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Abstract: This paper presents an experimental study on the multidirectional cyclic lateral-load response of post-tensioned self-centering
(SC) cross-laminated timber (CLT) shear walls. SC-CLT shear wall damage states are introduced and qualitatively defined in terms of the
repairs needed to restore the lateral-load response of the SC-CLT wall. A comparison between SC-CLT wall damage states under unidi-
rectional (in-plane) and multidirectional (in-plane and out-of-plane) lateral loading is presented. The experimental results show that the
initiation of SC-CLTwall damage occurs at smaller story drifts under multidirectional loading compared to unidirectional loading. Engineer-
ing demand parameters (EDPs) are used to quantify the SC-CLT wall damage states. Uncertainty in the EDP value when a damage state
occurs is considered and quantified. Using the experimental results, component (i.e., a CLT wall panel corner) and system (i.e., an entire
SC-CLT wall) fragility functions are developed and presented. DOI: 10.1061/JSENDH.STENG-12576. © 2023 American Society of Civil
Engineers.
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Introduction

Cross-laminated timber (CLT) panels are engineered wood struc-
tural components fabricated by laminating layers of timber boards
in an orthogonal pattern, where the boards are glued together on
their wide faces and not edge-glued. Low-damage post-tensioned
(PT) self-centering (SC) CLT shear walls (SC-CLT walls) provide
an opportunity to develop seismically resilient CLT buildings
(Akbas et al. 2017; Ganey et al. 2017; Pei et al. 2019). An SC-
CLTwall is designed for gap opening of the joint between the base
of the CLT wall panels and the foundation when the overturning
moment from lateral forces is large enough to overcome the pre-
compression from the post-tensioning, leading to a controlled-
rocking response [Fig. 1(a)].

Previous research focused primarily on the lateral-load response
of isolated self-centering timber walls without considering the
interaction with the adjacent floor diaphragms, collector beams,
and gravity load system. Extensive research on post-tensioned
controlled-rocking timber walls under unidirectional loading has
been conducted (Palermo et al. 2006; Dunbar et al. 2014; Iqbal

et al. 2015). Moroder et al. (2017) investigated deformation incom-
patibilities between post-tensioned controlled-rocking laminated
veneer lumber (LVL) walls and collector beams under unidirectional
loading and considered various collector-beam-to-rocking-wall
connections to transfer the lateral forces to the walls. Experimental
and analytical studies on the lateral-load response under unidirec-
tional loading of single-panel SC-CLT walls and multipanel SC-
CLT walls coupled with U-shaped flexural plates (UFPs) have been
conducted (Akbas et al. 2017; Ganey et al. 2017). Full-scale tests of a
2-story mass-timber building with SC-CLT walls using unidirec-
tional strong ground motions were performed by Pei et al. (2019)
on the University of California, San Diego (UCSD) [Natural Hazards
Engineering Research Infrastructure (NHERI) at UCSD] shake
table. Because multidirectional loading is likely to be more damag-
ing to SC-CLTwall panels than unidirectional loading, there are con-
cerns about the seismic resilience of buildings undermultidirectional
loading, and better understanding of the lateral-load response and
damage states of SC-CLT walls under multidirectional loading is
needed.

This paper presents the lateral-load response of SC-CLT walls
from experiments on a 0.625-scale timber test subassembly under
cyclic loading. Comparisons are made between the lateral-load re-
sponses of SC-CLT walls from a unidirectional test (UT) and a
multidirectional test (MT). Based on visual observations, SC-CLT
wall damage states are introduced and are qualitatively defined in
terms of repairs needed to restore the lateral-load response of the
wall. Three engineering demand parameters (EDPs) are considered
to quantify the SC-CLTwall damage states: (1) the floor (diaphragm)
story drift; (2) the SC-CLT wall story drift; and (3) the CLT wall
panel corner compression strain. Fragility functions are developed
from the experimental results. The experimental results are valuable
for calibrating numerical models for seismic performance prediction
of SC-CLT wall buildings. The fragility functions are a valuable re-
source for assessing the potential damage to SC-CLT walls under
unidirectional and multidirectional seismic loading.
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Structural Limit States and Damage States of
SC-CLT Wall Lateral-Load Response

