Downloaded from ascelibrary.org by Marriott Lib-Univ Of UT on 02/27/21. Copyright ASCE. For personal use only; al rights reserved.

L)

Check for

e ASCE

Development of Timber Buckling Restrained
Brace for Mass Timber-Braced Frames

Colton Murphy'; Chris P. Pantelides, M.ASCE?>;
Hans-Erik Blomgren, M.ASCE?; and Douglas Rammer, M.ASCE*

Abstract: This research presents the development of a mass timber buckling restrained brace (T-BRB) that combines a low yield strength
steel core with a mass timber casing to create a new ductile fuse. The T-BRB is an essential element of a mass timber buckling restrained
braced frame (BRBF), which is a promising mass timber wood lateral force—resisting system. Critical elements of T-BRB design that are
important for good performance include casing stiffness, casing material, number and spacing of bolts, timber spacer and casing gap, steel
core yield strength, and friction between steel core and casing interface. Compressive tests on engineered wood blocks using glued laminated
timber, laminated veneer lumber, parallel strand lumber, and mass plywood panel (MPP) were conducted to determine elastic stiffness,
maximum load, and ultimate displacement. MPP loaded parallel to the wide face of laminations (X-direction) outperformed other materials
with respect to high elastic stiffness, which is an important property of the casing because it controls buckling of the steel core. Six 3.66 m
(12 ft)-long T-BRBs with a targeted yield strength of 274 kN (61.5 kip) were tested utilizing three T-BRB casing designs with varying MPP
lamination layups. A 3.9% strain was achieved under a strain-based loading protocol. For a fatigue-based loading protocol, after two cycles at
2.0% strain, more than 26 additional cycles at 1.5% strain were attained. The hysteresis curves for all six T-BRBs remained stable throughout
the tests and the cumulative inelastic deformation exceeded two times the value required by the standard. DOI: 10.1061/(ASCE)ST.1943-

541X.0002996. © 2021 American Society of Civil Engineers.
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Introduction

There is a growing movement to use mass timber as a primary
structural material for medium-height and tall buildings, in large
part because timber is renewable, it stores carbon, and it is energy
efficient. In conventional braced timber frames under seismic loads,
the connections between timber braces and the main frames are
relied on to dissipate hysteretic energy; however, these connections
can be severely damaged in strong earthquakes and limit system
ductility. There are currently no approved mass timber lateral force—
resisting systems in building codes recognized in the United States.
Buckling restrained braced frames (BRBFs) are code approved,
proven, and a reliable method for providing an efficient lateral
force—resisting system for structural steel structures in earthquake-
prone regions. Specifically, timber buckling restrained braces
(T-BRBs) are capable of providing high load and deformation in both
compression and tension unlike conventional timber braces. This
research is key for creating a mass timber BRBF system for even-
tual building code adoption. The buckling restrained brace (BRB)
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is a fuse element that facilitates stable energy dissipation while being
replaceable after an earthquake. Mass timber buildings can benefit
from lightweight and aesthetic lateral force-resisting systems that
provide the structural performance benefits of a BRBFE.

Conventional composite steel/concrete BRBs provide stiffness,
strength, and stable energy dissipation (Black et al. 2004); in ad-
dition, they provide adequate rigidity to satisfy allowable story
drift. Lightweight and inexpensive fuse-type BRBs facilitate repla-
ceability, ease of handling, and condition assessment after an earth-
quake (Tabatabaei et al. 2014). The design of composite steel/
concrete BRB casing dimensions is based on principles for avoid-
ing global buckling (Watanabe et al. 1988). Research aimed at ex-
ploring the high-mode buckling response of conventional BRB
steel cores has improved our understanding of the internal modal
response (Wu et al. 2014). Methods for design of the casing have
been developed that can resist both weak-axis and strong-axis steel
core buckling in conventional BRBs (Xu and Pantelides 2017). The
bulging force from localized weak-axis core buckling can be pre-
dicted and prevented using adequate casing design (Lin et al. 2011).
Large gaps between the core and casing diminish the ability of
BRBs to dissipate energy in compression (Genna and Gelfi 2012);
the gaps exacerbate lateral casing thrust and make internal forces
difficult to predict; a gap allows premature steel core buckling and
ultimately reduces hysteretic energy dissipation.

Advancements in timber technology are making midrise mass
timber buildings attractive. Mass timber buildings attract lower in-
ertial forces but they lack a code-defined lateral force—resisting sys-
tem. Ductility, strength, stiffness, and damping of conventional
timber braces is a concern in high seismic regions; care must be
taken in the design of the connections to reach high displacement
ductility (Popovski 2000).

