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Design and Cyclic Experiments of a Mass Timber
Frame with a Timber Buckling Restrained Brace

Emily Williamson, S.M.ASCE"; Chris P. Pantelides, F.ASCE?;
Hans-Erik Blomgren, M.ASCE?; and Douglas Rammer, M.ASCE*

Abstract: Mass timber buildings are increasing in popularity as the building industry aims to use more sustainable construction materials.
A lateral force resisting system with a mass timber frame and a timber buckling restrained brace (TBRB) is presented as a possible solution
to allow the expanded use of mass timber in buildings located in cities with high risk of natural hazards such as earthquakes and hurricanes.
A series of nine quasi-static cyclic tests was completed to study the performance of the TBRB frame as well as the elastic performance of the
bare mass timber frame. The variables studied included the level of axial force applied to the columns to simulate gravity load and the out-of-
plane displacement of the TBRB frame. The mass timber frame was tested four times with a different TBRB. The four subassemblies achieved
a drift ratio of at least 2.8% before failure of the TBRB due to weak axis buckling of the steel core. The maximum displacement ductility of the
four TBRB frame subassemblies ranged from 3.1 to 3.5. The addition of the TBRB enhanced the energy dissipation capacity of the bare mass
timber frame by 4.0 to 8.6 times after 14 cycles of lateral displacement. DOI: 10.1061/JSENDH.STENG-12363. © 2023 American Society
of Civil Engineers.

Author keywords: Mass timber; Buckling-restrained brace; Mass ply lam frame; Dowel connections; Cyclic; Ductility; Earthquakes.

Introduction

The benefits of mass timber have led the building industry, includ-
ing developers, architects and engineers to promote construction
of mass timber buildings. Benefits of mass timber construction
include cost savings in foundations due to timber’s light weight,
decreased construction time caused by prefabrication, sustainable
characteristics, and architectural appeal. Engineered timber prod-
ucts including glued laminated timber, laminated veneer lumber
(LVL), cross laminated timber (CLT), dowel laminated timber
(DLT), nail laminated timber (NLT), laminated strand lumber
(LSL), and parallel strand lumber (PSL) allow engineers to take
advantage of these benefits because the materials are manufactured
with sorted layers of the strongest, most ideal parts of a tree. Mass
ply panel (MPP) and mass ply lam (MPL), respectively (APA
2022), are constructed by pressing together 25 mm (1-in.) LVL
laminations with varying cross-grain orientations. The layup of the
MPL and MPP presents advantages compared to other engineered
timber materials. MPL and MPP perform as if self-reinforced
against tension perpendicular-to-grain forces because the cross-ply
veneers within each lamination provide increased stiffness and
additional dimensional stability.
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The first tall wood buildings were built in Europe and Canada as
code alternative solutions. In 2015, the United States ICC Ad Hoc
Committee for tall wood structures developed new code language
for tall wood structures that was incorporated in the 2021 IBC (ICC
2021). A main challenge for adopting mass timber as the primary
structural material is the lack of defined timber lateral force
resisting systems (LFRS) in building codes. Current building codes
do not define overstrength (€2), deflection amplification (C,), and
response modification (R) factors for timber braced frames; hence,
tall timber buildings are typically built with a mass timber gravity
system and a steel or concrete core LFRS. This hybrid approach can
lead to added costs due to custom connection details required to
accommodate tolerances between materials, and more construction
trades present on the site that leads to increases in construction
time.

One well-defined mass timber LFRS is the mass timber shear
wall. Mass timber walls are quite rigid, so care must be taken to
develop proper wall base connections to take full advantage of the
wall strength (Morrell et al. 2020; Popovski and Gavric 2015).
Studies have been completed to evaluate the seismic performance
of CLT shear walls, with two generic connection types, and to de-
termine the corresponding €2, C,; and R factors (van de Lindt et al.
2020, 2022). Rocking walls using post-tensioning achieve high
drift ratios with self-centering, but experience significant damage
to the base of the wall (Ganey et al. 2017). Post-tensioned mass
timber rocking walls have been tested successfully in mass timber
building shake table tests (Pei et al. 2019); furthermore, seismic
design procedures for post-tensioned mass timber rocking walls
have been developed (Busch et al. 2021). Slip friction joints (RSFJ)
are an alternative solution for decreasing residual drift and floor
accelerations in timber buildings (Fitzgerald et al. 2020; Hashemi
et al. 2017). Perforated steel plates have been used as energy dis-
sipators in CLT shear walls as panel connectors or hold-downs
(Daneshvar et al. 2022a, b). Finally, Lo Ricco et al. (2021) illus-
trated the design process for a building with self-centering rocking
CLT shear walls using the equivalent lateral force procedure.
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Timber braced frames present an alternative for mass timber
LFRS, but these types of frames have limited drift and energy dis-
sipation capacity due to the brittle nature of timber braces (Cao
et al. 2021). Popovski et al. (2003) noted that the variability of
the wood used to manufacture elements such as glulam braces
can lead to a nonuniform response of the two brace ends. Moreover,
timber frames rely on the connections to provide ductility and en-
ergy dissipation. Xiong and Liu (2014) performed monotonic and
cyclic tests on glulam frames with bolted connections and found
that X-brace and K-brace configurations experienced brittle failure
modes caused by tension in the braces and failure at the connec-
tions. One drawback of timber connections is the tendency to pre-
maturely fail because of splitting caused by tension perpendicular
to grain. Providing additional screw reinforcement improves the
ductility of dowel and bolted connections (Dietsch and Brander
2015; Dong et al. 2021; Min-juan and Hui-fen 2015; Zhang et al.
2019). There have been studies regarding different types of timber
connections including glulam rivets (Popovski et al. 2001), and
glued in rods (Steiger et al. 2015; Otero-Chans et al. 2018).