The lateral-load response of SC-CLT walls is governed by shear
and flexural deformation of the CLT wall panels, and controlled
rocking of the panels on the foundation [Fig. 1(a)]. A series of
structural limit states and damage states are used to characterize
the lateral-load response of SC-CLT walls. The idealized SC-CLT
wall base shear Vw versus SC-CLT wall story drift Θw response is
shown in Fig. 1(b), which identifies the structural limit states and
the initiation of damage states for a single-panel SC-CLTwall. The
Θw is the lateral-relative displacement at the floor level, denoted
Δw, divided by the story height Hf and is given in percent (%)
radians. The initiation of a damage state is defined as the first
occurrence of a visible damage form, described subsequently in
detail, at a corner of the wall panel in compression at the base
of the wall [e.g., the right edge in Fig. 1(a)].

The SC-CLTwall structural limit states are based on local com-
pression stress and strain at the base of the CLT wall panel, and
the PT bar force (Kurama et al. 1999a, b; Perez et al. 2007;
Akbas et al. 2017; Ganey et al. 2017). The structural limit states

include (1) decompression of the base of the wall (DEC); (2) effec-
tive limit of the linear-elastic response of the wall [effective linear
limit (ELL)]; (3) yielding of the composite CLT material (YCLT) at
the CLT wall panel corner; and (4) yielding of the PT bars (LLP).

The SC-CLT wall damage states are defined qualitatively in
terms of repair actions. The objective of the repair should be to
restore the exterior finish of the CLT wall panels and/or restore
the lateral-load response of the SC-CLT wall (i.e., restore the
stiffness and strength characteristics of the lateral-load response).
Table 1 summarizes the different damage states with the damage
forms observed experimentally and the possible repair actions.
An identifier is associated with the damage state and observed dam-
age form, for example, NLD-a is the normal loading defect damage
state where fine compression splits at the wall corner are observed.
Four damage states are considered: (1) normal loading defect
(NLD); (2) Damage State I (DSI); (3) Damage State II (DSII); and
(4) Damage State III (DSIII). NLD, DSI, and DSII are local damage
states and DSIII is a global damage state.

Fig. 2 shows the stress and strain distribution, along with inter-
nal forces at the base of a single-panel SC-CLTwall at various dam-
age states, where Lw is the wall panel length, C is the compression

Fig. 1. (a) Controlled-rocking lateral-load response of single-panel SC-CLT wall; and (b) SC-CLT wall base shear versus story drift response with
structural limit states and damage states identified.

Table 1. SC-CLT wall damage states and possible repair actions

Identifier Damage state Damage form Possible repair action

NLD-a NLD Fine compression splits No repair needed
NLD-b NLD Wrinkling No repair needed
DSI-a DSI Initiation of outer-ply delamination and/or buckling Reglue delaminated layers
DSI-b DSI Initiation of corner rounding Replace damaged plya

DSI-c DSI Initiation of localized corner crushing Replace damaged plya

DSII-a DSII Excessive outer-ply delamination and/or buckling Add steel-plate reinforcement to
CLT wall panel or CLT wall
panel replacement

DSII-b DSII Excessive corner rounding Add steel-plate reinforcement to
CLT wall panel or CLT wall
panel replacement

DSII-c DSII Excessive localized corner crushing Add steel-plate reinforcement to
CLT wall panel or CLT wall
panel replacement

DSII-d DSII Excessive end rolling Add steel-plate reinforcement to
CLT wall panel or CLT wall
panel replacement

DSIII
b DSIII 20% degradation in base shear resistance CLT wall panel replacement

aPossible repair action was not tested.
bDamage state is not based on specific visible damage.
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force at the base of the CLTwall panel, c is the contact length with
the foundation, ε is the local compression strain at the CLT wall
panel corner, Tpi is the initial PT bar force, Tpy is the PT bar force
at PT bar yielding, Ng is the gravity force, andM is the overturning
moment. The subscripts in the notation of Fig. 2 represent a damage
state (e.g., Cdsi is the compression force at DSI). The local damage
states are based on visual observations of the test results and are
associated with values of ε, denoted εnld, εdsi, and εdsii, for NLD,
DSI, and DSII, respectively, as shown in Fig. 2. The global damage
state (DSIII) is based on the lateral-load response observed in the
test results and the associated ε value is undefined.

