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Abstract: As part of a collaborative research effort (The NHERI TallWood Project), an extensive shake table test program was undertaken on
a full-scale 10-story mass timber building with a resilient posttensioned mass timber rocking wall lateral system. Over a three-year period,
academic and industry partners collaborated on the design, construction, and testing of a 34 m (113 ft) tall, 10-story mass timber building at
the world’s largest outdoor shake table facility (NHERI@UC San Diego). The test building incorporated a resilient mass timber rocking wall
lateral system, gravity connection details designed to remain damage-free under design level earthquakes as well as innovative nonstructural
systems detailed to tolerate moderate building drifts without significant damage. A total of 88 earthquake tests at different intensity levels
were conducted, including several at the risk targeted maximum considered earthquake intensity for the building’s design location. Exper-
imental results indicate that a tall wood building with the systems and details employed in this study can withstand design basis and maximum
considered earthquake level events repeatedly with no notable residual drift, no structural member or connection damage, while only experi-
encing moderate nonstructural damage that would be repairable, meeting the intended resilience goals. This paper provides a summary of the
design, construction, testing, and primary results from this experimental program. DOI: 10.1061/JSENDH.STENG-13752. This work is
made available under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

Over the past decade, notable progress has been made toward
high-performance mass timber buildings through innovations in
materials, components, and building systems. The recently updated
International Building Code (ICC 2021) introduced new mass tim-
ber construction types that allow construction of wood buildings up
to 18 stories in the United States. The ability to use a renewable and
sustainable material combined with the aesthetics of exposed wood

and speed of construction has resulted in strong interest in tall wood
buildings. A notable portion of this potential tall wood building
market is in regions with moderate-to-high seismicity such as the
Pacific Northwest of the United States.

Currently, most existing tall mass timber buildings utilize a
concrete core or steel braced frame as their lateral force-resisting
system (LFRS) [e.g., ascent building (Gokhman 2021), Carbon12
building (Kordziel et al. 2019)]. There are two main reasons for
such an approach. First, the code-accepted options in mass
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timber-based lateral systems are still limited. In the United States, a
panelized mass timber shear wall system (Amini et al. 2018; van de
Lindt et al. 2020) was adopted in ASCE 7-22 (ASCE 2022) but was
limited to maximum building height of 20 m (65 ft). Second, the
current construction industry has familiarity with traditional steel
and concrete lateral systems for tall buildings. Thus, a hybrid
solution has so far been considered more economical despite
the complication of mixed trades during construction. However,
there are significant benefits in developing cost-effective and
high-performance mass timber lateral systems for tall wood build-
ings, including the streamlining of the construction process
(i.e., faster project delivery), the use of a sustainable material,
and the added resilience against large earthquake events.

The idea of combining a mass timber lateral system with post-
tensioning was first explored in New Zealand (Palermo et al. 2005).
The concept was used in moment frame configurations (Smith et al.
2014; Wanninger and Frangi 2016; Igbal et al. 2016) as well as in a
rocking shear wall configuration (Sarti et al. 2015; Igbal et al.
2015). The posttensioned mass timber rocking wall was conceptu-
alized based on previous concrete and steel rocking system research
literature (e.g., Priestley 1991; Kurama et al. 1999; Deierlein et al.
2011; Wiebe and Christopoulos 2015) and offered a low-damage
and potentially easy-to-construct mass timber lateral system option.
There have been systematic studies on this lateral system by re-
searchers in New Zealand (Palermo et al. 2005; Igbal et al. 2015;
Igbal et al. 2018) and later in the United States (Ganey et al. 2017;
Pei et al. 2019). Specifically, reverse-cyclic loading tests were con-
ducted on CLT rocking walls (Ganey et al. 2017; Akbas et al. 2017)
and established deformation limits for various wood damage states
at the compression toe of the rocking panels. In New Zealand,
Brown et al. (2021) tested a scaled four-story C-shaped CLT core
wall system that was posttensioned and subjected to bidirectional
loading. The tests examined screw details for the in-plane and
orthogonal joints of the core wall and found that the system per-
formed well up to 2.3% drift (the stroke limit of the test setup)
with only minor damage. Amer et al. (2024) conducted biaxial
tests on a scaled building system assembly to study the impact
of biaxial displacement demands on rocking wall and gravity sys-
tem performance. The results were used to develop fragility rela-
tionships between rocking wall damage and drift considering the
impact of biaxial loading. In most of these experimental studies,
this system achieved damage-free performance under design level
demands and performed very well at drifts beyond design level.
Notably, a handful of buildings have been designed and built us-
ing posttensioned mass timber lateral systems in New Zealand,
Europe, United States, and Japan (Palermo et al. 2012; Granello
et al. 2020). However, none of these exceeded five stories. In
Portland, Oregon, engineers designed a 12-story office building
with a mass timber rocking wall lateral system that went through
the full permitting process (Zimmerman and McDonnell 2018)
but was not physically built due to finance restraints.

Since the introduction of cross-laminated timber (CLT) and
mass timber construction, a handful of large-scale seismic tests
have been conducted on mass timber buildings where mass timber
walls were used with conventional hold-down systems. Ceccotti
et al. (2013) conducted tests of a seven-story CLT building at
Japan’s E-Defense shake table to investigate the performance of a
panelized mass timber shear wall system. The test result indicated
that damage was concentrated at the CLT wall hold-down connec-
tions at the foundation due to the large overturning demand gener-
ated from a multistory building, with the remainder of the building
performing well other than high upper-floor accelerations. Sato et al.
(2019) tested a series of three- to five-story CLT buildings in Japan,
observing similar damage for large earthquakes at wall hold-down
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locations. In Canada, Popovski and Gavric (2016) conducted a cyclic
pushover test of a two-story building featuring panelized CLT shear
walls. Van de Lindt et al. (2019) tested a CLT shear wall system in a
two-story building on the Natural Hazards Engineering Research In-
frastructure UC San Diego (NHERI@UCSD) shake table (Van Den
Einde et al. 2021), which helped contribute to a FEMA P-695 study
(van de Lindt et al. 2020) that introduced CLT shear walls into
U.S. building standards (ASCE 7-22). The aforementioned stud-
ies have focused on panelized shear wall systems used in platform
framing configurations, which are suitable for mass timber build-
ings with compartmentalized floor plans. While more robust than
the traditional light-framed wood shear wall system, platform-
framed mass timber shear walls typically experience damage
and failure at wall-to-diaphragm and interpanel connections under
strong earthquakes in order to achieve ductility and energy dissi-
pation. The need to repair or replace these connections after strong
earthquakes limits the resilience of such buildings. In 2017, Pei
et al. (2019) conducted shake table tests on a two-story full-scale
specimen with a posttensioned CLT rocking wall system, with
supporting numerical modeling by Wichman et al. (2022) and
demonstrated its structural resilience under uniaxial earthquake
excitation. Another rocking wall system with sacrificial compres-
sion blocks was also tested on the same two-story building con-
figuration by Blomgren et al. (2019) and performed quite well.
These early tests provided confidence to scale up the application
of mass timber rocking walls in taller buildings.