There has been work to improve the performance of mass timber
frames to avoid the significant damage to connections caused by
large drift demands, which requires them to be replaced. Gilbert
and Erochko (2019) tested a steel beam-column brace joint with
glued in rods to determine if the connection could allow timber
buildings to use the same R values used in steel frames with high
performance dampers. Hashemi et al. (2021) and Yousef-beik et al.
(2020) presented a mass timber braced frame with RSFJs at the
ends and at the middle of the brace, respectively, to protect the
joints from damage and provide energy dissipation capability
within the brace; a similar study was conducted by Daneshvar et al.
(2022a), who tested braces with perforated plates at the ends as the
energy dissipating element.

A popular LFRS for steel buildings in high seismic zones is
the buckling restrained brace frame (BRBF). The conventional
buckling-restrained brace (BRB) is constructed using a steel
yielding core encased in a concrete-filled steel tube. The steel tube
restrains the core to prevent global buckling, thus allowing it to
have a uniform response in tension and compression. The conven-
tional BRB has been tested extensively; it has a stable hysteresis
curve with no pinching, thus allowing higher energy dissipation
compared with other types of steel braces (Black et al. 2004;
Fahnestock et al. 2007; Wu et al. 2014; Xu and Pantelides 2017).

Researchers have been working to develop a ductile lateral force
resisting system for mass timber buildings using conventional
BRBs. Dong et al. (2020) tested a glulam frame with two conven-
tional BRBs in a chevron configuration; two full-scale frames with
different connection types were built; the frames achieved 1.5%
story drift ratio before the tests were terminated due to actuator
limitations. The BRB glulam frames were able to achieve a dis-
placement ductility of 2.3 to 2.8 using the equivalent energy
elastic-plastic (EEEP) method (ASTM 2011).

Murphy et al. (2021) completed component tests of six TBRBs
under high strain and fatigue loading protocols; the full-scale
TBRBs were 3.66 m (12 ft) long and were designed for a 267 kN
(60 kip) yield capacity. These component tests showed that the
TBRB, which uses similar design principles as the conventional
BRB is able to meet or surpass the standards set by AISC 341-16
(AISC 2016), thus presenting a promising mass timber LFRS
solution.

This paper discusses the design and testing of a mass timber
frame with a TBRB, termed a TBRBF. Four TBRBs were tested
with two levels of column axial force; two in-plane and two
out-of-plane tests were carried out. In addition, the bare mass tim-
ber frame was tested in the elastic range before each TBRBF test to
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determine the initial stiffness of the frame and observe potential
stiffness degradation with each subsequent test.

Mass Timber Frame Design

The frame designed for the tests represents a two-thirds scale
single-bay braced frame in a mass timber building with a single
diagonal (zig-zag) configuration [Fig. 1(a)]. The columns extend
below the bottom beam to ensure the expected frame action could
occur during the tests. The column center-to-center spacing was
3.05 m (120 in.) and the story height was 2.29 m (90 in.). The
frame was designed for the adjusted forces of a 178 kN (40 kip)
TBRB following the capacity design approach for beams, columns,
and connections in a conventional BRBF. The material properties
and dimensions for the components of the frame are included in
Table 1.

Timber BRB

As described in Murphy et al. (2021), the TBRB is designed fol-
lowing similar principles as set by AISC 341-16 (AISC 2016) for
conventional steel-concrete BRBs. The nonyielding members of
the TBRB frame are designed for the expected BRB forces based
on brace properties and adjustment factors. The compression ad-
justment factor, (3, is defined as the ratio of maximum compression
to tension force; the strain hardening adjustment factor, w, is
defined as the ratio of maximum force achieved in tension to
the tension yield force. According to conventional BRB require-
ments, 3 must be greater than 1.0 but less than 1.5 and w must
be greater than 1.0. The expected maximum force in tension,
T max» 18 calculated with Eq. (1) and the expected maximum force
in compression, Cy,.,, is calculated with Eq. (2)

Tmax = WRyFyAsc (1)

Cirax = /GWR}’F}‘ASC (2)

where R, = ratio of expected to specified yield stress, F, = steel
core specified yield stress, and A, = cross-sectional area of the
yielding portion of the steel core. The connections and connecting
members are designed to withstand the force that results in the
highest demand.

