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Abstract

The performance of a new type of Buckling Restrained Braces (BRBs) is described in this research. These BRBs
offer advantages since the steel core is composed of straight steel plates with connection plates welded
perpendicular to the steel core; this is different from conventional BRB designs in which the steel core plates are
continuous with the connection plates. Since the steel core plate is prismatic, construction of the new type of BRBs
saves steel material and reduces manufacturing costs. Four full-scale BRBs using a prismatic steel core were tested
under quasi-static cyclic load with either a single core plate or dual core plates, and connection plates either bolted
or welded to gussets. In the full-scale experiments, the ratio of maximum compression to maximum tension ranged
between 1.06 and 1.25 and the cumulative inelastic deformation was 2.1 to 3.1 times higher than American Institute
of Steel Construction (AISC) requirements. The hysteresis curves exhibited stable, repeatable behavior with
positive incremental stiffness. There was no rupture, instability, or end-connection failure for deformations up to
2% story drift; at failure, the steel core plates achieved strains between 3.2 and 4.2%. The performance of the new
BRBs was comparable to conventional BRBs in terms of cumulative hysteretic energy dissipation. Buckling of
the steel core plates in either the strong-axis or weak-axis was observed in the experiments. The strong-axis and
weak-axis buckling behavior was analyzed using strut-and-tie models. Bulging of the steel casing was observed
in some of the experiments. The bulging behavior is idealized as a local buckling phenomenon using plastic
analysis models for strong-axis or weak-axis buckling. In this paper, a model is proposed for determining the
potential for bulging when strong-axis buckling occurs.
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1. Introduction

Buckling Restrained Braces (BRBs) are used in buildings to dissipate energy in earthquakes. Use of BRBs has
expanded since the 1994 Northbridge Earthquake; BRBs are becoming popular in damage control designs [1, 2].
BRBs consist of a steel casing housing one or more steel core plates, surrounded by concrete with a gap in-between
the steel core and concrete. A significant amount of research has been carried out regarding experimental
performance of BRBs [3-9], and the configuration of the BRB cross-section. General BRB cross-sectional
configurations include: rectangular core plate restrained by a round or rectangular steel casing filled with concrete
[10-12]; rectangular core plate restrained by two steel tubes [13]; cylinder-shaped core plate in a round or
rectangular steel casing [14]; H-shaped core plate restrained by a steel casing [ 15]; rectangular core plate restrained
by metal plates bolted together as the casing [16]; H-shaped steel section [17]; and cruciform core plate restrained
by concrete and steel casing [3, 18, 19]. Once the steel core buckles under cyclic compression in either the strong-
axis or the weak-axis, the steel core comes into contact with the concrete inside the steel casing; under certain
conditions, the contact forces between the steel core and concrete cause bulging of the casing. Research regarding
the contact force between core and casing has been performed [20, 21]. In addition, research has been performed
regarding the local buckling restraint condition and local bulging of the steel casing [20, 22-26].

In many BRB types the steel core also serves as the connection plate. In current BRB configurations, the
connection plate and steel core are manufactured from a single steel plate formed by reducing the cross-section’s
width, as shown in Fig. 1(a). Manufacturing of the core for current BRB configurations wastes steel material and
requires skilled labor and special machinery. BRBs with a new configuration of steel core and connection plates
were developed to reduce manufacturing and material costs. The connection plates are welded perpendicular to a
prismatic steel core, as shown in Fig. 1(b). There is no cutting of the core, and assembly is easier since the presence
of two connection plates at each BRB end, facilitates the assembly of pinned, bolted, and welded connections.

Seismic provisions for structural steel buildings stipulate specific criteria that BRBs must satisfy for
acceptable performance [27]; these include compression strength and strain hardening adjustment factors,
cumulative inelastic deformation, and cumulative energy dissipation. This paper focuses on describing the details,
experimental behavior, and performance of four new BRBs tested in full-scale experiments. Strong-axis and weak-
axis core plate buckling and bulging of the steel casing are described and analyzed.