Building on these previous efforts, the test program presented
here is part of a National Science Foundation (NSF) sponsored re-
search project aimed at developing and validating a resilience-
based seismic design methodology for tall wood buildings. Coined
the NHERI TallWood Project, central to this effort was the design,
construction, and testing of a full-scale 10-story mass timber build-
ing with a posttensioned mass timber rocking wall lateral system,
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Fig. 1. Full-scale 10-story NHERI TallWood test structure with rock-
ing wall lateral system. (Image by authors.)
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a low-damage gravity framing system, and drift compatible non-
structural systems. The test building represents an archetype that
is suitable for mixed-use, tall, mass timber buildings in high seis-
mic regions. The 10-story test building was partially finished with
interior partition walls and exterior facades, and egress and in-
gress were facilitated with a full-scale prefabricated stair system.
These nonstructural assemblies were specifically detailed to limit
earthquake-induced damage. The large outdoor shake table at
NHERI@UC San Diego is the only facility in the world where
a full-scale 10-story building specimen can be tested because it
imposes no height limit for the specimen. To date, this test struc-
ture represents the tallest full-scale building structure ever tested
on a shake table (see Fig. 1). The design, construction, testing, and
major findings from the NHERI TallWood shake table test pro-
gram are presented in the following sections. For clarity, informa-
tion on the structural system design and response is presented
first, followed by a high-level summary of nonstructural and stair
system configurations and performances.

Test Building Design

Gravity System Design

The building footprint was constrained to a size that could be sup-
ported by the shake table platen, which is 7.6 x 12.2 m (25 x 40 ft).
While there is no height limit, the height of the building was

constrained to be within a reasonable proportion to the floor plan
dimensions. Based on these physical constraints, the test building
floor plan and elevation were sized as shown in Fig. 2 (the X-Y axis
of the shake table facility is also shown). A single floor area was
84 m? (900 ft?) and was uniform over the building’s height. The
total building height was 34.4 m (113 ft). The column grid con-
sisted of 14 gravity columns arranged within the space limitations
of the shake table surface. Cantilevered precast concrete foundation
blocks were used to expand the surface of the shake table so that the
building’s first floor plan included cantilevered patio portions to-
ward the north and south directions beyond gridlines A and D,
which supported four different types of exterior nonstructural
fagades.

During the design process, the gravity frame members (LVL
beams and columns) were sized first using a typical loading sce-
nario for office space [i.e., 3.3 kN/m? (70 psf)] for dead and
3.1 kN/m? (65 psf) for live loads. The columns and beams were
sized for a 2 h fire rating based on fire design requirements from the
National Design Specification for Wood Construction (NDS, AWC
2018), which added about 50 mm (2 in.) of thickness for mass tim-
ber members on all exposed sides. Fire design was specifically
implemented for the test building to represent realistic column
and beam sizes for connection detailing, as many wood beams and
columns will be exposed in such buildings. A uniform cross section
was used for beams and columns to simplify fabrication and col-
umn splice design (member sizes could vary in a real building
project for cost savings). Similarly, structural strength or stiffness
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Fig. 2. Test specimen schematic: (a) plan view of typical floor; and (b) elevation view.
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Fig. 3. Mass timber structural elements (graphic courtesy of LEVER
Architecture; see Table 1 for material acronyms).

was not the controlling criteria for the selection of the floor panel
thickness in this study. As shown in Fig. 3, multiple types of mass
timber products were used for the floor diaphragms to test the fea-
sibility of different products. Five-ply CLT panels were selected for
Floors 2 and 3 to provide adequate fire resistance of a diaphragm
with an exposed ceiling. On the remaining floors, other mass timber
floor systems were selected to have similar thicknesses as the CLT
floors for similar fire resistance and detailing. The bounding col-
umns, located on each side of the rocking walls, had larger cross-
sections than typical columns to resist axial forces generated from
the steel yielding energy dissipation devices [U-shaped flexure
plates or UFPs were used in this test for its cost-effectiveness
and reliability, but other type of energy dissipation devices could
also be used (Skinner et al. 1974)]. The gravity and lateral system
materials and dimensions are summarized in Table 1 and illustrated
in Fig. 3, including the four mass timber rocking walls shown in
exploded view for clarity.

To achieve damage-free performance under repetitive earth-
quake tests, connections for the gravity system in the test building
were specially designed by an industry partner to allow free rotation
up to 5% interstory drift while providing adequate axial stiffness
and strength for column bracing (Pryor et al. 2024). Examples of
these connection details can be found in Fig. 4(d), with detailed
structural drawings available in Busch (2023). The column base was
detailed as a true pin to allow biaxial rotation [see Fig. 4(a)]. While

Table 1. Dimensions and properties of mass timber structural components

Fig. 4. Gravity frame connection details: (a) column base connection;
(b) column splice connection; (c) beam and column joint; and
(d) special beam hanger. (Images by authors.)

such a column base would not be required even in a resilient mass
timber building, it was necessary for this study to ensure the columns
were not damaged for many phases of testing by multiple research
teams. The column splices were located at the floor levels and were
designed for axial loads from gravity. Bounding column splices were
also designed for a net tension force demand generated from a sub-
sequent project to NHERI Tallwood, which reused the 10-story
specimen. The beam-to-column connection used a beam hanger with
slotted holes that transferred shear but permitted rotation about a top
bolt to minimize moment transfer. The beam hanger was embedded
within the wood for fire protection of the steel components.

Lateral System Design

The design of the building’s lateral force-resisting system was
intended to limit structural and nonstructural component damage
by controlling the drift of the building. An in-depth description of
the design of the lateral force resisting system can be found in
Wichman (2023) from preliminary design to performance verifica-
tion using nonlinear response history analysis as well as the

Building component Material

Grade/Species Cross-Section dimensions

Cross laminated timber
Mass plywood panel
Laminated veneer lumber
Laminated veneer lumber
Cross laminated timber
Glulaminated timber
Nail/dowel laminated timber
Veneer laminated timber

North/south rocking walls
East/west rocking walls

Beams and columns

Bounding columns®

Diaphragm Level 2-3
Diaphragm Level 4-5
Diaphragm Level 6-7
Diaphragm Level 8-10 and roof

2400-2.0E/Southern Pine
F16-9/Douglas Fir
Custom/Douglas Fir
Custom/Douglas Fir

Custom/European Spruce

Custom/European Spruce
Custom/Douglas Fir
Custom/Douglas Fir

314 mm (12.37 in.)
233 mm (9.19 in.)

302 x 311 mm (11.87 x 12.25 in.)
302 x 445 mm (11.87 x 17.50 in.)
180 mm (7.09 in.)

156 mm (6.12 in.)

152 mm (5.98 in.)

162 mm (6.38 in.)

“Bounding columns are the eight columns located on each side of the rocking wall panels.
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Fig. 5. Response spectrum at the different hazard levels considered for design and implemented in testing. (Data from Wichman 2023.)