The TBRBs for this frame were designed to have an axial yield
force of 178 kN (40 kips) based on the fact that the timber frame
was a two-thirds scaled model. To achieve this strength, the core
was specified to be 276 MPa (40 ksi) steel; coupon tests of the steel
core determined the true yield strength of the steel, specified in
Table 1. The steel core was designed with the dimensions shown
in Fig. 2(a); the yielding zone was 13 mm (Y2in.) thick by a 51 mm
(2 in.) wide. The casing consisted of two 254 mm (10 in.) by
152 mm (6 in.) F10 MPP (APA 2022) elements oriented so that
the X-direction of the member, according to ASTM D5456
(ASTM 2019), was perpendicular to the steel core. A hardwood
spacer, shown in Figs. 2(a and c), was screwed in place on the sides
of the steel core to fill the void between the casing and prevent
strong axis buckling of the core; 13 mm (V2 in.) diameter mild steel
threaded rods along the yielding portion of the core and 6 mm
(1/4 in.) diameter threaded rods near the two ends, with the proper-
ties specified in Table 1, held the assembly together.

The desired performance of the TBRB requires that failure oc-
curs within the yielding zone of the steel core. To achieve this, the
stiffness at the ends of the steel core plate was increased by welding
38 mm (12 in.) wide by 13 mm (¥2 in.) thick stiffeners and 6 mm
(1/4 in) cheek plates to either side of the core. In addition, a 25 mm
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Fig. 1. TBRB frame testing configuration: (a) dimensions; (b) bare frame; and (c) TBRBF.

© ASCE

04023131-3

J. Struct. Eng., 2023, 149(10): 04023131

J. Struct. Eng.



Downloaded from ascelibrary.org by Marriott Lib-Univ Of UT on 07/26/23. Copyright ASCE. For personal use only; all rights reserved.

Table 1. Component dimensions and material properties

Component

Dimensions

Material properties

Beams and columns

Dowels

Connection plates

TBRB steel core

TBRB casing

TBRB threaded rods

Width = 389 mm (15 —5/16 in.)
Depth = 381 mm (15 in.)

Diameter = 13 mm (¥2-in.)
Length = 381 mm (15 in.)

Thickness = 13 mm (Y2-in.)

Yielding zone = 1,549 mm (61 in.)
13 mm x 51 mm (1/2 in. X 2 in.)
Ends
13 mm x 178 mm (1/2 in. X 7 in.)

254 mm X 152 mm x 2,426 mm
(10 in. X 6 in. x 95.5 in.)

Yielding zone
13 mm x 356 mm (Y2 in. X 14 in.)
Ends
6 mm x 356 mm (% in. x 14 in.)

F16 MPL?
E = 11 GPa (1,600 ksi)

F, = 248 MPa (36 ksi)

F, = 248 MPa (36 ksi)
F, = 262 MPa (38 ksi)

F10 MPP*
E = 6,206 MPa (900 ksi)

F, = 634 MPa (92 ksi)
F, = 634 MPa (92 ksi)

“Data from APA (2022).

(1 in.) diameter by 76 mm (3 in.) steel dowel was welded to the
center of the core and embedded into the MPP casing to help dis-
tribute the brace forces evenly and keep the casing centered on the
steel core plate.

Beam-Column-Brace Connections

Similar to the design of a steel frame with a conventional BRB, the
beam-column connections were designed with a capacity-based ap-
proach. Each connection was designed for the adjusted forces of a
178 kN (40-kip) TBRB using Egs. (1) and (2). The compression
adjustment factor, 3, and strain hardening factor, w, were 1.25
and 1.45, respectively based on the results from Murphy et al.
(2021). The value of R, was 1.0 since coupon tests were performed
to determine the true tensile yield stress of the steel core. The beam-
column connections shown in Figs. 2(d—g) were designed using
equations for dowel connections defined by the National Design
Specification for Wood Construction (AWC 2018a), NDS technical
report (AWC 2018b), and an equivalent model for connections with
multiple slotted-in steel plates (Fan et al. 2011). Williamson et al.
(2023) describes the design process and testing of connections
similar to the ones used in the mass timber frame; based on the
experimental results, the connections were expected to achieve ad-
equate rotation without additional joint reinforcing. Each connec-
tion included two slotted-in steel plates and smooth shank steel
dowels [Fig. 2(d)]; the properties of these components are included
in Table 1. The slots and holes were cut using a computer numerical
controlled (CNC) machine to meet construction tolerances. A
25 mm (1 in.) gap was left between the beam ends and the face
of the column to allow for member rotation without contact be-
tween members.

At the beam-column-brace connections, the steel plates were
extended beyond the timber members to form gusset plates for
the TBRB pin connection [Figs. 2(e and f)]; to avoid premature
buckling of the gusset plates, they were reinforced with 13 mm
(0.5 in.) vertical stiffeners, welded between the gusset plates
25 mm (1 in.) from the face of the column to allow column rotation,
and a 6 mm (% in.) thick cheek plate in the critical area of the gus-
set plate to avoid tear out of the pin connection. Steel spacers were
placed around the pin between the steel core end and gusset plate to
limit out-of-plane shifting of the core.

