zone
length 1¢ is defined as the plastic length ratio (= Ic/1g).

In a BRB with a plastic length ratio of 50 %, assuming
that axial strain occurring in the core plate elastic zone is
minute and hence negligible, the axial strain that occurs in
the core plate plastic zone € (hereinafter referred to as core
plate axial strain) is nearly identical to the drift angle. This
means that core plate axial strain equivalent in magnitude
to a drift angle of 1/200 anticipated during medium earth-
quakes (level 1) is 0.5%, and core plate axial strain equiv-
alent in magnitude to a drift angle of 1/100 anticipated
during large earthquakes (level 2) is 1.0 %.

2.2 Loading plan

An example of the loading equipment is presented in
Fig. 4. Using a 1000 kN actuator, tests were conducted by
applying increasing loads alternately in the positive and
negative directions where the loading is controlled by
changing the axial displacement of the core plate. As for
the loading equipment, the lower part of the column has a
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pinned support. The specimens are placed at an inclina-
tion of 45°.

Loads equivalent in magnitude to a core plate axial
strain of 0.5% anticipated during medium earthquakes
(level 1) are applied twice. Loads equivalent in magnitude
to a core plate axial strain of 1% anticipated during large
earthquakes (level 2) are applied five times. Loading is
continued with a 3 % axial strain until one of the following
occurs: 1) major deformation about either the weak or
strong axis, 2) specimen strength is reduced to 80% of its
maximum strength, or 3) a tensile fracture.

2.3 Testresults

Fig. 5 shows the results of tests conducted in our past stud-
ies. The vertical axis of the graph represents w, and the
horizontal axis the restraining index R, a value found by
dividing the Euler buckling load of the restraining part Py
by the yield load of the core plate Py: R = Pg/Py. Core plate
length 1y is assigned to buckling length.

In the test results, the ultimate state of the core plate
is categorized as local deformation, strong-axis deforma-
tion or tensile fracture. Deformation about the weak axis
is defined as local deformation, deformation about the
strong axis as strong-axis deformation and fracture of the
core plate under tension as tensile fracture.

According to [2], o, obtained from tests in which the
core plate experiences tensile fracture or strong-axis defor-
mation at its ultimate state tends to be larger than that
obtained from tests in which the core plate ultimate state
is local deformation. For this reason, the following equa-
tions are used to evaluate the performance of a BRB re-
garding the lower limit of m, (experimental value) for the
specimens in which the core plate ultimate state is local
deformation as the required value w, of a BRB:

®, =150x R (R <6.0), ®, = 900 (R > 6.0) (1)

3 Review of past studies
3.1 Ultimate state of core plate

As can be seen in Fig. 5, some specimens have extremely
large o, values, while others have a slightly smaller o,
value in comparison to that obtained from the perfor-
mance evaluation formula.

The o, value of all specimens where the core plate
experienced tensile fracture in the ultimate state is > 1000.
This indicates that in order to increase the ®, value of a
BRB, it is crucial that the core plate functions properly up
to nearly the steel’s rupture strength without experiencing
local or strong-axis deformation.

3.2 Restraining index R

Fig. 5 provides the following information:

1) R < 3: Local deformation is most likely to occur.

2) 3 < R < 6: Some specimens experience tensile fracture
or strong-axis deformation. Local deformation is ob-
served in many specimens. The value of w, varies widely
in this range.

3) 6 < R: Some specimens experience local or strong-axis
deformation in the vicinity of R = 6. Where R is larger,
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Fig. 5. w,-R relationship

all specimens experience tensile fracture, along with an
increase in the w, value.

3.3 Compressive-to-tensile strength ratio o

The compressive-to-tensile strength ratio o is found by di-
viding the compressive strength P, by the tensile strength
P;, where P, is the maximum compressive load at each
strain amplitude and P; is the maximum tensile load at
each strain amplitude. As o increases, so the specimen’s
strength on the compression side also increases, leading to
potential early-stage local and strong-axis deformation. It
was reported in [3] that a high-order buckling mode devel-
ops in the core plate plastic zone during compression, and
that as the slenderness ratio A of the core plate plastic zone
increases, so the number of points of contact with the re-
straining part also increases, causing an increase in the
frictional force and, ultimately, an increase in o.

3.4 Shape and dimension details

1) Area of core plate plastic zone is decreased
According to [4], many specimens at their ultimate state
experienced local deformation in the core plate end sec-
tions when the area of the core plate plastic zone was
not decreased. To avoid local deformation in the plastic
zone end sections, the area of the plastic zone needs to
be decreased.

2) Reinforcement around strong axis
It was stated in [5] that installing a round steel bar on
both sides of the core plate is effective in reinforcing the
area around the strong axis of the core plate. To further
increase m,, however, additional reinforcement is neces-
sary. Decreasing the area of the core plate plastic zone
and installing a spacer in this narrowed section in-
creases the restraining force about the strong axis.