S. E. Pryor, P. Flynn, and W. Downs [“Buckling restrained
braced frame,” US Patent 20050257490A1 (2005)] presented a
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buckling restrained brace concept using a lightweight casing made
of solid wood; however, the mechanism of a brace using engineered
mass timber to restrain buckling of a rectangular steel core was
not explored. A buckling restrained brace with a glued laminated
timber (glulam) casing was built and tested under cyclic loads
(Blomgren et al. 2016). The heavy timber buckling restrained brace
(HT-BRB) exhibited higher axial load, higher stiffness, stable axial
deformation capacity, and greater energy dissipation compared to
conventional timber braces. A high elastic stiffness is desirable for
a T-BRB casing; when the transverse modulus of elasticity of the
timber casing is too low, failure due to compression perpendicular
to grain leads to premature weak-axis core plate buckling.

Timber construction is sustainable and environmentally friendly
(Zhang et al. 2018). Timber is an excellent building material because
it is renewable with good strength-to-weight ratio and good insulat-
ing properties, and it acts as a carbon sink (Cuadrado et al. 2015). To
advance taller timber structures such as the 18-story Mjgstarnet
mass timber building (Abrahamsen 2017) to be used in seismic re-
gions, an efficient lateral force-resisting system is needed.

A ductile lateral force—resisting system is proposed for mass
timber buildings in seismic regions. This paper extends recent work
performed in the development of a timber BRB seeking an efficient
lateral force-resisting system for mass timber buildings (Blomgren
et al. 2016; Murphy et al. 2019; Murphy 2020). The purpose of
this research is to validate the mass timber casing as a buckling
restraining mechanism and evaluate the seismic performance of
the T-BRB design. In particular, the casing of the T-BRB must have
the right balance of strength and stiffness. Previous research by
Blomgren et al. (2016) demonstrated detrimental short-wave buck-
ling failures in the glulam casing perpendicular to grain because
there was insufficient strength or stiffness.

The present investigation performs an assessment of alternate
materials, casing design, steel element behavior, and evaluation
of the cyclic performance of the T-BRB. To determine a viable
engineered timber casing for T-BRBs, blocks of various timber ma-
terials were tested in compression to determine mechanical proper-
ties for the casing. Specific timber materials, and direction of load
either parallel or perpendicular to the wide face of the lamination
were considered as variables.

The research aims to provide a summary of the methods used to
proportion the T-BRB specimens, explain the physics and mechanics
of how the elements of the T-BRB function and describe the overall
hysteretic performance of the T-BRB. The objective of this research
was to develop a mass timber BRB that is easy and economical to
construct and feasible to implement by combining a low yield
strength steel core with a mass timber casing for use in buckling re-
strained braced frames. To be successful, the T-BRB must satisfy
the cumulative inelastic deformation requirements of AISC 341
(AISC 2016).

Experimental Evaluation of T-BRB Timber Casing

A key concept of T-BRB design is finding a wood material to act as
the casing with low variability in its properties that allows the steel
core to locally buckle without premature splitting under cyclic load-
ing. Various engineered timber materials were tested to determine
the most suitable timber casing for the design of a T-BRB. Screws
were examined as a means to improve premature splitting of glulam
and parallel-strand lumber (PSL) materials. Information on test re-
sults with screw reinforcement is not included here because screws
were not used to construct the T-BRBs; the interested reader can
access this information elsewhere (Murphy et al. 2019; Murphy
2020).
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Timber Casing Materials

The compressive strength of engineered wood such as laminated
veneer lumber (LVL), PSL, glulam, and mass plywood panel
(MPP) was investigated for possible use as the timber casing of
T-BRB. The Douglas fir LVL and Douglas fir PSL specimens were
sourced from material qualified by ASTM D5456 (ASTM 2019b)
requirements. PSL is a wood composite with stranded wood fibers
primarily oriented along the longitudinal axis of the member. Glulam
specimens were generated from the inner plies (Grade D) of a
Douglas fir beam manufactured to CSA O122-16 (CSA 2016). At
the time of testing, the MPP panels were in the product development
stage, and have subsequently been qualified under the APA PR-L325
(APA 2019) standard as a cross-laminated timber product with
25.4-mm (1.0-in.) structural composite lumber (SCL) laminations.

Compression Tests for Various Timber Casing
Materials

Fig. 1 shows the test setup for compression tests of timber casing
materials. All blocks were 152 x 152 x 305 mm (6 x 6 x 12 in.).
A 76 x 76 mm (3 x 3 in.) steel fixed head platen was used to apply
vertical compression. Two test repetitions were carried out for each
timber material. Both monotonic and cyclic tests were carried out.
The cyclic tests followed ASTM E2126 Method C (ASTM 2011)
with a loading rate of 1.0 Hz. Glulam and MPP were loaded parallel
(X-direction) and perpendicular (Y-direction) to the wide face of
laminations according to ASTM D5456 (ASTM 2019). LVL was
loaded in the X- and Y-directions according to ASTM D5456
(ASTM 2019) convention. PSL was loaded only in the X-direction.