Experimental Program

A single mass timber frame was used for the entire testing program.
Bare frame tests were performed at the beginning, end, and in-
between TBRBF tests to determine the mass timber frame’s con-
tribution to the strength of the system and to monitor potential
stiffness degradation of the mass timber frame itself with each test.
The experimental program, in sequential order, is summarized in
Table 2. Four TBRBF tests were completed; two of the tests with
no out-of-plane restraints at the top of the frame and two with the
upper east corner of the frame intentionally displaced 25 mm (1 in.)
out-of-plane. The tests included two levels of column axial force;
the low axial force level was equivalent to 5% of the column axial
capacity or 120 kN (27 kips) per column; the high axial force level
was equivalent to 12% of the column capacity or 300 kN (67.5 kips)
per column.

Frame Supports

The test setup is shown in Fig. 1(b) for the bare frame and Fig. 1(c)
for the TBRB frame. To simulate the behavior of a frame in a mid-
floor of a building, the frame supports were configured to transfer
the horizontal force from the brace joint in the west through the
bottom MPL beam to the east column base connection. To achieve
this, the east column support was fixed [Fig. 2(g)] to the strong
floor by extending the connection plates 25 mm (1 in.) beyond
the bottom of the timber column and welding them to the steel sup-
ports. The west column support was designed as a roller support
[Fig. 2(f)]; a steel plate was welded to the steel connection plates
at the base of the MPL column, and smooth pins were placed be-
tween the steel support and the column base; to limit column base
displacement, angle stoppers were welded on the east and west side
of the west column base with a gap to limit movement. Two ex-
ternal 25 mm (1 in.) diameter 1,034 MPa (150 ksi) all-threaded
bars were used to apply axial force to each column.

Loading Protocol

The lateral loading protocol adopted in this program was ASTM
E2126 test method B (ASTM 2011), which defines loading proce-
dures for timber cyclic tests (Fig. 3). The first five steps had a
single cycle and were applied at a loading rate of 61 mm/min
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Table 2. Test matrix

Testing Mass timber Axial load in each

Test name configuration frame type column—kN (kips)
I-BF1 In-plane Bare 120 (27)
I-BRBI1 In-plane TBRB 120 (27)
I-BF2 In-plane Bare 300 (67.5)
I-BRB2 In-plane TBRB 300 (67.5)
O-BF3 Out-of-plane Bare 120 (27)
0O-BRB3 Out-of-plane TBRB 120 (27)
O-BF4 Out-of-plane Bare 300 (67.5)
O-BRB4 Out-of-plane TBRB 300 (67.5)
O-BF5 Out-of-plane Bare 300 (67.5)

Note: I = in-plane test; and O = out-of-plane test.

(2.4 in./min); the remaining steps were applied at a loading rate of
122 mm/min (4.8 in./min), and the cycle was repeated three
times. The displacement is positive when the actuator pushes to-
ward the east column and negative when it pulls away from the
west column, as shown in Fig. 1(b). The peaks of each cycle were
defined as a percentage of a maximum horizontal actuator displace-
ment (100% A,,) corresponding to a maximum theoretical strain of
the TBRB achieved in the component tests by Murphy et al. (2021).
The bare frame tests were terminated after the 60% A, cycles to
limit the structural response to remain within the elastic range of the
connections.

Instrumentation

The bare frame and TBRBF tests utilized the same instrumentation
plan, as shown in Fig. 1(c). String pots attached to the top (SP1) and
bottom beams (SP2) recorded displacements used to calculate the
drift. Linear variable displacement transducers (LVDT) were placed
near the top and bottom of the beam-column connections to track
joint rotation (LVDT 2 to LVDT7). LVDT 8 and LVDT 9 at the
TBRB ends were used to measure deformation of the yielding core;
LVDT 1 was placed at the base of the west column to track the
column displacement at the roller. Each set of gusset plates had
one strain gauge attached near the center parallel to the orientation
of the TBRB. Load cells at each external threaded bar measured the
column axial force. For the tests with intentional out-of-plane dis-
placement, additional string pots were attached to the top of the east
column parallel and perpendicular to the frame.

Experimental Results

The results are presented with respect to the drift ratio of the mass
timber frame, that is the relative displacement between the top and

bottom beam centerlines in Fig. 1(a), equal to SP1 minus SP2 in
Fig. 1(c), divided by the vertical height between them equal to
2,286 mm (90 in.).

Hysteresis Curves

The bare mass timber frame cyclic tests were terminated at a drift
ratio of 2.0% to ensure the connections remained elastic so as to
maintain integrity of the frame. Moreover, the bare frame tests were
completed as intermediate steps for monitoring the condition of the
frame. The narrow hysteresis loops in Fig. 4 indicate that the frame
remains mostly elastic during the bare frame tests; this provides
context for understanding the effectiveness of the TBRB energy
dissipation capabilities, as well as the TBRB contribution to the
strength of the system. At a 2.0% drift ratio the TBRBF resisted
3.0 to 3.8 times the lateral load of the bare mass timber frame.