2. Experimental Investigation

Four new BRBs were tested in full-scale experiments; the characteristics of the specimens are summarized in
Table 1; W,, is the width of the core plates, A, is the cross-sectional area of the core, L., is the critical length of
the core, and Ly is the total length of the BRB. All BRBs had a square casing with core plates ranging in width
from 197 to 254 mm. The outside cross-sectional dimensions of the casing were either 305 x 305 mm or 254 x
254 mm; the steel casing wall was 6 mm thick. Two of the BRBs had dual core plates and the other two had a
single core plate; the thickness of a single core plate was 25 mm. The material properties of all core plates were:
yield stress of 281 MPa and ultimate strength of 412 MPa. Three BRBs had a length of 5.56 m and one 5.31 m.
The side view of a typical BRB is shown in Fig. 2. The yielding portion of the core plate is the section between
the connection plates in the longitudinal direction, denoted as L., in Fig. 2.
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Fig. 1 - Steel core and connection plates: (a) conventional BRBs; (b) new generation BRBs
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Each BRB was assembled in the load frame vertically, as shown in Fig. 3. The top gusset plate was
attached to a hydraulic actuator with an inline load cell and the bottom gusset was fixed to the ground. The
boundary and loading conditions for each specimen are listed in Table 1. Two BRBs were tested with axial
cyclic load only (F); the other two BRBs were tested with axial cyclic load and initial momento (FM). Three of
the BRBs were assembled to the gusset plates with bolts and one was welded.

Table 1 - Test type, boundary condition, material properties, and specimen geometry

Test Loading End Weo Core Aco Leco Lot Casing

# condition connection (mm)  type (mm?) (mm) (mm) (mmxmmxmm)
1 F Bolted 235 Dual 11935 3124 5563 305x305x6.4
2 F Bolted 159 Dual 8065 3429 5309 305x305x6.4
3 FM Welded 254 Single 6452 3886 5563 305x305x6.4
4 FM Bolted 197 Single 5000 3988 5563 254x254x6.4

Note: F = Force; FM = Force and initial moment
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Fig. 2 - Side view of BRB
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Fig. 3 - Test frame and elevatlon
3. Evaluation of BRB performance

Acceptance criteria for BRB performance include stability of the hysteresis loops, compression strength and strain
hardening adjustment factors, cumulative inelastic deformation, and cumulative hysteretic energy dissipation [27].
The BRBs tested in this research demonstrated a variety of failures. A summary of these phenomena is provided
in Table 2. BRBs in tests 1, 3 and 4 had strong-axis buckling and the BRB in test 2 had weak-axis buckling. The
buckling deformations of the core plates after the tests were carried out are shown in Fig. 4. Fig. 5 shows the
hysteresis loops which are stable up to a displacement corresponding to 2% story drift; there is no fracture and
drift capacity meets AISC 341 requirements [27]. The maximum strain in the core plates ranged from 3.2 to 4.2%,
as shown in Table 3.
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Table 2 - Failure modes of new generation BRB specimens

Test # Description of failure Buckling direction
1 Fracture of core plate at two ends/casing bulging at mid-height ST
2 Buckling of core plate A\
3 Buckling of core plate ST
4 Tension/core plate fracture at mid-height ST

Note: W = weak-axis; ST = strong-axis

(a) (b) (c) (d)
Fig. 4 - Failure modes observed in BRB tests: (a) #1; (b) #2; (c) #3; (d) #4
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Fig. 5 - Hysteresis behavior of new BRBs: (a) #1; (b) #2; (c) #3; (d) #4
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Table 3 - Performance Parameters of BRB Specimens

Test  Maximum displacement Final Maximum strain S ) n E
(mm) cycle (%) (kN-m)
1 130 16 4.16 1.06 1.57 617 12882
2 112 14 3.28 1.11 146 471 6500
3 125 13 3.21 1.25 1.61 521 5977
4 132 13 3.30 1.19 1.67 472 5560

3.1 Compression strength adjustment factor

This is defined as the ratio of maximum compressive to maximum tensile force. AISC 341 provisions [27]
require this factor to be within certain limits, expressed as:

1.00 <ﬁ:(Pmax/Tmax) <1.30 (1)

where £ is the compression strength adjustment factor; Py is the maximum compressive force; and T is the
maximum tensile force in the corresponding load cycle. Table 3 shows that values of £ vary from 1.06 to 1.25
which meets AISC 341 requirements [27].

3.2 Strain hardening adjustment factor

This factor is defined as the ratio of maximum tension force from tests to measured yield force:

© = (Tnax/ RyPysc) > 1.00 )

where T, is the maximum tensile force, and R, is the ratio of expected yield stress to specified minimum yield
stress, F). Factor R,need not be applied if the axial yield strength of the steel core, Py, is established from coupon
tests, which is the case here. The displacement applied in the first loading step is the yield displacement. BRBs
started strain hardening after the first loading step and all BRBs eventually attained strain hardening in later steps.
The maximum value of @ ranged from 1.46 to 1.67.

3.3 Cumulative inelastic deformation
Inelastic deformation for each cycle, w;, is the ratio of permanent or plastic BRB axial displacement divided
by the length of the yielding portion of the brace. The inelastic deformation for each cycle, u;, is expressed as:

Mi = 2(Amax_c + Amax 1) [ Aoy — 4 3

where Amax ¢ 1s the maximum displacement of the brace in compression; Amax ¢ is the maximum displacement of
the brace in tension; and 4y is the yield displacement of the brace, which is the ratio of the force at yield to the
stiffness of the yielding core.