Table 2. Resilience design objectives of the test building

Hazard return period (yr) 225 & below 975 MCEx
Lateral system No damage® No damage No damage Repairable damage
Gravity system No damage No damage No damage No damaged
Nonstructural system No damage Minor damage® Repairable damage® Repairable damage

“Maximum interstory drift <0.50%.
"Maximum interstory drift <1.00%.
“Maximum interstory drift <2.25%.

dGravity system for this building was designed to remain damage-free under MCEy level demands strictly to support the desired test program, which involves

repetitive MCEy level shakes.

calculation of demand-to-capacity ratios for all limit states of the
walls and connections. A brief summary is provided in the following.

The building was designed for a location in Seattle, Washington,
on Site Class C soil. The ATC hazards by location tool (ATC 2021)
was used to generate short period (S;,g) and 1 s (Sy,) risk targeted
maximum considered earthquake (MCEy) spectral acceleration val-
ues of 1.65 and 0.72 g, respectively. Uniform hazard spectra (UHS)
were also generated for several different hazard levels (i.e., return
periods [RP]), as shown in Fig. 5. The seismic hazard in Seattle is
unique in that there are significant contributions from crustal faults
and the Cascadia Subduction Zone (producing interplate and intra-
plate earthquakes). The UHS were developed using the USGS 2014
US earthquake source model (USGS 2017a) and generated for a site
with a time-averaged shear-wave velocity to 30 m depth (V g3() equal
to 500 m/s (using USGS 2017b). The site-specific MCER spectrum
was also developed per ASCE/SEI 7-16 Section 21.2.1.1 (ASCE
2016) and is as shown in Fig. 5. The target vertical acceleration spec-
tra were developed in accordance with Section 11.9 of ASCE/SEI 7-
16, which is typically used for defining the MCEy vertical spectra.
For other hazard levels, that same procedure was used but with Sj,¢
replaced by the 0.1 s horizontal spectral acceleration from the various
UHS given in Fig. 5.

With the hazard levels defined, desired maximum damage states
for the structural systems and connections were selected for each
hazard level and then the maximum drift limits corresponding to the
damage states were assigned. The maximum drifts corresponding
to each damage state were determined based on experimental data
(Wichman et al. 2022), detailed analyses of specific components
(e.g., the gravity frame connections), or engineering judgment from

(2024). While it is the first time most of these nonstructural systems
were tested under 3D motions in a full-scale building setting, the
research team collaborated with experienced industry partners to
meet these target damage states (which were later validated). The
design objectives for the test building at different hazard levels are
summarized in Table 2. Note the no-damage designation for energy
dissipation elements corresponding to no fracture or visible crack-
ing of such elements. These elements will experience yielding and
nonlinear response as they deform. It should also be noted that the
low-cycle limits for UFPs developed in Skinner et al. (1974) were
used to inform the UFP radius design.

The lateral system consisted of two pairs of posttensioned rock-
ing walls: one pair constructed using CLT panels; and the other
using mass plywood panels (MPPs). Two materials were used to
demonstrate the versatility of the design approach regardless of
the mass timber product used. The seismic weight of the building
was estimated (see Table 3) as 277 metric tons (611 kips). Rocking
wall parameters were first determined using a prescriptive design
method developed by the project team and industry collaborators
(Busch et al. 2022). This method applied modal response spectrum
analysis with an elastic model of the walls, using the site’s seismic
hazard and an assumed seismic force reduction factor, R, of 6 to
obtain initial wall dimensions and thickness, posttensioning sizes and
initial stressing, and energy dissipation capacities and distribution.

Table 3. Seismic weight distribution on each floor and roof

Floor Mass (Metric ton (kip)) Floor Mass (Metric ton [Kip])

past wood building fragilities. The drift targets also served as a key 2 34.6 (76.3) 7 23.9 (52.6)
design constraint (2.5% limit was used in the design stage) for the 3 30.4 (67.0) 8 30.0 (66.2)
nonstructural systems, including the facades, interior walls, and 4 34.4 (75.8) 9 25.0 (55.2)
stairs, which are described in later sections and detailed in Roser S 25.1 554) 10 24.9 (54.9)
et al. (2024), Wynn et al. (2024), Ji et al. (2024), and Sorosh etal. 0 249 G43) Roof 239 G527
© ASCE 04024183-5 J. Struct. Eng.
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Note this value of R is slightly less than the value of 7 recommended
in Sarti et al. (2017) and therefore slightly conservative relative to
those recommendations.

Following the initial design, the lateral force-resisting system
was checked and refined using the performance-based design meth-
ods outlined in the LA Tall Building Guidelines (LATBDC 2023),
which are often adopted for tall buildings in urban areas of the West
Coast. This process included the development of an OpenSees
(Mazzoni et al. 2006) model for nonlinear response history analysis
as described in Wichman (2023). The analyses used suites of
ground motions selected and scaled to match the intended hazard
levels and representative of the source characteristics of the hazard
at the building’s design location (i.e., the suites at each hazard level
contain records from crustal, interplate, and intraplate earthquakes
in relative quantities consistent with the source contribution to each
hazard level). The ground motions were selected and scaled over
the period range illustrated in Fig. 5, consistent with the require-
ments of ASCE 7-16. Following the LA Tall Building Guidelines,
1.3 times the suite mean and 1.0 times the suite maximum demands
from MCEy hazard level simulations were checked against force-
controlled actions (i.e., component strength limit states) and suite
mean and suite maximum component deformations were checked
against selected deformation limits for deformation-controlled ac-
tions. Additionally, the distributions of the suite mean story drifts
at other hazard levels were also computed and compared with the
design targets in Table 2. The final wall design parameters are pro-
vided in Table 4, and the final configuration is shown in Fig. 6. A
detailed engineering drawing set for the as-designed building can
be found in Busch (2023).

Detailed design calculations for all components and connections
of the rocking wall lateral system can be found in Wichman (2023).
The rocking walls were allowed to reach strains above yield but
below crushing for the MCEg demands such that the building could
be reused for subsequent research projects. Other components were
designed at MCEy using limit states derived from the NDS (AWC
2018) for timber components and AISC 360-16 (AISC 2016) for
steel components.

Lateral load transfer from the diaphragm to the rocking wall was
achieved using a shear key detail shown in Fig. 7. This connec-
tion detail was adopted from an earlier shake table test (Pei
et al. 2019; Blomgren et al. 2019) because it demonstrated resilient

Table 4. Rocking wall design parameters

performance with no damage to the diaphragm, walls, or steel com-
ponents. The vertically slotted connection in the rocking wall panel
allowed the wall to move independently from the diaphragm in the
vertical direction, decoupling the rocking walls from the gravity
load-bearing system. The connection between the shear key and
the floor diaphragms varied depending on how diaphragm shear
was developed for the different mass timber panel materials used.
For diaphragms without plywood sheathing (CLT and VLT), a con-
centrated wing-plate with 45-deg screw connections was used. For
floors with plywood sheathing (glulaminated timber, nail laminated
timber, and dowel laminated timber floors), a different connection
detail was adopted so that the shear would be effectively transferred
into the sheathing layer. The rocking walls were braced out-of-
plane to the diaphragm at all floor levels using a connection de-
signed to resist tension and compression forces while still allowing
vertical wall movement relative to the floor. The demand for the
wall lateral braces was estimated using the lateral bracing require-
ments for point bracing of members in combined bending and axial
compression from AISC 360-16 (AISC 2016). Photos for these
connection details are presented in Fig. 7.