Test I-BRB1 [Fig. 5(a)] was stopped following completion of
the second 100% A,, cycle; high amplitude weak axis buckling
of the steel core near the west end of the yielding zone caused split-
ting of the MPP casing between laminas resulting in a 107.6 kN
(24.2 kip) drop in lateral load. I-BRB2 [Fig. 5(b)] began splitting
in the first 100% A,, cycle on the east end of the yielding zone, but
did not experience a decrease in lateral load until the second 100%
A,, cycle. During the 60% A, step of test -lBRB2, a weld at the
east column support fractured, causing a drop in lateral load thus
impacting the frame’s ability to resist load during the compression
cycle due to moderate rocking of the east column base. Similar
to the two in-plane tests, out-of-plane tests O-BRB3 [Fig. 5(c)]
and O-BRB4 [Fig. 5(d)] failed in the second 100% A,, cycle due
to weak axis buckling of the steel core. The third test (O-BRB3)
completed this cycle and an additional half cycle before it was
terminated; the fourth test (O-BRB4) completed all three 100%
A,, cycles. All hysteresis curves are generally symmetric indicating
effective energy dissipation. Some slip, due to movement within the
joints occurs when the applied force is reversed; however, this type
of slip is common in systems with dowel connections (Xiong and
Liu 2014; Dong et al. 2020; Williamson et al. 2023).

The lateral force versus drift ratio envelope for each test is de-
fined by the lateral force and drift ratio corresponding to the peak
force in the first cycle of each step. The achieved peak force be-
tween tests decreased as testing progressed due to minimal damage
to the timber adjacent to the dowels. The average decrease in maxi-
mum lateral load between bare frame tests was 11% thus justifying
the continued use of the frame. The TBRBFs were able to reach an
average of 2.8% drift ratio in the positive (east) direction and 2.6%
drift ratio in the negative (west) direction, as shown in the lateral
force versus drift ratio envelopes of Fig. 5(e). The bare frame tests,
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Fig. 3. ASTM E2126 cyclic loading protocol for timber components.

© ASCE

04023131-6

J. Struct. Eng.

J. Struct. Eng., 2023, 149(10): 04023131



Downloaded from ascelibrary.org by Marriott Lib-Univ Of UT on 07/26/23. Copyright ASCE. For personal use only; all rights reserved.

Frame Relative Displacement (mm)
-60 40 -20 0 20 40 00

" "

300
k60
200 4
k40
100 F20 —~
Z, =
= <
> 0 o o
2 2
i 2
~100 4 F-20
k40
200 4
k60
=300 - - - - :
-3 -2 -1 0 1 2 3
(a) Drift Ratio (%)
Frame Relative Displacement (mm)
-60 40 -20 0 20 40 60
100 : N N . A . .
k60
200
k40
100+ F20 —~
Z =3
<) )
> 0 o o
2 2
& 2
100 I -20
k40
-200
I =60
-300 . - - . '
3 2 1 0 1 2 3
(c) Drift Ratio (%)
Frame Relative Displacement (mm)
-60 40 -20 0 20 40 60
300 H N N ¥ 3 3 A
k60
200
k40
~ 1001 F20 o
2 -
< <
© 0 FO o
2 2
2 ©
~100 4 [-20
k40
=200 4
60
-300 - - - . T
-3 -2 -1 0 1 2 3
(e) Drift Ratio (%)

Frame Relative Displacement (mm)

60 40 20 0 20 40 60
300 . h . " A . A
- 60
200
- 40
1001 L20
z =
= <
o 01 0 o
2 2
2 A
=100 1 - —20
+ 40
200 4
F ~60
300 T T T T T
3 2 I 0 I 2 3
(b) Drift Ratio (%)
Frame Relative Displacement (mm)
60 40 =20 0 20 40 60
200 ; : X . A . .
- 60
200
k40
100 20
. 20
Z -
= =
o 0 FO o
2 2
L A
100 4 20
- 40
~200 4
F—60
300 T T T T T
3 2 I 0 | 2 3
(d) Drift Ratio (%)
Frame Relative Displacement (mm)
60 40 20 0 20 40 60
300 ) . h . : A A
@+ IBFI k60
"~ LBR2
200 4 -
-0 = 0-BF3 L 40
-0- 0-BF4
100 4 O-BFS ~ 20
= L e T .,—fﬂ a
é [ ol )
Py 04 25 75 FO o
g Tl O g
2 (5’. 2
~100 F-20
I -40
200
I ~60
300 T T T T T
3 2 I 0 1 2 3
(f) Drift Ratio (%)

Fig. 4. Bare frame hysteresis curves: (a) I-BF1; (b) I-BF2; (c) O-BF3; (d) O-BF4; (e) O-BF5; and (f) bare frames hysteresis envelope.

subjected to drift ratios up to 2.0%, remained mostly linear elastic
as shown in the envelopes of Fig. 4(f).

Out-of-Plane Displacement

An intentional out-of-plane displacement was imposed on the mass
timber frame for tests O-BF3, O-BRB3, O-BF4, O-BRB4, and
O-BF5 by wrapping a nylon strap around the top beam near the
east connection and tightening it with a ratchet chain anchored
to the steel reaction frame until the top east joint of the frame
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was pulled 25 mm (1 in.) out-of-plane relative to the top west
joint; this was done to simulate three-dimensional effects in actual
buildings subjected to earthquakes. The top west joint, which was
located adjacent to the hydraulic actuator, was left intact and was
monitored to ensure no out-of-plane movement occurred at this
location. The starting location of the east beam-column joint is in-
dicated with a star in Fig. 6(a); during the bare frame tests, the top
east joint remained approximately 25 mm (1 in.) out-of-plane
(North-South displacement) throughout the loading protocol. In
contrast, during the TBRBF tests, the additional force from the
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Fig. 5. TBRBF hysteresis curves: (a) I-BRB1; (b) I-BRB2; (c) O-BRB3; (d) O-BRB4; and (e) TBRBFs hysteresis envelope.

brace caused the out-of-plane displacement to increase to almost
51 mm (2.0 in.) at the peak positive drift, as shown in Fig. 6(b);
during the compression cycle, the out-of-plane displacement de-
creased to 20 mm (0.8 in.), which could be caused by eccentric
installation of the brace or by the northern tilt of the frame in the
initial fit-up of the connections.

