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CYCLIC TESTING AND NUMERICAL MODELING OF A THREE-STORY
MASS-TIMBER BUILDING WITH A PIVOTING MASS PLY PANEL
SPINE AND BUCKLING-RESTRAINED ENERGY DISSIPATORS

Gustavo A. Araujo R.!, Barbara G. Simpson?, Tu X. Ho?, Gustavo F. Orozco O.4,
Andre R. Barbosas, and Arijit Sinha¢

ABSTRACT: Mass timber panels are emerging as an innovative alternative for the design of elastic spines due to their
high stiffness- and strength-to-weight ratio, among other factors. Recent research has shown that mass timber panels used
in conjunction with steel energy dissipators are promising solutions for enhanced seismic performance. However, the
available experimental data at the building scale is still minimal, which limits the understanding, adoption, and
development of effective seismic design guidelines for these systems. This research addresses this gap through full-scale
quasi-static cyclic testing of a three-story mass timber building. Lateral loads are transferred through Mass Ply Panel
(MPP) diaphragms to an MPP spine with vertically-oriented unbonded steel buckling-restrained braces (BRBs) as energy
dissipating boundary elements in the first story. The only elements designed to dissipate energy in the inelastic range are
the BRBs. The building specimen achieved low-structural damage and enhanced-performance goals, being able to reach
a 4% roof drift ratio with little loss of strength and stiffness. The proposed pivoting detail was effective in mitigating
compressive damage at the wall toe. To support the experimental campaign and future design procedures, a high-fidelity
numerical model of the building was developed using OpenSees.
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systems frequently fall outside prescriptive clauses [29]—
[32]. However, such methods rely on numerical models

1 INTRODUCTION

The emergence of mass timber as a novel construction grounded on extensive experimental data and can be
material poses new opportunities for the development of computationally expensive, thereby limiting the design of
innovative seismic force-resisting systems that are mass timber spines in practice. Consequently,
designed for enhanced-performance goals beyond the experimental testing and numerical validation are
scope of prescriptive codes [1]. For example, mass timber necessary to support the development of more practical
walls can be designed as structural spines. A spine is a design methods that better reflect the existing seismic
stiff and strong vertical element or portion of the structure design philosophy in the U.S. to facilitate the use of mass
that is designed to remain essentially elastic in every timber systems, including those with spines.

vibrational mode, thereby imposing a more uniform drift This research contributes to existing experimental data
distribution with building height [2], [3], mitigating story through full-scale quasi-static cyclic testing of a three-
mechanisms [4], [5], and enabling the designer to bypass story mass timber building featuring a seismic force-
potential geometric or mass irregularities [6]. If detailed resisting system employing a Mass Ply Panel (MPP)
properly and combined with supplemental energy pivoting spine with vertically-oriented unbonded steel
dissipators, mass timber spines are capable of deforming buckling-restrained braces (BRBs). The specimen was
well into the inelastic range during strong ground shaking tested in October 2022 at the A.A. Red Emmerson
with stable energy dissipation and, in some cases, low- Advanced Wood Products Laboratory at Oregon State
damage seismic performance [7]-[19]. University as part of ongoing research on low-damage
Despite efforts to standardize mass timber wall design in mass timber seismic force-resisting systems. A numerical
the United States [20]-[23], alternative means and model was developed to support the experimental
methods, e.g. performance-based design methods [24]— campaign and aid in the development and validation of
[28], are often needed to design systems employing mass future design procedures.

timber spines, since mass timber seismic force-resisting
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2 EXPERIMENTAL PROGRAM
2.1 TEST SPECIMEN

The test specimen consisted of a two-bay by two-bay
three-story building segment selected from a case-study
building archetype; see Figure 1 through Figure 3. The
building segment had a square floor plan with an area of
approximately 12.2 m x 12.2 m = 149 m? (1,600 ft?). The
first story was slightly taller than the others, with a height
of 3.15 m (10.3 ft); the remaining stories had a typical
story height of 2.75 m (9 ft).

The gravity system featured four frames made of simply-
supported laminated-veneer lumber (LVL) beams and
LVL columns. Beams and columns were connected using
customized Simpson Strong-Tie column caps with
vertically-slotted holes at the column ends to allow for
rocking at the beam-to-column interface with minimal
moment restraint, effectively accommodating large story
drift demands [16]. The gravity connections were braced
against lateral-torsional buckling using a L-shaped cross-
section steel members. Diaphragm panels were also MPP
supported by the LVL beams.