Due to the relatively small footprint of the building, the floor
diaphragms were designed and modeled as rigid. The lateral force
demands for the diaphragms were obtained from the nonlinear time
history analysis following the LA Tall Building Guidelines. The
design objective was to keep the diaphragm damage-free during
all tests. Similarly, the diaphragm chords and shear straps were de-
signed to remain elastic. On the sheathed floors, NDS SDPWS
(AWC 2021) high-capacity diaphragm design provisions were fol-
lowed. The diaphragm design demands were largest in the upper
levels, which had the largest floor accelerations from the nonlinear
analyses.

Construction Process

Before construction started, the foundation blocks (the precast con-
crete blocks used to support gravity columns and nonstructural
walls) were installed on the shake table to expand the table surface
to accommodate the building floor plan. Custom steel beams were
used as the foundation element of the rocking walls for ease of in-
stallation and anchoring. All foundation elements were anchored to
the shake table through posttensioned anchor rods, thus becoming a

‘Wall component CLT rocking wall

MPP rocking wall

Cross section size

314 x 2,975 mm

(12.375 in. x 9 {t.-9.125 in.)
Three wall segments heights
11.13, 13.41, and 10.36 m
(36 ft-6 in., 44 ft, and 34 ft)

Major lams: 2400-2.0E
Minor lams: Southern Pine, No. 1

Wall Dimensions

Wall grade

Post-tensioning (PT) rod

Cross section size

233 x 2,670 mm

(9.1875 in. x 8 ft-9.125 in.)
Three wall segments heights
11.13, 13.41, and 10.36 m
(36 ft-6 in., 44 ft, and 34 ft)

Freres Lumber: F16-9

Four PT rods per wall, each rod posttensioned to 222 kN (50 kips), approximately 49% of yield. (based on ATS-HSR10)

Each rod diameter is 50.8 mm [2 in., ATS-HSR 16 from Simpson Strong-Tie (Pleasanton, California)] up to Level 2, then
rod diameter is reduced to 31.8 mm (1.25 in., ATS-HSR10) from Level 3 to roof. Fy = 724 MPa (105 ksi)

UFP 203 mm (8 in.) wide steel plates bent into a 171 mm (6.75 in.) diameter half circle with leg length of 222 mm (6.75 in.)
from where the curvature ends to the to the first bolt.

Two thickness values were used
Type 1: 9.5 mm (3/8 in.)
Type 2: 12.7 mm (1/2 in.)

Each rocking wall has 14 Type 1 UFPs and 12 Type 2 UFPs

© ASCE

04024183-6

J. Struct. Eng.

J. Struct. Eng., 2024, 150(12): 04024183



This work is made available under the terms of the Creative Commons Attribution 4.0 International license.

PT rods are continuous and only
anchored at top and foundation

Top Anchor Shear key to
f diaphragm

9 Wall panel
LA — -.——w/ splice joint

Level 4 & 8
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Anchor to foundation

Fig. 6. Key components and sections of rocking wall system. (Images by authors.)

Rocking wall

(b) (c) (e)

Fig. 7. Connections for the lateral force resisting system: (a) UFP between wall and bounding column; (b) shear key wall-to-diaphragm connection;
(c) typical wall-to-diaphragm connection interface showing nonsheathed floor wing plate; (d) alternative wing plate connection detail for sheathed
floors; and (e) out-of-plane brace for rocking wall. (Images by authors.)
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Fig. 8. Structural construction sequence of the test building. (Images by authors.)

rigid part of the steel shake table platen. After the foundation was
ready, the structural construction of the building was completed
with a relatively small crew (four to six carpenters depending on
the labor demand each day) in approximately 2.5 months. The ac-
tual structural construction spanned more than four months due to a
1.5-month inactive waiting period for needed parts. The installation
of nonstructural wall assemblies lasted for about four months, in-
cluding some time-overlap with structural construction. The stair
tower was assembled in parallel with the structural construction.
Overall, construction started in mid-July 2022 and concluded in
February 2023.

The first three levels of the stair system and gravity columns
were installed on the foundation blocks, followed by the installa-
tion of beams, floor panels, and the first segments of rocking wall
panels. As shown in Fig. 8, the first gravity column segments and
rocking wall panel segments were both three stories tall. After the
first segments of wall panels were in place, temporary posttension-
ing anchors were installed at the second story of each wall panel to
provide temporary lateral support for stability and wind loading
resistance during construction. This detail would not be necessary
for full-sized building projects where the floor diaphragms are large
enough to accommodate temporary braces for construction stabil-
ity. After reaching Level 4 and completing the posttensioning of the
first wall segments, a similar sequence was repeated for the next
two segments (stories four to seven and stories eight to ten). Wall
segments were spliced together vertically at their interfaces
above levels 4 and 8. After topping out the building, posttension-
ing rods were installed for the full height of each rocking wall
with the design PT forces. The temporary construction postten-
sioning at the middle of the first panel segment was released at
the same time.

© ASCE
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One of the major challenges in structural erection was splicing the
rocking wall panels on site. With the increasing span and height of
mass timber structures, efficient and reliable splicing details for mass
timber panels are critical for construction efficiency and economy of
mass timber projects. Specifically, the rocking wall panel splices in
this project needed to remain stiff and elastic throughout the entire
test program, with the capability to fully transfer all flexural and
shear demands from the seismic loading across the splices. A glued-
in rod detail (i.e., threaded steel rods epoxied into long holes drilled
into the end of each wall segment) was designed for this connection
similar to a connection that had been used successfully on past proj-
ects (Zimmerman et al. 2021). The glued-in rod connections used
development lengths for the flexural rods and shear capacities for
the shear rods determined from independent testing at Oregon State
University (Field et al. 2023). However, a hand-fabrication method
used by the fabricator to predrill the splice rod holes resulted in errors
in location of the holes that prevented alignment of the wall segments
onsite. The research team developed an alternative design for the
tensile region of the splice and enlarged the holes in the shear region
to enable the splicing of the wall panels. Customized steel coupler
plates were installed at each corner of each wall panel such that the
epoxied rods from each wall segment were connected to a steel plate
coupler; then, the coupler plates were bolted together from the out-
side of the panel. Despite this fabrication error, the adjusted splice
design successfully transferred the large tension forces from flexure
across the wall segments using long glued-in threaded rods as in-
tended. Fig. 9 shows the component details from the final wall splice
and its assembly. A detailed description of the construction chal-
lenges associated with the wall splice can be found in Busch
(2023); detailed calculations for the original and modified splice de-
signs can be found in Wichman (2023).
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(d)

Fig. 9. Wall panel splice joint detail: (a) notched panel interface with epoxy holes; (b) coupler plates; (c) installation of a panel splice onsite; and

(d) completed panel splice. (Images by authors.)