Column Axial Load

The total axial force applied to the columns [Figs. 6(c—f)] for each
TBRBF test was determined by adding the force measured by the
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load cells of the two all-threaded bars per column. The maximum
force in each all-threaded bar stayed below the 454 kN (102 kip)
yield force. For the tests with 120 kN (27 kip) axial force, the maxi-
mum increase in axial load was 84% and the maximum decrease
was 48%; for the tests with 300 kN (67.5 kip) axial force, the maxi-
mum increase was 103% and the maximum decrease 32%.

Displacement Ductility

The yield point for the TBRBF was estimated using the Yasumura
and Kwai method (1998). The yield strength and displacement,
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Fig. 6. Out-of-plane displacement of east column and total column axial forces: (a) east column displacement of O-BF4; (b) east column
displacement of O-BRB4; (c) axial forces of I-BRBI1; (d) axial forces of [-BRB2; (e) axial forces of O-BRB3; and (f) axial forces of O-BRB4.

maximum strength and displacement, and displacement ductility
for the four TBRBEF tests are provided in Table 3. When compared
to other yield point estimation methods, this method was deter-
mined to be reliable even for connections with a lower initial
stiffness (Muiioz et al. 2008). The maximum lateral force and maxi-
mum drift ratio were defined by the peak force at the first cycle of
the step in which the TBRB failed. The maximum displacement
ductility using the Yasumura and Kwai (1998) method ranged from
3.1 to 3.5.

© ASCE

04023131-9

To compare the results to existing research, the displacement
ductility was determined using the EEEP method (ASTM 2011).
The maximum displacement ductility determined by the EEEP
method ranged from 2.1 to 2.9; these values are comparable to
the ones presented by Dong et al. (2020) with conventional BRBs
for a ductility of 2.3 to 2.8. The ductility of the TBRBFs in this
research is double the ductility found for timber frames with
conventional timber braces using X-brace and K-brace configura-
tions (Xiong and Liu 2014). The tests carried out in this research
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Table 3. Strength and ductility properties of TBRBFs

Yield relative Maximum Maximum relative Displacement
Yield strength displacement® strength displacement® ductility

Test Direction [kN (kip)] [mm (in.)] [kN (kip)] [mm (in.)] (Y&K method)
I-BRB1 Positive 148.3 (33.3) 17.6 (0.7) 262.7 (59.1) 60.6 (2.4) 34
Negative 141.9 (31.9) 20.4 (0.8) 253.0 (56.9) 554 (2.2) 2.7
I-BRB2 Positive 149.8 (33.7) 20.8 (0.8) 249.4 (56.1) 64.4 (2.5) 3.1
Negative 147.9 (33.2) 22.3 (0.9) 200.1 (45.0) 554 (2.2) 2.5
O-BRB3 Positive 140.5 (31.6) 22.3 (0.9) 239.9 (53.9) 64.1 (2.5) 2.9
Negative 126.0 (28.3) 16.9 (0.7) 236.0 (53.1) 57.5 (2.3) 3.4
O-BRB4 Positive 138.0 (31.0) 23.4 (0.9) 251.5 (56.5) 63.8 (2.5) 2.7
Negative 127.7 (28.7) 16.2 (0.6) 256.1 (57.6) 57.7 (2.3) 3.5

“Relative displacement is the difference in displacement between the top and bottom beam centerlines.
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Fig. 7. Secant stiffness and cumulative hysteretic energy dissipation: (a) stiffness of TBRB frames; (b) stiffness of bare frames; (c) hysteretic energy

of TBRB frames; and (d) hysteretic energy of bare frames.

included in-plane and out-of-plane tests while previous tests were
performed only in-plane (Dong et al. 2020; Xiong and Liu 2014).

Stiffness Degradation

The secant stiffness degradation was calculated for the TBRBF sub-
assemblies [Fig. 7(a)] and the bare mass timber frames [Fig. 7(b)]
using Eq. (3):

_|F I+ IF

k= 3
SR K ®)
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where k; = stiffness of cycle i; F;/ and F; = peak forces in the
positive and negative direction for the cycle; and X; and X; =
drift ratios corresponding to the peak forces. The initial stiffness
decreased with each TBRBF test. The stiffness converges beyond
a story drift ratio of 1.0%. In all TBRBF tests the peak stiffness
occurred once the TBRB was able to fully engage. The bare frame
tests achieved the highest stiffness at the beginning of the first test
(I-BF1). There is little difference between the stiffness in the last
three bare frame tests since the timber had already been crushed by
dowels in the beam-column joint area; so when the loading protocol
was repeated, only the steel dowels were contributing significantly to
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the stiffness. The stiffness of the bare frame is relatively low because
the connections provide limited bending moment resistance. The
contribution of the TBRB to the stiffness of the subassembly is illus-
trated by showing the higher stiffness of the TBRBFs [Fig. 7(a)],
as compared to the bare frame [Fig. 7(b)]. For example, the first
bare frame test (I-BF1) started with a stiffness of 5.5 kKN/mm
(31.9 kip/in.) compared to the corresponding TBRB frame test
(I-BRB1), which started at 8.0 kN/mm (45.4 kip/in.).