According to AISC 341 provisions the cumulative inelastic axial ductility capacity is obtained as [27]:

n=X “

where i is the loading cycle number from 1 to # and # is the final loading cycle at failure. From Table 3, the
minimum cumulative inelastic deformation is 472 for test 4 with the small core cross-sectional, and the maximum
is 617 for test 1 with the large core cross-sectional area. The four specimens exceeded the AISC 341 cumulative
inelastic deformation requirement of 200 times the yield displacement.
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3.4 Cumulative hysteretic energy dissipation

Cumulative hysteretic energy dissipation is used to measure the energy dissipated by a BRB. Energy
dissipation for each loading increment is obtained as:

Ej+1 = (Pjﬂ + Pj) ()Cjﬂ - x]') /2 (5)

where P; and P;+1 are BRB forces at time j and (j+1), respectively; and x; and x;+; are BRB displacements at time ;
and (j+1), respectively. Cumulative energy dissipation is the summation of energy for each loading increment,
expressed as:

E=XE. ©)

where Ej+ is the energy dissipation for each loading increment and £ is the cumulative energy dissipation. The
summation for j is from 1 to (rn-1). Cumulative hysteretic energy dissipation is plotted in Fig. 6(a) and final values
are given in Table 3. Cumulative hysteretic energy dissipation for specimens 1, 2 and 3 is higher than that for
specimen 4; the larger the cross-sectional area of the core the higher the hysteretic energy dissipated.

4. Comparison of new to conventional BRBs

Raddon et al. [11] reported cyclic test results for a conventional BRB with pinned connections; this BRB had a
cross-sectional area of 12258 mm? using three steel core plates. The BRB in test 1 had a cross-sectional area of
11935 mm? which is 97.4% of the conventional BRB [11]. The cumulative hysteretic energy dissipation for these
two tests in Fig. 6(b) shows that new and conventional BRBs dissipated similar amounts of hysteretic energy.

5. Simulation of hysteretic behavior of BRBs using finite elements

A finite element analysis of BRBs tested in this research was carried out using Ansys [28]. Three-dimensional 20-
node solid element 186 was used for the steel casing, concrete and steel core plates. A combination of nonlinear
kinematic and isotropic hardening was used for the steel core; a linear material property was used for the concrete
and steel casing. Finite element models were built for the four tests. The hysteresis loops and cumulative energy
dissipation obtained from the finite element simulation are compared with the tests, as shown in Figs. 7 and 8.
Finite element simulation results were similar to the test results for both the shape of the hysteresis loops and the
hysteretic energy dissipation.
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Fig. 6 - Cumulative energy dissipation of BRBs: (a) new BRBs (b) Comparison of of new and conventional BRBs
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Fig. 7 - Comparison of hysteresis loops for simulation and test results(a) #1; (b) #2; (c) #3; (d) #4
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Fig. 8 - Hysteretic energy comparison for the four tests



* ‘ﬁ 16" World Conference on Earthquake Engineering, 16WCEE 2017

/3& Santiago Chile, January 9th to 13th 2017

6.  Strong-axis and weak-axis buckling and bulging

In the full-scale tests, core plates buckled in the weak-axis or stong-axis, as summarized in Table 2. Strong-axis
buckling was observed in tests 1, 3 and 4, and weak-axis buckling in test 2, as shown in Fig. 4. Buckling occuring
in different directions can be explained using the strut-and-tie model (STM) [29]. The STM is a truss idealization
of composite members consisting of steel ties and concrete struts and nodes [30].

The ACI 318 building code [29] specifies the minimum angle between a strut and tie as 25° angle 6 needs to
be large enough to mitigate cracking and avoid incompatibilities; when this angle is smaller than 25°, the node and
strut may crush. Once concrete crushes, the core plates deform in the strong direction before they can deform in
the weak direction. When the angle between strut and tie is larger than 25°, the nodes and struts are stable and the
core plate buckles in the weak-axis. The BRB cross-section for tests 1 and 2 is shown in Figs. 9(a) and 9(b),
respectively. An STM is constructed using the steel casing as the tie, and concrete as the struts and nodes. Angle,
0, between strut and tie in test 1 was 13.3°, which is smaller than 25°; concrete on the side of the core plates crushed
and the core plates buckled in the strong-axis. Angle, 6, between strut and tie in test 2 was 28.9°, which is greater
than 25°; concrete above the core plates crushed and the core plates experienced weak-axis buckling.