Instrumentation Plan

The test building was instrumented heavily with over 700 channels
of sensors for structural and nonstructural measurements. In addition,
more than 40 high-resolution GoPro and IP video cameras were in-
stalled in and around the building to provide visual documentation of
the building component responses. The sensors were installed in key
locations on the building to achieve the following objectives:

1. Record building global responses, including acceleration and
displacement of each floor.

2. Monitor force and deformation demands in structural compo-
nents such as the rocking walls and various connections within
the lateral and gravity force-resisting systems.

3. Measure nonstructural component accelerations and deforma-
tions across movement joints.

4. Generate video footage data for validation of building compo-
nent interaction and movement assumptions.

A summary list of the sensors is presented in Table 5. Fig. 10
shows typical sensor types installed in the building as discussed
here. Detailed drawings and a comprehensive list of sensors on
the building can be found in Busch (2023). A summary of the plan
and rational for installed structural sensors on different building
components is also presented here.

Table 5. Summary of instrumentation channels deployed on the TallWood
test building

Building component Sensor types* Total number

Global displacement SP, AC, GPS 139
Gravity system LP, SP 79
Rocking walls LC, AC, TL, SG, SP 196
Nonstructural walls AC, SP, LP 186
Stairs AC, SP, LP, SG 109

4SP = string-potentiometer; AC = accelerometer; LC = load cell; LP =
liner-potentiometer; TL = tilt meter; SG = strain gauge; and GPS =
high-precision GPS.

© ASCE
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Global building responses: Accelerometers were installed on
the floor diaphragms to measure floor accelerations. One triaxial
accelerometer was installed at the center of mass location of each
floor, with additional accelerometers at other locations to measure
torsional and vertical floor responses [Fig. 10(c)]. On most levels,
diagonally oriented string-potentiometers (string-pots) were in-
stalled between floors in both directions to measure interstory drifts
[Fig. 10(d)]. At lower floors, string-pots were also installed be-
tween the building and safety towers (fixed on the ground outside
of the moving shake table platen) to measure absolute building dis-
placement. At higher floors, where a fixed reference measurement
is not possible, eight high-precision GPS units were installed to
capture absolute displacement and velocity [Fig. 10(c)].

Gravity frame: Instrumentation for the gravity system was fo-
cused on beam and column connections and relative movement
between column and floor panels. As noted, gravity frame beam-
to-column connections were designed to be able to rotate freely
during earthquakes. Linear potentiometers were installed to mea-
sure the deformation and rotation demands at these joints. While
relative slip at the beam-to-floor interface and at column splices
was intended to be prevented by design, linear potentiometers were
installed to monitor these details as well.

Rocking wall system: The posttensioned rocking wall system
was also heavily instrumented. Accelerometers and tilt-meters
[Fig. 10(b)] were attached at selected floors on the CLT and MPP
rocking walls. Linear potentiometers were placed at wall panel
splice joints to monitor deformation at the splice and near the rock-
ing interface at the base to monitor uplift and/or compressive
deformation [Fig. 10(f)]. String-pots were used to measure UFP
deformation [Fig. 10(e)] and the movement of the shear key con-
nection from the floor to the wall. Commercial and custom load
cells were installed on PT bars to monitor the force variation during
tests [e.g., Fig. 10(a)]. Strain gauges were used to estimate the
stress and force level in the shear key components and out-of-plane
wall braces.
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Fig. 10. Example sensors installed on the building: (a) load cell for PT force; (b) tiltmeter on rocking wall; (c) accelerometer (circled) and high
precision GPS; (d) diagonal string-pot for interstory displacement; (e) string-pot for UFP displacement; and (f) linear potentiometers for column
rotation and rocking wall uplift. (Images by authors.)
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Fig. 11. NHERI TallWood test plan (PGAs shown for multidirectional tests were the maximum of the horizontal motions).

Test Program

the design (Wichman 2023). The test plan incorporated motions
from the five different hazard levels with the target spectra as shown

The overarching focus of the test program was to validate the resil- in Fig. 5. A total of 88 dynamic tests using the selected ground
ient performance of the building. Thus, the test ground motions and motions were conducted over a three-week period. The target test
their scale factors were selected from the suites of motions used in intensities (shown as maximum horizontal peak ground acceleration
© ASCE 04024183-10 J. Struct. Eng.
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Fig. 12. Natural periods of first six modes estimated through white noise results (M1, M2, and M3 correspond to the first, second, and third transla-

tional modes).

[PGAY]), hazard levels, source types, and ground motion directions
are illustrated in Fig. 11 in chronological order. The ground motion
ID (MID) starting with MID13 and ending with MID100 corre-
spond to the numbering scheme used in the original raw data
set. White noise tests with a 4% g root mean square (RMS) mag-
nitude and 60 s duration are not shown in this figure but were con-
ducted between major tests in each of the X (EW) and Y (NS)
directions separately to monitor the potential change in the build-
ing’s natural periods.

Fig. 12 illustrates the change in monitored natural periods of the
building in X and Y directions estimated based on white noise re-
sponses. In order to demonstrate the relationship between the test
program progression and change in building dynamic characteristics,
natural periods of the first three translational modes were plotted
against the same MID numbering system as in Fig. 11 (e.g., period
estimated from WN tests after MID-X are plotted at MID-X loca-
tion). Initially, the observed natural periods agreed relatively well
with the numerical model used for the design and analysis of the
building [fundamental period estimated form numerical model
was 1.74 s; see Wichman (2023)] but was larger than the period es-
timation from ASCE/SEI 7-16 simplified formula (i.e., 0.69 s). As
shown in Fig. 12, repetitive tests at lower and moderate intensity
levels did reduce the stiffness of the building gradually. After a
few MCEy tests (starting from MID 88), more significant deterio-
ration of the building’s first mode periods from WN measurements
was observed in the X and Y directions. This is likely due to damage
and softening in the nonstructural systems attached to the structure as
well as localized crushing of the mass timber panel corners at the
base (see Fig. 13). Such localized damage did not affect recentering
ability or strength of the lateral system but did cause reduction in
rocking wall initial stiffness.

During the test program, critical building responses were mea-
sured and compared with the simulation results in Wichman (2023)
to ensure safety of the test program. In summary, the test program
of NHERI TallWood project included 21 x 43-year return period
(RP) earthquakes, 25 x 225-year RP earthquakes, 26 x 475-year
RP earthquakes, 12 x 975-year RP earthquakes, and three earth-
quakes at MCEg (note that MID89 in Fig. 11 did not achieve
the intended hazard level due to inadequate shake table pressure).
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Structural Response Overview

After 88 earthquake tests, the building remained plumb with no
detectible residual drift. Detailed inspections were conducted after
major tests, and no visible damage was found in any structural com-
ponents. The building clearly exhibited the participation of higher
modes during dynamic excitation, which was visible to on-site
observers even during low intensity earthquakes and white noise
tests. This phenomenon will be discussed in detail later in this
section. Overall, the performance of the building satisfied and
exceeded the design expectations outlined in Table 2.