The deformation and failure mode of the blocks after testing
are shown in Fig. 2. Fig. 2(a) shows a glulam block loaded in the
X-direction, Fig. 2(b) shows an LVL bloc, Fig. 2(c) shows a PSL
block, and Fig. 2(d) shows an MPP block. The entire series of com-
pression test results can be found elsewhere (Murphy et al. 2019;
Murphy 2020).

A selected sample of the load versus displacement graphs from
the monotonic compression tests is shown in Fig. 3. The nomen-
clature used is as follows: M = MPP, G = glulam, P = PSL, L =
LVL; X = parallel to the wide face of the lamination for G, M, and L

489 kN, 508 mm

stroke MTS actuator
305 mm x 305 mm
Steel Transition
Plate (25.4 mm)

Y

o 7
& ! «| 70 mm Diameter
Steel Spacer
i (38 mm tall)
e | -

76 mm x 76 mm Steel
Plate (25.4 mm)

Fig. 1. Compression test setup for LVL block loaded in the
X-direction. [Orientation according to ASTM D5456 (ASTM 2019).]
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Fig. 2. Deformation of blocks after compression load test: (a) glulam; (b) LVL; (c) PSL; and (d) MPP.
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Fig. 3. Monotonic compression block results: (a) loaded in X-direction; and (b) loaded in Y-direction.
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Fig. 4. Cyclic compression hysteresis curves for typical MPP material: (a) loaded in X-direction; and (b) loaded in Y-direction.

and all PSL blocks, and Y = perpendicular to the wide face of the
lamination. Fig. 3(a) shows results for blocks loaded monotonically
in the X-direction. Fig. 3(b) shows blocks loaded monotonically in
the Y-direction. Compression stiffness was determined by linear
regression over the data between 20% and 40% of the maximum

load. Improved stiffness and maximum load were observed when
compression was applied in the X-direction for the MPP material.

Fig. 4 shows hysteresis results for a typical MPP material.
The cyclic tests show that MPP loaded in the Y-direction has a
lower yield force when compared to the X-direction; MPP has a
© ASCE
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Table 1. Test results for blocks under cyclic loading protocol

Material, P ax Aax Stiffness
orientation [kN (kip)] [mm (in.)] [kN/m (kip/in.)]
Glulam, X 113 (25.4) 20 (0.8) 20,825 (119)
PSL, X 184 (41.4) 23 (0.9) 21,350 (122)
LVL, X 142 (31.9) 13 (0.5) 23,625 (135)
MPP, Y 160 (36.0) 30 (1.2) 16,450 (94)
MPP, X 225 (50.5) 15 (0.6) 44,625 (255)

Note: Orientation according to ASTM D5456 (ASTM 2019).

hardening characteristic and performs in a more ductile manner.
MPP loaded in the Y-direction underperforms MPP loaded in
the X-direction based on the initial stiffness and strength. Table 1
summarizes the test results for blocks under cyclic compression
load. Glulam underperforms when compared to other engineered
wood materials and fails before reaching a 2.5-mm (0.1-in.) defor-
mation. MPP was selected as the BRB casing material due to its
superior strength and stiffness characteristics.

F—254 mm————

Compression Tests for Three MPP Casing Materials

While MPP was chosen as the best casing of the engineered timber
materials tested, additional tests on certified MPP with new and
different lamination layups were needed. MPP is an orthogonally
composite material with different characteristics depending on the
direction of applied force. The MPP casing layup utilized 25.4 mm
(1.0 in.) Douglas fir laminations of varying elastic moduli equal to
either 6,895 MPa (1.0 x 103 ksi) or 11,031 MPa (1.6 x 103 ksi).
The modulus of elasticity per 25.4-mm (1.0-in.) layer is adjusted
based on the ratio of long-ply to cross-ply veneers. The higher-
modulus layers have more long-ply laminations than cross-ply lam-
inations. Each 25.4-mm (1.0-in.) LVL lamination is composed of
nine 3.2-mm (1/8-in.) veneers. The orientation of the wood grain
in the nine layers adjusts the modulus of elasticity per 25.4-mm
(1.0-in.) lamination. The three MPP layups were classified as
60/40, 80/20, and 100/0, which pertains to the percentage of
11,031 MPa (1.6 x 10° ksi) laminations to 6,895 MPa (1.0 x
103 ksi) laminations, as shown in Fig. 5. The 60/40 casing con-
sisted of four center 254 mm (1.0 in.)-thick laminations of