3) Width-to-thickness ratio
The ratio of core plate width to core plate thickness is
referred to as the width-to-thickness ratio. It was re-
ported in [5] that increasing the width-to-thickness ratio
causes early-stage local deformation, resulting in perfor-
mance degradation. On the other hand, decreasing the
width-to-thickness ratio increases strong-axis deforma-
tion. In order to reduce local deformation and strong-
axis deformation in order to induce tensile fracture, the
width-to-thickness ratio should be set at about 6 to 8.

4) Plastic length ratio (= core plate plastic zone length
Ic/core plate length Ig)
Where the core plate length is the same, A is increased
by increasing the core plate plastic zone length ratio
(see [6]). When A is increased, a high-order buckling
mode develops in the core plate plastic zone (see [7])
and frictional force generated by contact with the re-
straining part increases to increase o. It is appropriate
to set the plastic length ratio to 30-50% in order to
suppress an increase in o and induce tensile fracture of
the core plate at its ultimate state.

5) Clearance
It was reported in [5] that the smaller the clearance
around the weak axis, the larger is the w, value. How-
ever, when the clearance is too small, the restraining
part also supports compressive force, causing the o
value to increase. According to [5] and [8], a clearance
ratio (clearance/core plate thickness) of 10-15% (sum
of clearances on both sides of weak axis) is considered
appropriate.

6) Rib penetration length
Reducing the rib penetration length tends to cause
drooping rib ends (see [9]). According to the test results
in [6], on BRBs with a small rib penetration length ratio
(rib penetration length/core plate plastic zone length) of
99, none of BRBs experienced drooping rib ends; how-
ever, local deformation occurred. It is considered appro-
priate to set the rib penetration length ratio to 10-20%.

4 TestPlan

This section describes the performance verification testing
of a BRB that meets the conditions for attaining a larger
Oy

4.1 Specimens

Table 1 lists the specimens to be used. Fig. 6 shows a plan
view. The core plate is made from steel flats, and strength-
ening ribs are provided at the ends of the specimens, cre-
ating a cruciform cross-section. The core plate is sand-
wiched between a pair of steel mortar planks that serve as
restraining parts. The steel mortar planks are fillet-welded
to each other.

The data obtained from core plate and mortar mate-
rial testing is presented in Table 2. The yield load of the
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Table 1. List of specimens
Core plate Restrained part
Specimens Dimensions Cross-sectional Py Core plate Plastic zone h b Py
(mm) area (mm?2) (kN) length (mm) length (mm) (mm) (mm) (kN)
Specimen 1 892 82 1,980
: 308.1
Specimen 2 536 106 3,427
Specimen 3 PL-84x12 1,008 298.3 1,785 714 82 159.2 1,980
Specimen 4 ' 536
; 95 2,701
Specimen 5 297.5 892
Table 2. Material test results and specimen parameters
Specimens | % | swengn | S| ovengn | K| Pesticlengn | FREGEEEOT
2 0, - io (9
(N/mm?) (N/mm?) (%) (N/mm?) (=Pe/Py) ratio (%) (%)
Specimen 1 6.4 50 17
- 308 420 0.162 72.5
Specimen 2 11.0 30 28
Specimen 3 6.6 40 21
- 415 0.165 64.1
Specimen 4 298 9.0 30 28
Specimen 5 417 0.158 71.0 ’ 50 10

core plate Py is calculated by multiplying the yield stress by
the cross-sectional area.

Specimens with varying R, plastic length and rib pen-
etration length ratio are used. These parameters are pre-
sented in Table 2.

4.2 Loading plan

The test equipment and loading pattern are the same as
that used in past studies (see Fig. 4). At maximum axial
strain (3 %), loading is continued until either the specimen
strength drops to 80% of the maximum strength or tensile
fracture occurs.

5 Testresults
5.1 Test process and failure mode characteristics

The test process and the failure mode characteristics of the
individual specimens are shown in Table 3.

For hysteresis characteristics, the relationship be-
tween yield strength ratio B (P/Py; P = axial load) and
(core plate axial strain (%): ratio of axial deformation to
core plate plastic zone length) of specimens 1 and 4 is
plotted in Fig. 7.
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5.2 Failure mode characteristics of core plate

Fig. 8 shows the core plate failure mode characteristics.
Specimen 1 experienced local deformation at the strength-
ening rib end. For the other specimens, local deformation
or tensile fracture occurred at the centre of the core plates.
Local deformation and tensile fracture locations are indi-
cated with a circle.

6 Discussion of test results
6.1 Hysteresis characteristics

1) All specimens
All specimens demonstrated stable spindle-shaped hys-
teresis characteristics. The yield strength ratio B was
found to be approx. 1.5 on the tension side and 1.6-1.7
on the compression side. In all specimens, the yield
strength ratio B is larger on the compression side.