With the building’s resilient performance, it was possible to per-
form multiple tests at each hazard level to collect building response

Fig. 13. MPP and CLT rocking wall toe area detail observed after
deconstruction. (Images by authors.)
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data repetitively. These data points can be used to construct a prob-
abilistic distribution for engineering demand parameters (EDPs,
such as maximum drift) of interest at each hazard level. Interest-
ingly, this process mimics the typical performance-based seismic
simulations in which conditional distributions (i.e., fragility curves)
of EDPs are developed numerically through simulations. In the fol-
lowing sections, key response quantities from the tests are presented
followed by the presentation of experimentally obtained seismic fra-
gility curves for various EDPs.

Floor Displacements and Acceleration

With multiple accelerometers installed at each floor, acceleration re-
cords at the floor center of mass (COM) location can be extracted. In
this study, the recorded acceleration was filtered with a fourth-order
Butterworth bandpass filter with cutoff frequencies of 0.1 and 50 Hz.
The filtered acceleration was then integrated, filtered again, and in-
tegrated again to obtain absolute displacements. In most cases, ac-
celerometers located at the approximate center of mass were used for
displacement and drift calculations. When certain center of mass ac-
celerometers experience malfunction, other nearby accelerometers
were used. Note that no significant torsional response was measured
or observed during the tests. String-pot displacement data between
floors and relative to fixed safety towers (available at lower floors)
was also used to cross-check and verify the displacement results ob-
tained through double integration.

The peak interstory drift and floor accelerations from all tests,
grouped according to the predefined target hazard levels, are plot-
ted in Fig. 14 as empirical cumulative distribution curves for each
hazard level. A fitted lognormal distribution model is also shown.
The bar chart at the bottom of Fig. 14 indicates the floor levels at
which the peak drifts/accelerations were observed. The data indi-
cate that peak interstory drift of the building at MCEy level exci-
tations averaged about 2%, which is in good agreement with the
intended design target. The overall peak drift (2.4% at Story 7) oc-
curred during MID 91, which was a uniaxial interplate subduction
zone earthquake record from the 2011 Tohoku Earthquake applied
in the X direction. Across the entire test sequence, the overall maxi-
mum floor acceleration of 2.07 g was observed on Floor 7 during

MID 90, which was a MCEg-scaled 3D intraplate earthquake mo-
tion. In general, the peak interstory drift for a given test tended to be
observed within one of the top four floors, while the peak accel-
erations occurred mostly at midheight or the roof. This is consistent
with the behavior of a rocking wall where gap opening due to rock-
ing forms at the base with the elastic wall deformations causing the
drifts to increase with height (Acikgoz and DeJong 2012). Peak
interstory drift and acceleration distributions along the height of the
building are presented in Fig. 15 for representative ground motions
at a low hazard level (43-year RP) and high hazard level (MCEg)
tests, indicating similar behavior.

Base Shear and PT Forces

Based on estimated seismic mass by floor (Table 3) and floor ac-
celeration, the dynamic base shear was calculated for each test from
the inertial forces summed over the 10 stories. Representative hys-
teresis plots from three different hazard levels are shown in Fig. 16.
The estimated base shear through the entire test program reached a
maximum of 770 kN (173 kips) during MID 88 in the X direction
and 698 kN (157 kips) in test MID 88 in the Y direction. These maxi-
mum base shear values corresponded to 28% (X) and 26% (Y) of the
total building weight. Recall that, for preliminary design, the base
shear was calculated using the equivalent lateral force procedure
in ASCE 7-16 assuming R = 6. This simplified procedure led to
base shear demand equivalent to 8.3% of the weight [i.e., 226 kN
(51 kips)], which is smaller than the actual base shear estimated from
the acceleration data. The difference is at least partially attributable to
the participation of higher modes, as described in the following, as
well as the fact that the maximum base shear observed was associ-
ated with MCEg level events.

The distributions of maximum base shear and PT forces from all
tests are illustrated in Fig. 17. The PT force during testing did not
vary by more than 16% [35.6 kN (8 kips)] from the initial PT force
[222 kN (50 kips)]. Even though substantial wall uplift occurred
during the tests, that uplift did not result in significant strain in
the PT bars owing to their 34.1 m (113 ft) length. Therefore,
the PT bars remained well below yield for all tests.
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Fig. 14. CDF plots of maximum interstory drift and acceleration for each hazard level (bar chart indicates at which level the maximum drift or

acceleration values were observed).
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Higher Mode Contributions

As briefly discussed, the response of the building included pro-
minent higher-mode contributions that were visible to observers
watching the tests. Data collected also reveal this distinct
higher-mode participation. For example, the “spikes” observed
in Fig. 16 in the hysteresis loops are likely a result of the
higher-mode-induced accelerations. For example, responses from
a 475-year RP test shown in Fig. 18 (Test MIDS80) illustrate sub-
stantial variation in the deformed shape of the building at different
time points during the test (e.g., T1 vs. T2). There were clear
higher-mode contributions to the deformed shape of the building
at T1 [Fig. 18(b)], while the entire structure was dominated by
the first mode response at T2 [Fig. 18(e)]. The global hysteresis
from time O to T1 reveals many spikes in acceleration-induced base
shear, indicating high force demands related to higher-mode effects
[Fig. 18(c)]. However, the hysteresis from T2 to the end of the test
is much smoother [Fig. 18(f)], which indicates more first mode
dominated response correlated with larger rocking deformation
(base uplift) measurements. As shown, the amount of wall base
uplift (measured by six LVDTs along the base of the North
CLT wall) was essentially zero at T1 [Fig. 18(d)] when the response
was dominated by higher modes (sensors 1-3 are attached at the
rocking toe at 0, 305, and 610 mm from the end of the wall; sensors
6, 5, and 4 were placed in the mirrored positions on the other end of
the wall). At T2, the uplift was significant [Fig. 18(g)]. While large
force demands and accelerations were observed during higher-
mode responses, the maximum wall uplift, story drift, roof
displacement, and PT force typically occur when the building is
dominated by first mode response, which often happens toward
the end of the earthquake excitations. It is also clear from the
displacement time history that the building returned to its initial
position without residual displacement.

Wall Out-of-Plane Brace Forces

For tall mass timber rocking walls, it is important in design and
construction to ensure the wall panel is braced adequately in the out-
of-plane direction. Because three of the rocking walls in the test
structure are located at the edge of the diaphragm and the other

is adjacent to the stair opening, the panels are only accessible for
bracing on one side. Special braces were designed to transfer tension
and compression forces from the rocking walls to the diaphragm
[Fig. 7(e)]. The maximum bracing forces were calculated from strain
gages installed on the braces (assuming uniform stress/strain through
the section) and are presented in Fig. 19. During the design process,
the out-of-plane bracing demand was calculated using the lateral
bracing requirements for beams in AISC 360-16 (AISC 2016) as
55 kN (12 kips). As shown in Fig. 19, the measured demands in-
crease with increasing seismic intensity but are all smaller than the
estimated demand in design.