Hysteretic Energy

The cumulative hysteretic energy for each TBRB frame and for the
bare frame is shown in Figs. 7(c and d), respectively. The out-of-
plane TBRBF test with high axial load (O-BRB4) dissipated the
highest hysteretic energy since it was subjected to the entire loading
protocol, while the remaining tests were terminated early due to
failure of the TBRB. Comparison of the hysteretic energy for
the TBRBF and the bare frame demonstrates the advantage of using
the TBRBF as the lateral force resisting system. For example,
at the end of cycle 14 for test O-BRB3, the system dissipated ap-
proximately 25 kN-m (221 kip-in.) compared to approximately
3 kN-m (27 kip-in.) for test O-BF3 after completion of the same
number of cycles. After 14 cycles of lateral displacement the TBRB
increased the energy dissipation of the system by 4.0 to 8.6 times
compared to the bare frame.

Beam-Column Joint Rotations

Joint rotation was determined using LVDT measurements at the top
and bottom of each beam-column joint and the relative distance
between them. In general, the joint rotation for the TBRBF tests
remained below 0.036 rad (2.1°) and was symmetric between the
east and west sides of the frame, as shown in Figs. 8(a—d); the joints
on both sides of the frame reached higher rotations during positive
drift ratios. The joint rotation for the bare frame tests remained be-
low 0.024 rad (1.4°) and was also symmetric between the east and
west sides of the frame. Crushing of timber and movement of the
west column base on the roller support contributed to the total
maximum drift. Despite the fact that the joints were contributing
to the drift, the steel dowels remained elastic and were not replaced
between tests.

Timber BRB Performance

The TBRB continued to resist forces after initial splitting of the
timber casing had initiated. Although the brace was not able to de-
velop the same strength in compression after the casing started to
split, it was able to continue dissipating hysteretic energy. When the
brace went into the tension phase of the cycle following the start of
MPP splitting, the gap was closed since the buckled steel core was
stretched out again in tension.

Coupon tests of the steel cores showed that the steel yield stress
was 262 MPa (38 ksi); therefore, the true yield force of the TBRB
was 169 kN (38 kips). The strain in the TBRB steel core measured
by LVDTs for I-BRBI1 [Fig. 8(e)] and O-BRB3 [Fig. 8(f)] indicates
that straining of the TBRB contributes to the drift achieved by the
entire system. The average ratio of achieved maximum strain di-
vided by the yield strain was 14.0 for test -l BRB1 and 15.5 for
O-BRB3; these are representative strains for well-performing
BRBs. These strain ratios exceed the design limit of 13.3 for con-
ventional BRBs in ASCE 41-17 (ASCE 2017). However, the
strains achieved by the TBRBs in these tests remained relatively
low which prevented the full effects of strain hardening to develop
in compression; this fact allowed the lateral forces in the positive
and negative direction to be of similar magnitude.
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Gusset plate strains for the third TBRBF test (O-BRB3), which
is representative of the results for all TBRBF tests, reached a
maximum of 0.30 times the yield strain in compression and
0.10 times the yield strain in tension at the east gusset plate
(top). The west gusset plate (bottom) achieved a maximum strain
of 0.04 times the yield in compression and 0.03 times the yield in
tension. The larger values of strain for the east gusset plate (top)
were expected because that gusset was in a more fixed condition
within the beam-column joint compared to the west gusset plate;
this is the case since the west column base, which is near the
beam-column-brace connection, was allowed to displace on the
rollers and this helped reduce the demand on that gusset plate
(bottom).

Postexperiment Observations

Frame and Connections

Throughout the tests there was no visible external damage to the
timber. Following completion of the tests, the joints were dissected
to observe any internal damage [Figs. 9(a and b)]. Essentially no
damage to the steel plates and surrounding timber was observed
and little-to-no bending of the steel dowels. This, along with the
relatively small rotations measured during the tests of 0.036 rad
(2.1°) [Figs. 8(a—d)] compared to their capacity of 0.11 rad (6.3°)
(Williamson et al. 2023), suggests that the frame remained mostly
linear elastic for all the tests.