The building specimen was subjected to two separate
phases of experimental testing. Phase 1, which is the
object of this paper, featured an MPP wall designed as a
pivoting spine, supplemented by two-vertically oriented
BRBs attached to the wall boundaries in the first-story;
see Figure 2(a). The spine is located between two collar
beams. In comparison to a rocking wall, the proposed
pivoting wall does not impact the foundation during
shaking, which alleviates potential crushing at the toe at
the base of the wall [33], [34], which might render repairs
impractical. Other methods of mitigating crushing at the
wall toe have also been proposed [8]. Uplift at the base is
restrained by two steel threaded rods connected to a steel
plate screwed to the MPP wall at both sides and the
external energy dissipators. The base shear is transferred
from the spine to the foundation through cross-ply bearing
of the MPP on two stiff shear key plates located at the
edges of the wall panel. The proposed seismic force-
resisting system takes inspiration from previous research
on pin-supported reinforced concrete walls [35]-[41] and
steel braced frames [42]-[45].

The BRBs are bolted at both ends to gusset plates. The top
gusset plate is ultimately connected to the MPP wall
through steel side plates and 45-deg inclined, fully
threaded screws; see Figure 2(b). The design detail takes
advantage of the high strength and stiffness of inclined
screws in tension [46], [47], while compressive forces are
transferred through bearing of the MPP on top of the
timber-to-BRB connection.

To ensure torsional stability of the building specimen
during unidirectional cyclic testing, a series of platform-
construction MPP walls, termed herein out-of-plane
walls, were installed around the perimeter of the building
in the perpendicular-to-loading direction. The out-of-
plane walls were connected to the MPP floors using
standard angle brackets [22] designed to resist 10% of the
expected in-plane capacity of the spine.
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General dimensions and material properties of the
different elements in the specimen are shown in Table 1.

Table 1. General dimensions and material properties.

Element Material Dimensions
Floor panels Freres F16-7 181 mm thick
MPP
Columns Boise Cascade 178 mm x 178 mm
Douglas-fir LVL  cross section
Beams Boise Cascade 133 mm x 559 mm
Douglas-fir LVL  cross section
Spines Freres F16-8 207 mm thick
MPP
BRBs CoreBrace A=1,290 mm?
bolted brace Leore =2.03 m
Lyrace =3.05m
Foundation ASTM A992 W12x136 [inxplf]

beams (spine

. 178 mm x 356 mm
and gravity

cross section

Boise Cascade
Douglas-fir LVL

system)

Beam-to- Simpson Strong-  Customized to
column tie column cap project
connections

Testing direction ey °

o Pivoting MPP spine with e Platform-construction MPP walls
BRBs (Phase 1) for torsional stability

@ Rocking MPP spine with @) Scaffolding
UFPs (Phase 2)

e MPP diaphragm @ Guardrail
o LVL beam e Test-setup steel column
e LVL column @ Reaction concrete wall

Figure 1: Three-story building specimen.
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Figure 2: Pivoting MPP spine specimen: (a) first-story
components and (b) BRB-MPP screwed connection.

2.2 SEISMIC DESIGN

The building was assumed to be representative of an
office building archetype located in Seattle, WA, USA
(47.58227 N, 122.33111 W). The building specimen was
designed following traditional prescriptive seismic design
principles from ASCE 7-16 [48], with additional stiffness
and strength considerations to include enhanced-
performance goals under multiple hazard levels, including
seismic demands associated with the Risk-Targeted
Maximum Considered Earthquake (MCER), in addition to
the Design Earthquake (DE). The design method was
broken into three major components: (i) design of the
BRBs, (ii) design of the spine, and (iii) design of the
diaphragm and connection details.

The BRBs were designed to resist the entirety of the
overturning moment resulting from the design lateral
forces, which were obtained using R = 8, consistent with
the design of buckling-restrained braced-frames. This
value of R will be validated in the future. The yield length
of the BRB was selected to keep strain demands in the
core at the MCER level below 2.5% to mitigate fracture
due to low-cycle fatigue and 10¢, (where ¢, is the yield
strain) to target Life Safety per ASCE 41-17 [49].