Gravity Frame and Diaphragms

The relative rotation of beam-to-column joints at selected locations
were monitored using linear potentiometers during the test program.
As described, a special beam-to-column connection was imple-
mented in all gravity frame connections, allowing up to 0.05 rad ro-
tation without damage. The maximum rotation measured from all
tests at the selected joint locations was 0.025 rad. This is comparable
with the maximum interstory drift estimated from corresponding
floor acceleration measurements. While there were not enough sen-
sors to monitor all gravity frame joints, damage inspection after each
test revealed no visible damage or deformation on any joint, indicat-
ing that the performance of these connections was as expected.

The lateral demands for the design of the floor diaphragms were
obtained from nonlinear response history analysis with the inten-
tion of keeping them damage-free even during the MCEy level
ground motions. Given the small footprint of the test building, the
diaphragms acted rigidly and remained elastic during all testing.
From damage inspections, there was no detectible deformation or
damage to the floor systems through the entirety of the test pro-
gram. For all tests, the lateral forces were effectively transferred
to the rocking walls through the shear key detail shown in Fig. 7
with no damage or deterioration detected.

Impact of Ground Motion Directionality

Since the test program included a series of uniaxial, biaxial, and
triaxial tests of the same ground motion record, data obtained from
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these tests can aid in characterizing the impact of multiaxial exci-
tation on the building’s response. Because the original design ex-
pected some damage at the MCEg, level, the ground motions at the
MCEy intensity were applied directly as triaxial excitation when
such input was within the capacity of the shake table. The rationale
behind this decision is that, if damage were to occur, the opportunity
to experience and observe that in 3D would be most valuable rather
than “pre-damaging” the building in uniaxial or biaxial MCEy tests.
Thus, the comparison on directionality is only available for hazard
levels up to the 975-year return period.

Fig. 20 shows representative roof displacement comparisons
among uniaxial, biaxial, and triaxial tests using the same ground
motion records at different intensity levels. Multiaxial loading had
an insignificant effect on roof displacement up to the 975-year
return period hazard. Fig. 21 summarizes the maximum values
of key measurements from different excitation types and similarly
shows that peak response quantities in one building direction were
not significantly impacted by the addition of orthogonal and

vertical ground motions. While the results are limited to the tested
building with small torsional response, the fact that vertical
ground motions did not affect the lateral response is a significant
observation.

Nonstructural Systems Overview

In the following sections, a summary of nonstructural systems and
components included in the test building is presented, along with
key observations of their responses during testing. Drift compatible
details were used in many of the components with drift capacity
targeted at 2.5%. All nonstructural component connections were
designed according to the anchorage force requirements in ASCE
7-16 Chapter 13, using MCE level seismic demands and setting
Rp/Ip =1 for elastic response. Minor to moderate damage to
the nonstructural walls and stair components were observed at lim-
ited locations for intensities above 475-year RP hazard levels.
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However, this damage would be mostly easy to repair (e.g., drywall
repairs, reinforcement at some connections, possibly glass reset-
ting) and would not affect the functionality of the building.

Exterior Facade Subassemblies

The building included four exterior facade subassemblies sup-
ported by the cantilevered concrete foundation blocks, one on each
corner of the building (see Fig. 22). Three of the fagades utilized
cold-formed steel (CFS) framing, with drywall sheathing on the
interior side, and fiberglass mat or steel-sheathed drywall sheathing
on the exterior side with an aluminum composite panel skin finish
outboard of a rainscreen drainage gap; and each were three stories
tall. A variety of windows and one door were also included. The
first L-shaped subassembly utilized platform framing, meaning the

CFS1: Platform framed exterior CFS wall
CFS2: Balloon framed exterior CFS wall
CFS3: Spandrel exterior CFS wall

CW: Glass curtain wall

Stairs: Modular stairs

(CFs3)

Fig. 22. Finished building with different exterior facade components.
(Diagram adapted from Busch 2023; images by authors.)
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walls are single-story units that bear directly on the floor slabs. Top-
of-story slip track details and commercial expansion joints at wall
intersections were incorporated to accommodate story drift. The
second L-shaped subassembly utilized bypass framing, wherein
the walls were constructed as multistory units hung or connected
to the edge of the structural framing, in this case the floor slabs. To
accommodate drift, a special drift clip was utilized that allows the
attached wall to slide relative to the floor diaphragm, and a large
expansion joint was incorporated at the intersecting walls to accom-
modate the accumulated drift incompatibility over three stories. The
third C-shaped subassembly utilized alternating (stacked) layers of
spandrel units and ribbon windows. This was also a bypass system in
concept; however, the spandrel units were attached rigidly to the
floor slabs, with interstory drift to be accommodated by a horizontal
slip joint between the spandrels and the windows and displacement
incompatibilities at corners to be accommodated directly by the win-
dow systems.

All three CFS-framed exterior walls performed well, and no
major damage was observed throughout the test program. In the
platform-framed subassembly, only the second story slipped sig-
nificantly at the top of the wall as intended in design. The second
story was the only one of the three that used a horizontally slotted
track that allowed the slip mechanism to be between the top track
and the diaphragm. In the third story, the lack of a corner joint to
address the displacement incompatibility certainly limited slip.
However, even without a joint, the corner detailing of the exterior
panels proved to be robust enough to accommodate some move-
ment through rotation of the panel along its connected axis. Slip
may have been limited in the first story due to the presence of dry-
wall screws across the double-track slip joint (a construction over-
sight issue). The bypass-framed system accommodated movement
as expected, through sliding of the clips in the sliding track attached
to the outside of the wall and opening/closing of the expansion joint
cover at the corner. Some clips, mostly on the top level where the
movement was largest, did not slide smoothly and tended to bind in
the track, causing pullout of the screws attaching the clips into the
studs, which was observed after the first few shakes at the 475-
year RP. The clips were reinstalled or reinforced and monitored
for the remainder of the test program. In the spandrel-framed sys-
tem, minimal slip was observed across the slip joint; instead, the
movement was accommodated almost entirely by the window sys-
tems, which was confirmed through video footage. The two dif-
ferent types of window systems utilized in the test program had
very different mechanisms for accommodating the movement.
The capacity of the windows to accommodate movement without
any damage or glass cracking far exceeded what was expected.
Further information about the CFS-framed facade subassemblies
can be found in Roser et al. (2024).

The final exterior subassembly was a two-story, C-shaped glass
curtain wall, a stick-built system with mechanically captured glass
panels installed within horizontal and vertical mullions anchored to
the floor slabs with vertically slotted anchors. This particular sys-
tem was a specialty fire-rated curtain wall especially suited for the
requirements of mass timber and incorporated 27 mm (1 1/16 in.)
thick solid glass units and heavy-duty steel mullions. In contrast
with the other systems, curtain walls absorb drift by racking of the
framing and rotation of the glass within the frame. The curtain wall
performed as expected and as intended; further, the movement of
glass was visible from video footage and was significant. In addi-
tion, the typical racking and rotation of glass within the frame, ver-
tical movement (bouncing) at the center of the glass panels was
observed, which may have been a result of the vertical shaking that
would not be present in typical quasistatic racking tests. One of
the curtain wall panels on the west wall developed a permanent
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displacement that increased over the progression of the shaking
program such that eventually the edge of glass was exposed on the
north side and disengaged from the gasket. No safety risk was posed
as the glass was still fully captured on three sides. This mechanism
was expected to breach air and water tightness but was also likely an
artifact of the repeated shaking. Preliminary findings about the cur-
tain wall are detailed in Wynn et al. (2024).