254 mm——A

152 mm
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1

Hﬂﬂﬂﬂﬂﬂm 11031 MPa

=N

7 ?2 Long Grain
4 I Cross Grain

Fig. 5. MPP layout for three casing layups: (a) 60/40; (b) 80/20; and (c) 100/0.
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Fig. 6. Cyclic compression hysteresis from MPP block tests loaded in X-direction: (a) 60/40; (b) 80/20; and (c) 100/0.
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Table 2. Lamination ply direction, average of maximum compressive load, maximum displacement, and elastic stiffness for three MPP layups

No. of long-ply No. of cross-ply P ax Anax Stiffness
MPP layups laminations laminations [kN (kip)] [mm (in.)] [kN/m (kip/in.)]
MPP-60/40 62 28 230 (51.6) 20 (0.8) 49,875 (285)
MPP-80/20 66 24 200 (44.9) 15 (0.6) 46,725 (267)
MPP-100/0 70 20 161 (36.2) 23 (0.9) 39,725 (227)

6,895 MPa (1.0 x 10? ksi) SCL with three outer laminations
on each side of 11,031 MPa (1.6 x 10° ksi) SCL as shown in
Fig. 5(a). The 80/20 casing contained only two 25.4 mm (1.0 in.)—
wide laminations of 6,895 MPa (1.0 x 103 ksi) SCL, with the re-
maining laminations made of 11,031 MPa (1.6 x 10° ksi) SCL as
shown in Fig. 5(b). The 100/0 casing was entirely made of
11,031 MPa (1.6 x 10? ksi) SCL, as shown in Fig. 5(c).

Fifteen compression tests were conducted to characterize the
three specific MPP casing materials selected to study variations
in MPP laminate construction. The same loading protocols were
used to determine stiffness, maximum compression, and hysteresis
curves. All samples were loaded in the X-direction; three hysteresis
curves of MPP blocks are shown in Fig. 6. The average maximum
compression, maximum displacement, and elastic stiffness for the
three MPP layups are listed in Table 2. The MPP layup with the
lowest specified modulus of elasticity (60/40) provides a higher
localized stiffness when loaded in the X-direction because of the
larger number of cross-ply laminations (28) aligned in the direction
of the applied load.

Design of T-BRB

The material and dimensions of the timber casing must have
the right balance of strength and stiffness to create a successful

PP Panel Casing

T-BRB. The design of the steel core, timber casing, and bolts must
be validated by full-scale tests. Six 3.66 m (12 ft)-long T-BRBs
with a design yield strength of 274 kN (61.5 kip) were tested. Three
T-BRBs were tested using a fatigue protocol in which a high num-
ber of cycles was applied at a 1.5% strain, after two cycles at 2.0%
strain were applied. The remaining three T-BRBs were tested using
a strain loading protocol in which two cycles per strain level were
applied at increasing displacement until failure.

T-BRB Specimen Layout

Steel Core Layout

The six T-BRBs were constructed using a 283-MPa (41-ksi) ASTM
A36 (ASTM 2019a) steel core and an MPP casing as shown in Fig. 7.
The design value for yield stress was taken as 283 MPa (41 ksi)
and the tensile strength was taken as 431 MPa (62.5 ksi) from steel
coupon tensile tests; a low yield strength steel core was selected to
improve ductility and cyclic performance. The steel core cross sec-
tion of the 2.49 m (98 in.)-long yielding length was 76 mm (3.0 in.)
wide and 12.7 mm (0.5 in.) thick. Stiffener plates were fabricated
from the same material as the steel core; they were welded to the
steel core to prevent buckling outside the timber casing. Two cheek
plates were welded to the ends of the T-BRBs around the pin con-
nection to prevent tear-out failure. A 76 x 25 mm (3 x 1 in.) steel
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318 th owel
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Fig. 7. T-BRB layout and three-dimensional visualization.
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dowel was welded to the midlength of the steel core on both sides to
ensure the casing remained centered throughout testing to encourage
an even distribution of core buckling forces.

Hardwood Spacer Layout

A hardwood spacer was used to prevent strong-axis buckling of the
steel core; the hardwood spacer transfers the forces arising from
strong-axis buckling of the steel core to the bolts and ultimately
to the MPP laminations. A laminated beechwood material was used
for the spacer. The material was cut to the profile necessary to fill

7 5%
:
.
7 MPP Slab

"

the void made by the steel core between the timber casing, as shown
in Fig. 7. Offsets were included to allow for movement of the steel
core when placed under compression.