The spine was proportioned to limit inelastic story drift
ratios to 2.0% at the DE level following a displacement-
based design approach [49], [50]. In this approach, an
equivalent single-degree-of-freedom system is used to
estimate the maximum-allowed structural period of the
system based on the demands from the DE spectrum. In
addition, the MPP spine was designed to remain elastic up
to 4.0% roof drift ratio under a first-mode loading pattern
to target enhanced performance beyond the MCEk.
Design forces were derived from the expected inelastic
forces delivered by the BRBs to the spine at a 4.0% roof
drift ratio and the near-elastic demands expected in the
higher modes. The seismic design of the spine and the
BRBs are covered in detail in ref. [51].

Diaphragms and their components, including splines,
coiled straps, collectors, and the shear transfer
mechanism, were preliminary designed using the
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alternative design method from ASCE 7-16 §12.10.3,
with timber and fastener strength per NDS 2018 [52] and
manufacturer recommendations, respectively. The design
was then adjusted for the estimated capacity of the spine
at a 4% roof drift ratio. More details on the design and
expected performance of the diaphragms can be found in
refs. [53], [54].

2.3 TEST SETUP AND INSTRUMENTATION

Lateral cyclic loads were applied to the structure at each
floor level using three actuators, one per level, connected
through stiff reaction steel beams to an L-shaped, 7.70-m
(25.25-ft) tall reaction wall; see Figure 3. The
concentrated load from the actuators was distributed
across the MPP diaphragm panels using an assembly of
load-transfer steel beams at the south side of the building
and LVL beams spanning along the north-south direction.
The LVL beams are connected to the MPP diaphragm
using screwed steel angle plates and brackets.

The instrumentation layout was designed to measure the
global load-displacement behaviour of the system and the
local deformations in the spine, BRBs, diaphragm panels
and connections. Applied loads at each level were
recorded using the corresponding actuator load cells.
Lateral displacements of the system in the direction of
loading were determined using string potentiometers
connected to fixed points in the perimeter of the
laboratory. LVDTs were used to measure the tilting
behaviour of the MPP spine at the base and the axial
deformation of the BRBs. Strain gauges were installed in
the elastic regions of each BRB and in the pivot-support
rods to estimate axial forces in these elements.
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Figure 3: Test setup. Units: mm.
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2.4 LOADING PROTOCOL

The specimen was subjected to two types of loading
protocols:

(1) First mode: a quasi-static cyclic loading procedure
derived from CUREE [55] to assess the behaviour of
the spine subjected to a first-mode loading
distribution up to 4% roof drift ratio, which was the
displacement demand targeted in the design for
enhanced performance; see Figure 4 and Figure 5(a).



(i) “Higher mode”: a quasi-static half-cycle procedure
following a “higher-mode”-like loading distribution
up to a base shear of 178 kN (40 kip) to verify the
spine remained elastic in the higher modes; see
Figure 5(b). The load distribution was selected to
satisfy modal orthogonality assuming uniform mass

distribution.
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Figure 4: First-mode displacement protocol with primary-
cycle amplitudes labelled.
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Figure 5: Testing load distributions: (a) first mode and (b)
“higher mode”.

3 EXPERIMENTAL RESULTS
3.1 GLOBAL FIRST-MODE BEHAVIOUR

Figure 6 shows the global base shear-roof displacement
hysteretic behaviour of the building specimen when
subjected to a first-mode loading distribution; Figure 7
breaks down the experimental results by primary and
trailing cycles of different peak cyclic amplitudes. The
specimen performed as intended, maintaining a nearly
uniform distribution of lateral drifts across all stories for
the entire loading protocol; see Figure 8. The building
exhibited a full and stable global hysteretic behaviour,
including a complete cycle at the target enhanced-
performance drift of 8 = 4.0% and two subsequent cycles
at 8 = 3.0%, without observed loss of lateral strength. In
general, the behavior of the system was comparable to the
observed in previous tests on steel and concrete pivoting
spines supplemented by BRBs [33], [44].
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Observed residual drifts significantly increased after
yielding of the BRBs due to the absence of a self-
centering mechanism in the structure and accumulated
residual deformations in the BRBs. After the cycles to
6 = 2.0% (the target drift at the DE level), the observed
residual roof drift ratio was 1.38%. Similarly, the residual
drifts after the cycles to 8 = 3.0% and 4.0% were 2.3%
and 3.3%, respectively. Such level of residual drift may
result in increased repair costs and downtime after an
earthquake event. A plausible solution for this issue
would be the use of self-centering BRBs [56]-[58], post-

tensioning or other similar devices.
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Figure 6: Global hysteretic behaviour of the specimen
subjected a first-mode loading distribution.
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Figure 8: Story drift profiles at different roof drift levels 6.