Interior Partition Walls

Interior walls were incorporated on stories four through six (see
Fig. 23). The fifth- and sixth-story layouts originated from residen-
tial floor plans developed by an architect and then simplified to
work within the limited building footprint. The fourth story utilized
a conventional shaft wall around the stair core, while on the fifth
story an alternative shaft wall concept was explored, which incor-
porated fire-rated panels surrounded by a flexible fire barrier into
the stair framing. The interior partition walls featured interior doors
in several locations, used double and slotted slip track details, and
incorporated expansion joints wherever possible at wall corners to
absorb differential movement between wall segments. In addition,
two isolated wall subassemblies were installed on the sixth story to
test a different type of expansion joint. The slip track details and
varied expansion joints generally performed well to protect the par-
tition walls. Thus, viable alternatives are available when the design
context demands resilience. The biggest success was the design of an

(©) (d)

Fig. 23. Interior partition walls and typical damage: (a) interior wall
with door; (b) C-shaped partition wall; (c) T-shaped partition walls; and
(d) typical damage observed on partition walls. (Images by authors.)
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adjacent conventional interior to shaft wall connection that allowed
for continuous slip across the interface. However, some damage to
drywall was observed after the test, as shown in Fig. 23(d), even with
the sliding track detail. This type of damage can be avoided by drop-
ping the level of the gypsum board at the end of the wall. The pre-
liminary observations of the interior partition walls response are
detailed in Ji et al. (2024).

Stair System

The stair tower was configured with its first eight stories utilizing a
story-level complete modular unit (modular stair system [MSS]), and
the remaining upper two stories (nine and ten) assembled with tradi-
tional (stick-framed) construction. The MSSs are self-supporting
modules that were entirely preassembled in the shop and installed
as a complete floor level within a building. Such a system is appeal-
ing, as it allows for shop-level control of construction tolerances and
a reduction of on-site construction time. Traditional construction
methods for stair systems, on the other hand, involve the assembly
of individual subsystems (stair flights, handrails, landings, gravity
columns) on-site and within a building during its construction.

The stair tower not only provided egress and ingress to the
TallWood building but also an opportunity to investigate a range
of connection methods, each designed to allow the stair system to
effectively accommodate large interstory drift and thus serve as a
resilient nonstructural system. In totality, two stories of the stair
system were designed with fixed-free connections, two stories
were designed with lateral and longitudinal slotted holes, and the
remaining six stories were designed with a type of (previously
tested and commercially available) drift-compatible connection
(Fig. 24).

Throughout the test program, the stair system demonstrated
robust, serviceable performance, suffering no loss of function dur-
ing even the largest triaxial MCER motions. Although the stair
system remained functional, minor damage was observed in
the connections of many of the handrails, particularly during tests
with larger-intensity (975-year and MCEg). However, this dam-
age did not render the stair system inoperable, though it indicates
that there were stress points in the handrail connections that re-
quire attention or would benefit from refined design. The various
types of connection detailing used in other key components of the
stair system, notably the stair flights and treads, and gravity com-
ponents such as landings and associated supports generally per-
formed well. Preliminary analysis of measured response of the
stairs indicates that peak floor accelerations were in line with dia-
phragm peak accelerations at the center of mass of the building.
Even at the largest MCER motions, seismic force demands (as
elicited from strain measurements) in the shear collector straps
that transferred seismic shear from the stairs to the diaphragm
were less than a third of yielding capacity. More detailed descrip-
tion and analysis on stair system performance can be found in
Sorosh et al. (2024).

Conclusions

Based on the NHERI TallWood test results, it is concluded that tall
wood buildings can achieve resilient seismic performance in re-
gions of high seismicity. Posttensioned mass timber rocking walls
coupled with a resilient mass timber gravity frame are practical and
efficient to build and can provide structurally damage-free perfor-
mance under repetitive seismic excitations at design and MCEg
hazard levels. Moreover, the incorporation of specially detailed
nonstructural components within the test building provided excel-
lent performance in triaxial earthquake excitations. In addition, the
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Fig. 24. Stair tower with instrumented stories highlighted in green, and a sample of stair connection details with degrees of freedom shown using

green arrows. (Images by authors.)

data collected from the extensive test program will provide a land-

mark data set and effectively contribute to design and analysis of

tall wood building response under earthquakes. The resilient per-
formance of the tall wood building specimen will enhance confi-
dence for the engineering community and the public for tall mass
timber buildings for regions with high seismicity.

Specifically, the following key technical findings and conclu-
sions can be summarized:

1. The test building had relatively long natural periods when com-
pared with the approximated period formula used in ASCE/SEI
7-16 but aligned with the periods predicted by detailed numeri-
cal models. This observation is not unique to tall mass timber
buildings (e.g., Tauberg et al. 2019). Rather, it is recognized in
ASCE7 commentary that the approximate formula produces a
lower-bound estimate of the period for a building of a given
height.

2. Higher-mode effects caused high force demands but did not am-
plify deformation demands. The design method, which included
the use of nonlinear response history analysis, used in this study
addressed higher-mode forces adequately for this building.

3. No damage to the structural system was detected during physical
inspections over the test program of 88 earthquakes. The resulting
maximum drifts were relatively close to the design expectations.
There was no residual drift observed, even after MCER level
tests. However, the building’s natural periods did elongate mod-
erately over the testing program, likely due to local deformation
of the mass timber panels at the rocking interface (corner crush-
ing) and softening/damage to nonstructural systems.

4. Posttensioned mass timber rocking wall lateral system performed
resiliently as designed. PT rods remained elastic during the tests;
no fracture occurred on UFP devices; the glued-in threaded rod
connections designed as the splice between rocking wall seg-
ments was able to successfully transfer the larger flexural and
shear demands in the walls without evidence of damage. Lateral
bracing designed for the rocking wall system performed well,
which indicates that bracing demands for posttensioned rocking
mass timber shear walls may be calculated using the nodal brac-
ing force for beams based on AISC 360-16 (AISC 2016).
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5. For the test structure, the impact of multiaxial excitation inter-
action was not significant for the main structural engineer de-
mand parameters, which justified the design of rocking walls in
each direction separately.

6. The resilient designed nonstructural systems of the test struc-
ture, which included interior partition walls, a variety of exterior
facades, and a full-height stair tower, remained safe and fully
operational throughout the test program, despite some repairable
damage from the extensive number and intensity to MCER-
scaled hazard motions imposed. Thus, there were no safety con-
cerns regarding the means of ingress/egress for this building.
However, protecting nonstructural systems using the methods
proposed here may impose significant architectural constraints.
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