MPP Casing Layout

Fig. 7 is a three-dimensional view of the T-BRB showing the MPP
casing, the bolts, the steel core, and the hardwood spacer. The three
MPP casing layups described in Fig. 5 were used to build the six
T-BRBs. The MPP casing was composed of two pieces that were
254 mm (10 in.) wide and 152 mm (6 in.) thick. T-BRB Specimens

Casing Cut Line

Final Casing Orientation

Fig. 8. MPP slab cut and casing orientation with 11,031-MPa (1,600-ksi) lamination magnification.
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Fig. 9. Mechanics of buckling: (a) tensile load; (b) compressive load; and (c) free-body diagram.
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1-3 used 60/40, 80/20, and 100/0 casing, respectively; T-BRB
Specimens 4-6 used 100/0, 80/20, and 60/40 casing, respectively.
Fig. 8 shows the MPP panel slab and timber casing layout. The
sequence of building the timber casing from the two 254 mm
(10 in.)-wide and 152 mm (6 in.)-thick pieces is important. The
MPP layup with the lowest specified modulus of elasticity (60/40)
provides a higher localized stiffness when loaded in the X-direction
because of the larger number of cross-ply laminations (28) that are
aligned in the direction of the applied load and thus has the largest
stiffness when rotated 90°, as shown in Fig. 8.

T-BRB Design Elements

Timber Casing Design

The timber casing prevents global buckling of the T-BRB. Weak-
axis buckling of the core typically controls design of the casing.
The timber casing was designed following the guidelines for a steel

2
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casing (Watanabe et al. 1988); Euler buckling load of the casing
should be 1.5 times larger than the yield load of the steel core
to account for material overstrength, strain hardening, and friction
forces. The design yield strength of the steel core was 283 MPa
(41 ksi) and the cross-sectional area was 968 mm? (1.5 in.?), re-
sulting in a yield force of 274 kN (61.5 kip). The Euler buckling
strength of the casing was sized to resist 1.5 times the yield strength
of the core, or 410 kN (92.3 kip).

The end conditions of the T-BRB were assumed pinned; there-
fore, n is equal to 1.0. The length of the casing was 3.30 m
(130.0 in.). The two casing pieces act compositely once they are
bolted together. The modulus of elasticity, E, was determined using
the APA product report (APA 2020). The fifth percentile modulus
in the minor strength direction of the material was used (Zahn and
Rammer 1995; Rammer and Zahn 1997); this value was obtained as
1,365 MPa (198 ksi). The Euler buckling load of the casing is found
using Eq. (1)
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Fig. 10. T-BRB test setup and loading protocols: (a) T-BRB test setup; (b) fatigue protocol for Specimens 1-3; and (c) strain protocol for Specimens 4-6.
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Py =" (1)

Solving for the unknown moment of inertia, /, the required di-
mensions of the casing were found as 254 mm (10.0 in.) by 267 mm
(10.5 in.). The 254-mm (10.0-in.) dimension is fixed due to the
maximum available thickness of the MPP panel. The final dimen-
sions of the casing were conservatively selected as 254 mm
(10.0 in.) by 318 mm (12.5 in.), which includes the hardwood
spacer.

Bolt Design

Two rows of 12.7-mm (1/2-in.) diameter, A449 bolts with 81-kN
(18.4-kip) yield capacity were used to connect the two sides of the
MPP casing including the hardwood spacer; the tensile yield strain
of the bolts is 3,200 microstrain. A 50.8-mm (2.0-in.) edge distance
and a 178-mm (7.0-in.) bolt spacing were used along the yielding
length of the T-BRB; this spacing was reduced near the ends to
account for an increase in out-of-plane forces. When the steel is
in tension, a gap forms between the steel core and timber casing
of increasing amplitude throughout the cyclic test due to Poisson
effects. To minimize this gap, the T-BRB was constructed without
any initial gap between the steel core and timber casing. Using
Fig. 9(a) as the free-body diagram of the buckled core inside
the casing results in a gap equal to

Agap = ngaxtf (2)

where the steel core thickness 7, = 12.7 mm (1/2 in.). Poisson’s
ratio v equal to 0.5 was used for the steel core because it is sub-
jected to high strains within the plastic region (Wu et al. 2014). The
maximum tensile steel strain during the test, €,,,,, was assumed
equal to 4.0% for design. The wavelength of the buckled steel core
[,, in Fig. 9(b) was assumed to be 11 times the thickness of the steel
core (Wu et al. 2014) or 140 mm (5.5 in.). The estimated maximum
compression force developed by the T-BRB, P,,,, was estimated as
1.6 times the yield strength of the steel core to account for steel
hardening and friction effects between the MPP, hardwood spacer,
and steel core; a value of 445 kN (100 kip) was used for P,,.
Equilibrium of the free-body diagram in Fig. 9(c) results in the
value of the force in the bolt, P, as

P}; _ 4Pmaxll/€maxtf (3)

Eq. (3) results in a bolt force equal to 3.2 kN (727 Ib), which was
rounded to 4.5 kN (1,000 1b) for design. This force was exerted by
the steel core throughout the yielding length for a total of 36 times
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due to the 140-mm (5.5-in.) wavelength spacing; this results in a
total outward force on the casing of 160 kN (36 kip). By allocating
6.7 kN (1.5 kip) of allowable force per bolt, which considers bolt
prestressing strength loss during the pneumatic torque tightening
process, 24 bolts of 12.7-mm (1/2-in.) diameter were required.
The 178-mm (7-in.) bolt spacing provides a total of 28 bolts in
the 2.49-m (98-in.) yielding zone. This spacing is conservative
and failure involving bolt fracture is precluded so that more impor-
tant failure modes could be studied.