After the steel core buckles, concrete is pushed against the steel casing which deforms or bulges. The contact
force is critical for determining whether the steel casing will bulge. Bulging experienced in test 1 was very
noticeable and is shown in Fig. 10. Lin et al. [20] defined a demand-to-capacity ratio (DCR) to evaluate local
bulging failure of the steel casing for weak axis buckling as:

_ Pmax (ZWS_Weff)S
DCR - lw leff tsz fys (7)

where B4y is the maximum compressive force applied on the BRB; wy is the width of the steel tube; w,fs and
les¢ are the width and length of the effective inner surface, as shown in Fig. 11; s is the air gap thickness between
concrete and steel core; [, is the wavelength; and tg and £, are the wall thickness and yield strength of the steel
casing, respectively.

Occurence of bulging when strong-axis buckling occurs can be explained using Eq. (7) with appropriate
definitions of the width and length of the effective inner surface. For bulging of the casing in strong axis buckling,
since the steel core width is significantly larger than the core thickness, contact between the steel core and concrete
is assumed as a line contact. ACI 318 [29] recommends that when the supporting area is wider than the loaded
area on all sides, the surrounding concrete confines the bearing area, resulting in an increase in bearing strength.
The supporting area can be obtained by spreading the loaded area with a ratio of 2:1 (width to depth). Therefore,
the width of the effective inner surface is assumed equal to the thickness of the steel core plates plus four times
the concrete cover. For strong axis buckling, the experiments and numerical simulations indicate that a contact
surface equal to one-third of the core width, w./3, is appropriate with a spreading slope of 2:1 in both the transverse
and longitudinal directions to determine the width and length of the effective area, as shown in Fig. 12. The width
and length of the effective inner face are expressed as:

Wers_s = tc +4cg < wy (8a)
leprs = we/3 +4cs < 1y (8b)

where, W, rr_s and [ ¢¢_¢ are the width and length of the inner effective area for strong-axis buckling of the core
plates; t is the thickness of the core plates; c, is the concrete cover thickness in the strong-axis of the core plates;
in the case of strong-axis buckling the wavelength is obtained as [,,,_; = 5.9 w. based on previous research [31].

Table 4 lists the DCR for all specimens; P,;,,, is the maximum compressive force obtained in the experiments.
According to Egs. (7) and (8), BRBs in Tests 1, 2 and 3 should exhibit bulging of the steel casing, whereas the
BRB in Test 4 should not bulge; the DCR values and the outcomes agree with the phenomena observed in the
tests.
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Fig. 10 - Bulging of steel casing in test 1 following strong-axis buckling of the core
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Table 4 - DCR for bulging failure of steel casing and minimum steel casing thickness

Observed
Pmax te We Wy Weff lw leff 1, DCR Fallure
Test (kN) (mm) (mm) ny) (mm) (mm) (mm) (mm)

1 5671 51 235 305 165 1386 193 6.4 1.19 bulging
3874 51 159 305 305 605 241 6.4 1.02 bulging
3834 25 254 305 102 1499 161 6.4 1.02 bulging
2900 25 197 254 114 1161 155 6.4 0.81 none
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7. Conclusions

Four full-scale new type buckling restrained braces (BRBs) were tested in this investigation; the BRBs differ from
conventional ones in that they utilize straight steel core plates with two connection plates at each BRB end oriented
perpendicular to the core. The following conclusions can be drawn:

(1) The new BRB configuration results in efficient use of steel and significant economy in manufacturing. Based
on the fact that the two connection plates are perpendicular to the single or dual steel core plates, it is easier to
build welded, pinned, or bolted connections. New type BRBs with similar total steel core area dissipated similar
amounts of cumulative hysteretic energy to conventional BRBs.

(2) The hysteresis loops of the four full-scale BRBs exhibited repeatable and stable behavior with positive
incremental stiffness; regardless of strong-axis or weak-axis buckling the new type BRBs met AISC 341
requirements. There was no rupture, brace instability, or brace end-connection failure up to displacements
corresponding to 2% story drift and a strain in the core plates ranging from 3.2 to 4.2%. For each cycle reaching a
deformation greater than the BRB yield displacement, the maximum tension and compression forces were greater
than the nominal strength of the steel core; for all tests, the ratio of maximum compression to maximum tension
force was less than 1.30.

(3) Occurrence of strong-axis or weak-axis buckling of the core plates was observed. The geometry of the casing
and width of the core plate(s) determined the buckling direction. This behavior was predicted using the strut-and-
tie model.

(4) A new definition for width and length of the effective inner surface for bulging failure of the steel casing was
proposed for strong-axis buckling.

(5) Bulging failure of the steel casing observed in the tests was predicted using demand-to-capacity ratio (DCR)
evaluations for both weak-axis and strong-axis buckling.
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