TBRBs

The elongation of the steel core during the largest cycle of test
O-BRB3 is shown in Fig. 9(c); the first silver line indicates where
the end of the casing was before testing began. After each TBRBF
test was completed, the TBRB was deconstructed to observe the
failure mode of the steel core. Each TBRB experienced weak axis
buckling of the steel core [Fig. 9(d)]. Tests O-BRB3 and O-BRB4
developed waves with a maximum amplitude of 64 mm (2.5 in.)
and 51 mm (2.0 in.), respectively; this is larger than the maximum
amplitude of 41 mm (1.6 in.) and 33 mm (1.3 in.) developed in test
I-BRBI1 and I-BRB2, respectively. The weak axis buckling of the
steel core occurred because the MPP casing is relatively soft and
can be deformed by the steel. To mitigate this deformation, the
hardness of the casing could be reinforced with another material
such as stiffer MPP layers in the core region, steel side plates
between the core and the timber casing or screw reinforcing.
The largest amplitude wave occurred at the end of the yielding re-
gion and caused the MPP casing to crush and split between the plies
[Figs. 9(e-h)]. Splitting always started near the end of the casing,
where the largest amplitude wave of the steel core was located,
and propagated along the casing length as the compression dis-
placement increased. Failure at the end of the yielding zone could
be due to bending moment at the TBRB ends, which was not ac-
counted for in the design, from the eccentric brace installation, or
the natural tilt of the frame.

Practical Application Discussion

The experimental findings show promising results for the perfor-
mance of the TBRBF as a timber lateral force resisting system.
The frame performed effectively during all nine tests with no vis-
ible external damage to the beam-column joints and no permanent
bending to the steel dowels. Moreover, the repeated use of the
timber frame throughout the testing program demonstrated that
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Fig. 8. TBRBF joint rotations and TBRB strains: (a) rotation for I-BRB1; (b) - BRB2 rotation; (c) O-BRB3 rotation; (d) O-BRB4 rotation; (e) strain

in TBRB for I-BRB1; and (f) strain in TBRB for O-BRB3.

the TBRBs can be replaced following an earthquake without com-
promising the integrity of the timber frame. The strains achieved
in the TBRB show that it can meet the requirements for con-
ventional BRBs, although further testing of TBRBFs is desirable
using the standard AISC 341-16 (AISC 2016) loading protocol.
Furthermore, the results from full-scale TBRB component tests
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(Murphy et al. 2021) indicate that the TBRB is capable of satisfy-
ing the requirements set by AISC 341-16 (AISC 2016). Hence, it
is likely that a full-scale TBRBF would perform satisfactorily.
Full-scale building shake table tests of TBRBFs under simulated
earthquakes should also be carried out to confirm the findings of
this study.
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Fig. 9. Post-test condition of TBRBFs: (a) bottom east joint; (b) top east joint; (c) elongation of steel core for O-BRB3; (d) steel cores of TBRBs;
(e) casing for [-BRB1; (f) casing for -BRB2; (g) casing for O-BRB3; and (h) casing for O-BRB4.

Conclusions

This research has investigated the performance of mass timber
frames with or without a TBRB under quasi-static cyclic loads.
Both in-plane and out-of-plane tests of TBRB frames were carried
out. Based on the experiments of the bare timber frames and the
TBRBFs, the following conclusions can be drawn:

1.

© ASCE

The four TBRBFs were able to achieve similar forces and drift
capacities in both tension and compression. All of the hysteresis
curves were generally symmetric and the loops were stable,
indicating effective hysteretic energy dissipation, even in the
case of the system with out-of-plane displacement.

. All TBRBFs completed at least two full cycles of the 100% A,

step in the ASTM E2126 loading protocol for cyclic tests of
timber components, and one test completed all three cycles of
the 100% A,, step.

. The maximum strain in the TBRB steel cores for all TBRBF

tests ranged from 15.0 to 17.0 times the yield strain in tension
and 8.0 to 14.0 times the yield strain in compression; these
strains are within the expected range of well-performing BRBs.

. The steel gusset plates performed well for both in-plane and out-

of-plane TBRBF tests. The strain in the gusset plates reached a
maximum of 0.30 times the yield strain in compression and 0.10
times the yield strain in tension.

. The maximum displacement ductility determined using the

Y&K method for both the in-plane and out-of-plane TBRBF
tests ranged from 3.1 to 3.5. Using the EEEP method, the maxi-
mum displacement ductility ranged from 2.1 to 2.9, which is

comparable to mass timber frame tests using conventional
BRBs. The displacement ductility of the TBRBF tests is double
the ductility of conventional timber braced frames.

6. The rotations at the beam-column connections of the TBRBFs
remained below 0.036 rad (2.1°) and were symmetric between
the east and west sides of the frame for both in-plane and out-of-
plane tests. No damage to the connection steel plates and sur-
rounding timber was observed and negligible bending of the
steel dowels; this fact, and the relatively small rotations measured
compared to their capacity, suggests that the frame remained
linear elastic throughout the tests.

7. The bare mass timber frame tests were terminated at a drift ratio
of 2.0% to ensure that the timber frame remained linear elastic,
which was confirmed in the experiments.

8. The stiffness of the bare mass timber frame was significantly
less than that of the TBRBF since the beam-column joints pro-
vided limited bending moment resistance.

9. The TBRB increased the cumulative hysteretic energy dissipa-
tion by 4.0 to 8.6 times compared to the bare timber frame after
14 cycles. At 2.0% drift ratio, the TBRB increased the lateral
load capacity of the bare timber frame by a factor of 3.0 to 3.8.
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