As summarized in Table 1, NLD is indistinguishable minor or
cosmetic damage of the CLT wall panel [Fig. 2(a)] that can be
caused by lateral loading, gravity loading, or timber shrinkage.
NLD does not require any repair action. DSI is a moderate damage
state [Fig. 2(b)], where a decrease in the base shear resistance of the
wall is expected to be negligible, and a cosmetic repair is needed
(Table 1). DSII is a significant damage state [Fig. 2(c)] where a
decrease in the lateral stiffness and/or strength of the wall is ex-
pected to occur. Following the initiation of DSII, repair and/or
strengthening of the CLT wall panel [e.g., adding steel-plate
reinforcement to the damaged CLT wall panels (Amer 2023)] or
replacement of the CLT wall panels is required. The occurrence
of NLD is dependent on the CLT panel wood species and the design
of the SC-CLTwall, and it may occur before, coincide with, or oc-
cur after the YCLT limit state is reached. DSI and DSII occur after
the YCLT limit state is reached. The expected PT bar force Tp at
each local damage state is shown in Fig. 2. DSIII is both a structural
limit state and a damage state. DSIII is a severe damage state where
the CLTwall panels are damaged to the extent that a 20% reduction
in base shear resistance of the SC-CLT wall occurs. DSIII is con-
sidered to be the failure state and is consistent with failure of other
types of structural walls (e.g., ACI 2007). DSIII is not based on a
visible damage and the associated ε value is unknown. The CLT
wall panels should be replaced after DSIII has been reached.

Description of Lateral Loading Tests

Test Subassembly and SC-CLT Wall Details

The 0.625-scale timber test subassembly, shown in Fig. 3, repre-
sents part of a prototype SC-CLT shear wall building. The overall
dimensions of the test subassembly were selected to fit laboratory
constraints. The test subassembly consists of an SC-CLT wall,

a CLT floor diaphragm, glulam collector beams, and a glulam
gravity load system (Sause et al. 2020; Amer 2023). The CLT panels
were provided by SmartLam (Columbia Falls, Montana) (APA—
The Engineered Wood Association 2016) and certified as Grade
SL-V4 based on standard PRG 320 (APA—The Engineered Wood
Association 2019) for CLT panels. The panels were Spruce-Pine-Fir
South (SPF-S) CLT. The floor diaphragm has 3-layer CLT panels
and the SC-CLTwall has 5-layer CLT panels. Two glulam collector
beams are connected to the SC-CLT wall, one on each side of the
wall. The collector beams transfer the in-plane (i.e., north–south, in
the direction of the SC-CLT wall) lateral forces from the CLT floor
diaphragm to the SC-CLT wall. The gravity load system consists of
glulam gravity beams and gravity columns with pinned bases. The
glulam material was provided by Western Structures (Eugene,
Oregon) and fabricated from Douglas fir (DF) lumber.

The SC-CLTwall, shown in Fig. 4, has two post-tensioned wall
panels (i.e., the north panel and south panel, denoted NWP and
SWP, respectively). Each panel is approximately 175 mm thick
(tw), 1,524 mm long (Lw), and 6.1 m tall (Hw). The moisture con-
tent of the CLT wall panels was measured at the time of the sub-
assembly tests and found to be approximately 6.5% and 8.8% for
the UT specimen and MT specimen, respectively. The CLT wall
panels rest on a concrete foundation, cast on a steel beam attached
to the lab strong floor, simulating a stiff building foundation. The
concrete foundation surface enables relatively uniform bearing
stresses along the base of the wall panels. Each CLT wall panel
was post-tensioned with a 32-mm-diameter PT steel bar that is

Fig. 2. Stress and strain at base of single-panel SC-CLTwall at damage states: (a) NLD in form of fine compression splits; (b) DSI in form of initiation
of outer ply delamination; and (c) DSII in form of excessive outer ply delamination and buckling.