Full-Scale T-BRB Experiments

Full-scale cyclic experiments were carried out on timber BRBs to
verify their performance under cyclic loads for both fatigue and
high-strain loading conditions. Composite steel/concrete BRBs
are qualified through testing because there are no available methods
in existing building codes for their design. T-BRBs were tested ac-
cording to AISC 341 criteria used for conventional composite steel/
concrete BRBs.

T-BRB Loading Protocols, Performance, and
Adjustment Factors

The test setup and a typical T-BRB before testing are presented in
Fig. 10(a), which shows the bolt pattern. Two loading protocols
were used in the experiments: (1) fatigue based, and (2) strain
based. Fig. 10(b) shows the fatigue loading protocol for Specimens
1-3; Fig. 10(c) shows the strain loading protocol for Specimens
4-6. The fatigue loading protocol was developed using AISC-341
(AISC 2016) Chapter F4 and Appendix K3. The loading rate used
was 46 mm/min (1.8 in./min). Cyclic drift was increased by 0.5%
until a 2% drift ratio was reached; subsequently the drift ratio was
reduced to 1.5%, which was cycled repeatedly until failure. In the
strain loading protocol, cyclic displacement was increased by 0.5%
until failure using these drift ratios: 0.5%, 1.0%, 1.5%, 2.0%, 2.5%,
3.0%, and so on until failure. The 2.49-m (98-in.) yield zone length
was used to calculate strain. The AISC 341 qualification requires
the brace to be tested to two times the design story drift and to
achieve a cumulative inelastic deformation (CID) of 200 times
the yield deformation.

To define these protocols, the design story drift, A,,,, and brace
yield deformation, A, were determined. The value of A, was
calculated at 1.0% story drift, which is 32.5 mm (1.28 in.). The
value of A, was calculated as follows:

F.L
Ab*)’sc = % (4)

Fig. 11. Specimen 1 hysteresis for fatigue loading protocol and failure mode.
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A F..L
A — e ysctend
b—end Aend ( E (5 )

Aby = Abfysc + Abfend + Aapparatus (6)

The value of Ayyparaws Was taken as zero because of the instru-
mentation details; F. is the steel yield strength; Ly, is the length
of the yield zone; A, is the area of the yield zone; A, is the area of
the end of the BRB core, which includes the stiffeners and cheek
plates; and L4 is the length of the ends of the core excluding the
yield zone. The brace yield deformation A,, was determined as
4.1 mm (0.16 in.). *

The CID of the T-BRB was calculated per AISC 341 (AISC
2016) Table C-K3.1. CID is the accumulation of deformation, both
positive and negative, beyond yield, which is converted to multiples
of brace yield deformation, A,,. The T-BRB adjustment factors
were determined from data obtained from the hysteresis curves
shown in Figs. 11-16. The compression adjustment factor, 3,
was determined from

Pmax

B =
T nax

(7)

which is the ratio of the maximum measured compressive load to
maximum measured tensile load per loading cycle; this ratio must
remain below 1.5 per AISC 341 (AISC 2016) to reduce the demand
on brace connections and adjoining members. The strain hardening
adjustment factor, w, was determined from

Tmax

B RyPyxc

w

(8)

as the ratio of maximum measured tensile load to yield force per
cycle. Because coupon tests were used to determine yield stress, R,
was taken equal to 1.0; P, is the actual yield strength of the steel
core. The resulting strain hardening adjustment factor, w, must be
greater than 1.0 according to AISC 341 (AISC 2016).

The adjusted brace strength in compression is given in Eq. (9)
and the adjusted strength in tension by Eq. (10)

Prax = ﬁWRyPysc (9)
Thax = WRyPysc (10)

The adjustment factors are used in cyclic tests for conventional
composite steel/concrete BRB qualification. Brace connections and
adjoining members are designed to resist forces calculated based on
the adjusted brace strength in compression and tension.