3.2 BRB BEHAVIOUR

Damage investigation after the primary cycles and post-
processed instrumentation data were used to assess the
behaviour of each of the components of the test specimen,
including the BRBs, the MPP spine and connections, MPP
diaphragms and the gravity system.

Inelastic behaviour was observed in the BRBs at low drift
levels (6 > 0.40%). After yielding, the BRBs started to
exhibit significant residual elongation or shortening of the
yielding core when unloaded in tension or compression,
respectively. Figure 9(a) shows photographical evidence
of the state of the BRBs before testing and after
completion of the loading procedure. The BRBs were able
to sustain the axial deformation demands imposed by the
tilting mode of the spine without fracture or the core or
instabilities at the connection regions. Due to inelastic
deformations in the BRBs, the BRB-MPP spine system
remained tilted towards the south direction at the end of
the test, resulting in a residual roof drift ratio of 3.2% after
the last cycle; see Figure 9(b).

Both BRBs exhibited similar axial deformations in
tension and compression, as shown in Figure 10(a), due to
the rod preventing uplift at the pivot support. By vertical
equilibrium, without the addition of the rod detail, the
wall would have uplifted at the middle and the
deformation demands in the BRBs would have been
greater in tension than in compression. Deformation
demands in the BRBs at the cycles up to 8 = 4% were in
the order of 40 mm (1.57 in), resulting in strains of nearly
2% in the yielding core.

Figure 10(b) presents the estimated hysteretic axial force-
deformation behaviour of the BRBs. Axial forces were
estimated using the average of the data recorded by four
strain gauges installed near the ends of the BRBs, while
axial deformations were measured using LVDTs oriented
lengthwise on either side of the BRB (assuming
deformations occurred primarily in the yielding region of
the core). The strain gauges installed in the transition
region were expected to remain elastic. In the test,
however, flaking at the BRB end connections was
observed during damage inspections after the 3.0%
cycles, and this strain gage data is suspect. For this reason,
the estimated hysteretic behaviour shown in Figure 10(b)
is separated into cycles before and after 2.0%. The
recorded data suggest that the BRBs exhibited kinematic
and isotropic strain hardening after yielding, which is
consistent with previous observations on systems

https://doi.org/10.52202/069179-0286

2160

employing BRBs [44], [47], [59]-[65]. However, the
effects of isotropic hardening were not evident in the
observed global behaviour of the system. It is suspected
that other sources of softening in the system could have
overshadowed the effect of isotropic hardening in the
system.

Before testing Final state

Permanent
elongation

()
Figure 9: Damage investigation in the BRBs: (a) permanent
elongation of the yielding core at the bottom, near the
foundation, and (b) permanent tilting mode after the test due to
inelastic deformations in the BRBs.
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3.3 MPP SPINE AND CONNECTIONS

The MPP spine remained essentially elastic throughout
the entire testing protocol. The midpoint pivot support
behaved as intended, limiting uplift due to the unbalance
force between the two BRBs acting in tension and
compression (i.e., by vertical equilibrium). Small
southward sliding of the MPP spine with respect to the



foundation was observed from low-amplitude cycles; see
Figure 11(a).

Minimal, cosmetic damage was observed in the spine at
the location of the base shear keys, as shown in Figure
11(b). The observed damage was attributed to a
combination of bearing stresses in the cross-ply direction
of the MPP and friction between the steel and the outer
MPP plies in the vertical direction.

No visible damage was observed in the MPP spine above
the first floor. The BRB-to-MPP connections did not
show any signs of slip of the steel plates or
splitting/crushing in the MPP boundaries at the screwed
connections.

WIET JUIR I )
3-mm uplift and

cosmetic
damage

Figure 11: Damage observation in the MPP spine after the
test: (a) midpoint pivot support, and (b) north base-shear key.