2) Specimen 3
For specimen 3, its strength dropped on the 8th com-
pression with 3% strain; however, loading was contin-
ued, since its strength did not drop to 80% of the maxi-
mum strength. On the tension side, the specimen’s
strength did not increase to its maximum strength, and
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Table 3. Testing process and failure mode characteristics and performance evaluation

Specimens Testing process Failure mode Ey ,

P &P characteristics (kN/m) U
Specimen 1 5th compression with a 3% strain Local deformation 400 986
Specimen 2 16th tension with a 3% strain Tensile fracture 447 1,860
Specimen 3 oth compression with a 3% strain Local deformation 419 1,341
Specimen 4 18th tension with a 3% strain . 507 2,162

- - - - Tensile fracture
Specimen 5 8th tension with a 3% strain 491 1,264
—_ - = .
a o
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Fig. 8. Failure mode characteristics of core plate

on the 9th compression with 3% strain, local deforma-
tion occurred in the centre of the core plate and its
strength dropped to 80% of the maximum strength,
whereupon loading was terminated. Local deformation
proceeded in this specimen due to its smaller R in com-
parison to that of the other specimens that experienced
tensile fracture.
3) Specimen 5

For specimen 5, although its strength dropped at about
2.5% strain on the 6th tension with 3% strain, loading
was continued as the core plate did not fracture. Its
strength did not drop under compression. On the 8th
tension with 3 % strain, tensile fracture occurred in the
core plate, whereupon loading was terminated.

6.2 Performance evaluation

1) All specimens
Fig. 9 depicts the relationship between w, and R ob-
tained from the results of the test performed in this
study and that obtained from past studies. Table 3 shows

R(=Pe/Py)

Fig. 9. w,-R relationship

the values of the cumulative plastic strain energy E; and
w, of the individual specimens. The o, values of all
specimens, excluding specimen 1, were > 1200.

2) Specimen 1
For specimen 1, the value of w, is the lowest and local
deformation occurred at the rib end. This is attributable
to the fact that the location of the narrowed section of
the core plate plastic zone with rounded corners coin-
cides with that of the strengthening rib end, causing ax-
ial stress to concentrate in the strengthening rib end and
induce local deformation.

3) Specimen 3
As in the case of specimen 1, specimen 3 experienced
local deformation; however, the location of deformation
was found to be the central part of the core plate plastic
zone. This suggests that axial stress did not concentrate
in the core plate plastic zone end. Given that o, = 1341,
this specimen ensures adequate performance.

4) Specimen 5
For specimen 5, in which only the distance between
the narrowed section of the core plate with rounded
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corners and the strengthening rib end is different from
that of the other specimens, local deformation did not
occur at the end of the core plate plastic zone. This
indicates that the distance between the narrowed sec-
tion of the core plate with rounded corners and the
strengthening rib end affects the specimen’s perfor-
mance.

6.3 Restraining index R

Specimen 3 experienced local deformation in the central
part of the core plate plastic zone at its ultimate state. It is
considered that local deformation occurred due to insuffi-
cient R. However, o, is large enough; hence, provided that
R > 6, this specimen would be capable of delivering ade-
quate performance.

6.4 Compressive-to-tensile strength ratio o

1) All specimens

The graph in Fig. 10 depicts o at the maximum axial
strain for the individual specimens. The o values were
calculated at each repetition of maximum axial strain
(axial strain 3 %).

All specimens, excluding specimen 3, reached their ulti-
mate state after o exceeded 1.1. For specimens 1 and 5,
o is already > 1.1 at the 1st loading, with 3 % strain due
to a large plastic length ratio.

2) Specimen 3

In specimen 3, the value of o drops considerably at the
8th loading. The specimen’s strength dropped slightly
immediately before the maximum axial strain at the 8th
compression; however, loading was continued as its
strength did not drop to 80% of the maximum strength.
As a result, its strength did not increase under compres-
sion and o remained small.

3) Specimen 5

For specimen 5, the value of o at the 7th loading with
3% strain is > 1.15. Its strength dropped immediately
before the maximum axial strain at the 7th tension;
however, loading was continued as its strength did not
drop to 80% of the maximum strength. As a result, its
strength did not increase under tension and o became
large.

6.5 Influence of core plate end

Only the o, value of specimen 1, which experienced local
deformation at the core plate plastic end, is 1200 or less.
This indicates that avoiding stress concentration in the
core plate plastic zone end is crucial for preventing ear-
ly-stage strength deterioration.

7 Conclusions

Aiming to develop a BRB with a larger cumulative plastic
strain energy ratio m,, we reviewed the results of our past
studies, including fabricated specimens and the verifica-
tion testing performed. Based on the results of the review
and verification testing, this paper presented the prerequi-
sites for a BRB with a larger o,
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1. The results of the review of past studies show that in
order to attain a larger o, the restraining index R
should be set to 6 or higher, the increase in compres-
sive-to-tensile strength ratio o should be limited, the
area of the core plate plastic zone should be decreased
and a spacer should be installed around the strong axis
of the core plate. In addition, the plastic length ratio,
width-to-thickness ratio, clearance between core plate
and restraining part, rib penetration length and the di-
mensions of the core plate cross-sectional area are also
important considerations.

2. Based on the review results, we fabricated a BRB and
performed tests. The test results verify that it is possible
to develop a BRB having a larger cumulative plastic
strain energy ratio w,, as large as > 1200, and a compres-
sive-to-tensile strength ratio o < 1.15.

3. Based on the review and the test results, we presented
the prerequisites for a BRB with a larger o,. A BRB
with a larger o, value can be developed by designing a
BRB that meets these prerequisites.
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