Results of T-BRB Cyclic Tests

A summary of the T-BRB cyclic test results is presented in
Table 3. Hysteresis curves for the six specimens are provided in
Figs. 11-16. All hysteresis curves remained stable throughout
the tests and the observed failure modes are acceptable based on
AISC 341 (AISC 2016) criteria. The CID achieved for the speci-
mens tested using the fatigue load protocol ranged from 5.5 to 7.9
times that required by AISC 341. Specimen 1 failed in tension after
39 cycles as shown in Fig. 11; the steel core in this test fractured
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Fig. 12. Specimen 2 hysteresis for fatigue loading protocol and failure mode.
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Fig. 13. Specimen 3 hysteresis for fatigue loading protocol and failure mode.
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Fig. 14. Specimen 4 hysteresis for strain loading protocol and failure mode.
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Fig. 15. Specimen 5 hysteresis for strain loading protocol and failure mode.

due to low cycle fatigue, § ranged from 1.05 to 1.20, and w ranged
from 1.00 to 1.40. Specimen 2 failed in compression after 35 cycles
as shown in Fig. 12; the MPP layers ruptured from the compressive
demand transferred from the steel core, which buckled about the
weak axis,  ranged from 1.05 to 1.15, and w ranged from 1.00
to 1.32. Specimen 3 failed in compression after 28 cycles as shown
in Fig. 13; failure was similar to Specimen 2 because the MPP
layers ruptured due to demand from weak-axis buckling of the steel
core; 3 ranged from 1.03 to 1.20, and w ranged from 1.00 to 1.35.

© ASCE
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The CID achieved for the specimens tested using the strain load
protocol ranged from 2.4 to 2.9 times that required by AISC 341.
Specimen 4 failed in compression on the 13th cycle at 3.92% strain,
as shown in Fig. 14, which is a significant strain capacity; weak-
axis buckling was the dominant failure mode due to casing rupture;
( ranged from 1.04 to 1.23, and w ranged from 1.00 to 1.43. Speci-
men 5 failed in compression on the 12th cycle at 3.9% strain as
shown in Fig. 15; both weak-axis and strong-axis buckling of
the steel core were present and the failure mode was a ruptured
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Fig. 16. Specimen 6 hysteresis for strain loading protocol and failure mode.

Table 3. Results for T-BRB tests

Protocol MPP Max. Max. Cycles to Total hysteretic energy
type Specimen layout strain (%) drift (%) failure CID dissipation [KN-m (kip-in.)]
Fatigue 1 60/40 2.61 2.0 39.0 1,571 2,194 (19,422)

2 80/20 2.61 2.0 355 1,416 1,903 (16,840)

3 100/0 2.61 2.0 28.5 1,107 1,487 (13,161)
Drift 4 100/0 3.92 3.0 13.5 580 807 (7,140)

5 80/20 3.92 3.0 12.5 488 721 (6,379)

6 60/40 3.92 3.0 13.5 580 812 (7,188)

and split casing; [ ranged from 1.10 to 1.20, and w ranged from
1.00 to 1.38. Specimen 6 failed on the 13th cycle at 3.9% strain as
shown in Fig. 16; strong-axis buckling of the steel core was dom-
inant and the casing layers split and opened due to the strong- axis
buckling force; 3 ranged from 1.11 to 1.25, and w ranged from 1.00
to 1.41.

Bolt strain was recorded both prior to and during the experiment
for two bolts located at the center of the T-BRB. Fig. 17 shows the
bolt strain for Specimen 5. Strain increased sharply when the bolts
were tightened prior to testing. The bolt strain remained relatively
constant during the cyclic test with a slight decrease due to slack
being created by permanent timber deformations. A cyclic variation
in bolt strain had developed that matched the loading and unloading
of the T-BRB, which transferred load to the bolts. Once the casing
fractured and split, the bolt strain increased before the experiment
was terminated. The highest strain observed during the test was
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Fig. 17. Specimen 5 bolt strain history for two bolts.
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2,200 microstrain, which is lower than the yield strain, and none
of the bolts yielded.

Weak-axis versus strong-axis buckling within the T-BRB is
illustrated in Fig. 18. The weak-axis high-mode buckling wave-
length, [,,, was measured and recorded after each test. Table 4 lists
the average weak-axis wavelength for each specimen. The average
weak-axis wavelength was 10 times the core plate thickness, 7..; this
is consistent with estimates of the buckling wavelength of conven-
tional BRBs as equal to 117, (Wu et al. 2014). Strong-axis buckling
wavelength was recorded for Specimens 4, 5, and 6, which exhib-
ited this type of deformation; this measurement was difficult to
record because the steel cores did not often exhibit a consistent
strong-axis buckling throughout the whole length of the yield zone.
The average strong-axis buckling wavelength was 483 mm (19 in.),
which was 6.33 times the core plate width, w,; this result is also
consistent with the strong-axis buckling wavelength of conven-
tional BRBs, which is approximately equal to 6w, (Wu et al. 2014).