3.4 DIAPHRAGMS AND GRAVITY SYSTEM

The MPP diaphragms remained essentially elastic
throughout the entire test. No visible signs of slip in the
plywood splines or openings between the diaphragm
panels was observed. Similarly, the beam-to-column
connections in the gravity system were able to
accommodate story drift demands up to 6 = 4.0%
through rocking, without inducing visible damage to the
LVL columns.

3.5 GLOBAL HIGHER-MODE BEHAVIOUR

Figure 12 summarizes the global behaviour of the
building when subjected to the “higher-mode”-like
loading distribution. The testing procedure started after
the full first-mode loading protocol was applied, with the
building tilting southwards with a residual drift of 8 =
—2.25%. The specimen behaved near-elastic, as is
intended for the spine design, under the higher-mode
loads. The load-displacement relation reached the
maximum targeted base shear in a near-linear way, with
high stiffness and little increase in lateral displacements;
see Figure 12(a-b). Under this force distribution, the
behaviour of the spine resembled that of a simply-
supported deep beam under a four-point loading
distribution, as shown by the incremental displacement
profile in Figure 12(b). No visible damage in the
connections or MPP spine was observed at the end of the
test. Deformation and force demands in the BRBs did not
vary significantly throughout the “higher-mode”-like
testing procedure.
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Figure 12: “Higher-mode” behaviour of the building: (a) Base
shear vs. roof drift ratio; (b) Incremental displacements
relative to the first-mode residual deformed shape at peak base
shear and at the end of the test.

4 NUMERICAL VALIDATION
4.1 MODELING SCHEME

The cyclic behaviour of the test specimen was estimated
using a two-dimensional nonlinear numerical model in
OpenSees [66], as shown in Figure 13. The numerical
model included the LVL beams and columns, pivoting
MPP spine, BRBs, and foundation beam for the spine. The
BRB-to-spine, diaphragm-to-spine, and foundation
connections were also modelled. Material properties were
based on existing test data at the component level [44],
[62], [67]-[69]. More details on the numerical model can
be found in ref. [51], [70].

e o oof
< spine (force-based ¢
> beam element, 5 IPs)
&S Floor 3
screwed ]
connection | Shear key diaphragms
(spring) (spring) (stiff truss)
| 8
Y Floor 2
BRB
(truss) beams, columns, and
.«— out-of-plane walls
(Timoshenko beam)
= Eloor 1

L »
bbbt ——_fOUNdation anchoring T
pivoting support (spring bed) rocking joints
(longitudinal spring +

(zero-length
zero-length section) section)
Figure 13: Two-dimensional numerical model of the building
specimen.

4.2 SIMULATED BEHAVIOUR.

Figure 13 compares the experimentally-measured cyclic
behaviour of the building specimen and the BRBs under a
first-mode loading distribution against the numerical
estimates. At the system level, the simulation results agree
well with the observed behaviour of the specimen; see
Figure 13(a). At the BRB level, the simulation
approximates the experimentally-measured behaviour for
cycles up to 8 = 2.0%. For larger values of 8, the
simulation significantly diverges from the BRB
experimental data, particularly on the tension side. It
should be noted that this discrepancy is likely due to the
strain gage data used to estimate the axial force in the
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BRBs becoming corrupted after 6 = 2.0%. In general
terms, the proposed numerical model estimates well the
behaviour of the specimen and is suitable for extensive
numerical analyses typical in performance and collapse
assessment.
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Figure 14: Experimentally-measured vs simulated behaviour:
(a) system level and (b) BRBs.

5 CONCLUSIONS

This study introduced a seismic force-resisting system
employing a mass timber pivoting spine supplemented by
BRBs as energy dissipators. The behaviour of the system
was studied through experimental quasi-static cyclic
testing of a three-story full-scale building specimen and
numerical modelling. The study illustrates that mass
timber walls can be effectively designed as structural
spines with the addition of BRBs as energy dissipators.
The specimen achieved low-structural damage and
enhanced-performance goals. The proposed pivoting
detail was effective in mitigating compressive damage at
the wall toe. The behaviour of the system was
significantly influenced by the inelastic and strain-
hardening behaviour of the BRBs, resulting in high
residual drifts due to the absence of self-centering
mechanisms.

These findings can be useful for improving the design and
evaluation of mass timber structures in future studies.
Future work should explore the addition of self-centering
devices that help to reduce residual drifts and assess the
seismic performance of the system through nonlinear
dynamic analysis.
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