Fig. 3. Isometric view of 0.625-scale test subassembly.
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anchored to the foundation. The inner ply at the midlength of
each CLT wall panel was removed by the manufacturer to allow
the PT steel bar to pass through the center of the CLT wall panel.
The prestressing ratios fpi=fpu, where fpi is the initial prestress
and fpu is the ultimate stress of the PT steel bar, are approximately
0.35 and 0.40 for the UT and MT specimens, respectively. This
slight difference was unintended and due to imprecision in the
post-tensioning operations for the two test specimens. The fpy
is the PT steel bar stress at yielding and is equal to 834 MPa
(i.e., 0.81fpu). A stiffened steel PT bearing plate (Fig. 4) supports
the PT bar anchorage at the top of each CLT wall panel and dis-
tributes the PT bar force into the wall panel without excessive bear-
ing deformation of the CLTmaterial. During the short time between
the post-tensioning operation and the beginning of each cyclic lat-
eral loading test, no significant loss in PT bar forces was observed.
Shear keys (Fig. 4), at the north and south edges of the SC-CLTwall
(i.e., in-plane shear keys) and at the east and west faces of each CLT
wall panel (i.e., out-of-plane shear keys), are attached to the con-
crete foundation to prevent sliding of the wall and transfer the base
shear to the foundation. Each shear key consists of chamfered soft-
wood placed between the CLT wall panel and a steel angle anch-
ored to the foundation. The chamfered softwood prevented the steel
angle from causing local damage to the CLT wall panels. A shear
key was placed in between the CLTwall panels in the MT specimen
to improve the test setup and avoid early end rolling damage of the
CLT wall panels due to sliding.

The collector-beam-to-SC-CLT-wall connection (Fig. 4) in the
test subassembly consists of a round steel pin placed through a steel
block in a vertical slot in each wall panel (Amer 2023). The vertical
slot enables each CLT wall panel to rock without causing uplift of
the collector beams. The height of the collector-beam-to-SC-CLT-
wall connection from the top of the foundation Hcbc is 3.6 m.
Rubber bearings (Fig. 4) with a sliding Teflon-to-Teflon slip inter-
face transfer out-of-plane loading from the floor diaphragm to the

SC-CLTwall, and provide out-of-plane bracing to the SC-CLTwall
without damage to the CLT floor panels. The adjacent CLT wall
panels are connected with pairs of UFPs, shown in Fig. 4 (one
UFP was omitted above the floor diaphragm in the MT specimen),
that are recessed in the wall and anchored to it using Simpson
Strong-Tie (Denver) SDS wood screws for energy dissipation.
Hence, four UFPs are used in the UT specimen and three UFPs are
used in the MT specimen, with two UFPs below and one UFP
above the CLT floor diaphragm. The UFP strength was selected to
provide an energy dissipation ratio (Seo and Sause 2005) of less
than 50%. More details of the test subassembly can be found in
Amer (2023).

Test Setup and Loading Control Scheme

In the test setup, two in-plane actuators (Fig. 3), one below and one
above the floor diaphragm, load a transverse beam connected to
the floor diaphragm to displace the test subassembly in the in-plane
(i.e., north–south) direction. Two out-of-plane actuators (Fig. 3) are
connected to the floor diaphragm to displace the test subassembly
in the out-of-plane (i.e., east–west) direction. The multidirectional
displacements of the test subassembly are specified and controlled
at the so-called structure-physical-node (SPN) (Fig. 3). The SPN is
at a point in space at the top of the floor diaphragm and in the
middle of the SC-CLT wall. The top of the floor diaphragm above
the foundation Hf is approximately 3.92 m. Multidirectional dis-
placements are imposed on the test subassembly to reach a prede-
fined target floor diaphragm story drift, denotedΘtarget