Conclusions

Timber BRBs can be constructed and implemented by combining a
steel core with an engineered timber casing. The mechanism for
buckling restraint of T-BRBs is new in that the timber casing allows
Poisson’s expansion of the steel core without an air gap. T-BRBs
have advantages compared to composite steel/concrete BRBs
that include recyclability, light weight, sustainability, and superior
cyclic performance.

The main objective of this research was to design a T-BRB
and validate its seismic performance using large-scale cyclic tests.
The design of the T-BRB casing was successful and achieved the
right balance between strength and stiffness. MPP loaded in the
X — direction per ASTM D5456 produced a material with very
good bearing compression strength. Three MPP materials with
layups classified as 60/40, 80/20, and 100/0, which pertain to
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Fig. 18. (a) Weak-axis versus (b) strong-axis steel core buckling.

Table 4. Average weak-axis high-mode buckling wavelength

Specimen Average wavelength [mm (in.)]
1 140 (5.5)
2 135 (5.3)
3 114 (4.5)
4 135 (5.3)
5 114 (4.5)
6 119 (4.7)

the percentage of 11,031 MPa (1.6 x 103 ksi) to 6,895 MPa
(1.0 x 103 ksi) laminations were used to build the six T-BRB
specimens.

Post-test observations demonstrate that the timber casing, which
was designed for 1.5 times the steel core yield load, performed very
well. In the majority of the tests, the timber casing was undamaged,
which indicates that T-BRBs can be disassembled and inspected
after an earthquake to determine whether the steel core should
be replaced. A cyclic variation in bolt stress was observed that
followed the cyclic loading of the T-BRB; the bolt design was
conservative and none of the bolts yielded.

Weak-axis high-mode buckling of the steel core was observed.
The average weak-axis buckling wavelength was measured as 10
times the steel core plate thickness, which is consistent with the
weak-axis buckling wavelength of composite steel/concrete BRBs.
The average strong-axis buckling wavelength was measured as six
times the steel core plate width, which is consistent with the strong-
axis buckling wavelength of composite steel/concrete BRBs.

The six T-BRBs designed, constructed, and tested in this re-
search exceeded the minimum requirements for uniaxial cyclic tests
according to AISC 341. The hysteresis curves were stable and
showed that excellent hysteretic energy dissipation was achievable.
Each T-BRB achieved a displacement corresponding to two times
the design story drift. The T-BRBs reached a cumulative inelastic
deformation from 2.4 to 2.9 times the AISC 341 requirement of a
cumulative inelastic axial ductility capacity of 200 times the yield
displacement.

The T-BRB hysteretic curves showed excellent performance and
reached a 3.9% ultimate strain; this is a significant strain and the
performance is superior compared to composite steel/concrete
BRBs. Using a fatigue loading protocol, the T-BRBs withstood
26.5 to 37.0 cycles at 1.5% strain after being subjected to two
cycles at 2.0% maximum strain. The compression adjustment fac-
tor, which is important for reducing the demand on brace connec-
tions and adjoining members, ranged between 1.05 and 1.25, which
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is significantly lower than 1.50, the maximum value allowed by
AISC 341.

The T-BRB developed in this research is new and innovative and
can be used for building a BRBF as a lateral force—resisting system
for mass timber buildings in high seismic regions. Suggested areas
of additional research include cyclic and shake table tests of mass
timber-braced frames utilizing T-BRBs as ductile fuse elements,
and the development of analytical models of such systems for seis-
mic design.
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Notation

The following symbols are used in this paper:
Aqng = area of the ends of the core excluded by the yield
zone;
A,. =area of the steel core yielding element;
E =modulus of elasticity;
Fc =yield strength of steel;
L.,q =length of the ends of the core excluded by the yield
zone;
1, =wavelength of the buckled steel core;
Ly, =length of the yield zone;
P, =buckling forces of the steel core in the T-BRB;
P .« =maximum compressive force developed by the
T-BRB;
Py, =actual yield strength of the steel core;
R, =ratio of the expected yield stress to the specified
minimum Yyield stress;

J. Struct. Eng.



Downloaded from ascelibrary.org by Marriott Lib-Univ Of UT on 02/27/21. Copyright ASCE. For personal use only; al rights reserved.

t; = original steel core thickness;
T max = maximum tensile force developed by the T-BRB;
(3 =compressive adjustment factor;
Agpparatus = displacement of testing apparatus;
Ay ng = deformation at first yield of the steel core element
along the nonyielding core length;
Ay, =design story drift;
A,,y =brace yield deformation;
A,.ys = deformation at first yield of the steel core element
along the yielding core length;
Agyp = gap between steel core and MPP casing in T-BRB;
Emax = Maximum tensile steel strain;
v =Poisson’s ratio; and
w = strain hardening adjustment factor.
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