d , which is the
target horizontal displacement of the SPN divided by Hf, and is
given in percent (%) radians. The in-plane and out-of-plane target
floor diaphragm story drifts are denoted Θtarget

d;x and Θtarget
d;y , respec-

tively. Continuous feedback from displacement sensors attached to
the floor diaphragm provides the displaced position of the SPN
(Mercan et al. 2009; Sause et al. 2020; Amer 2023).

Fig. 4. Test subassembly multipanel SC-CLT wall details.
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Loading Protocol

The test subassembly was subjected to quasi-static cyclic loading
consistent with the American Concrete Institute (ACI 2007) testing
protocol. Positive story drifts correspond to displacements in north
and west directions (Fig. 3). The peak value of Θtarget

d is denoted
Θ̂target

d , and peak values of Θtarget
d;x and Θtarget

d;y are denoted Θ̂target
d;x and

Θ̂target
d;y , respectively. In the UT, the test subassembly was subjected

to monotonically increasing quasi-static cyclic in-plane loading
shown in Fig. 5(a) with three cycles of drift applied up to Θ̂target

d;x ¼
3.0% and two cycles of drift applied up to Θ̂target

d;x ¼ 6.0%. In the
MT, the test subassembly was subjected to a multidirectional load-
ing protocol shown in Fig. 5(b), which follows the bow-tie-shaped
loading path shown in Fig. 5(c) up to Θ̂target

d ¼ 4.0%. The test
subassembly was not subjected to torsional motion (in the plane
of the CLT floor diaphragm).

Instrumentation

The measured horizontal displacement of the SC-CLT wall is ob-
tained by averaging the displacements of the two CLTwall panels,
each measured by string potentiometers attached at the top of the
CLT wall panel above the floor diaphragm elevation (Amer 2023).
Linear potentiometers (LPs) (Fig. 6) on each CLT panel were used
to measure the vertical motion (e.g., gap opening) and panel contact
with the foundation along the panel base. Data from the LPs were
transformed to the face of the CLT wall panel to account for the

eccentricity, e, shown in Fig. 6, from the mounting fixtures. The
force in each PT steel bar was measured by a load cell (Fig. 4).
Each gravity column has an instrumented pin to measure the in-
plane shear force in the column. Each actuator has a load cell to
measure the force applied to the test subassembly. The SC-CLT
wall in-plane base shear is calculated by subtracting the measured
in-plane shear forces of the gravity columns from the in-plane com-
ponent of the applied forces measured by the actuator load cells.
The test subassembly out-of-plane base shear was the out-of-plane
component of the applied forces measured by the actuator load
cells.

SC-CLT Wall Experimental Results

SC-CLT Wall Damage States

As an SC-CLTwall rocks on the foundation, the CLT panel corners
are subjected to compression [Fig. 1(a)], so the compression stress–
strain behavior of the CLTwall panel material in the UT specimen
was determined by tests on five compression specimens (CSs)
taken from an untested CLT panel (Amer 2023). In the CS tests,
damage was observed to concentrate within a length equal to tw,
so the height of the compression failure zone in the SC-CLT wall
panels Hcr is assumed equal to tw (Kurama et al. 1999a, b; Perez
et al. 2007; Akbas et al. 2017; Amer 2023). The compression
stress–strain behavior of the CLT material from the CS test results
is shown in Fig. 7.

Fig. 5. Quasi-static cyclic loading protocol (note that stops for inspection are not shown): (a) UT history of imposed in-plane floor diaphragm story
drift, Θtarget

d;x ; (b) MT history of imposed in-plane and out-of-plane floor diaphragm story drifts, Θtarget
d;x and Θtarget

d;y , respectively; and (c) associated
multidirectional bow-tie-shaped loading path used in MT.

Fig. 6. Instrumentation layout: elevation view and cross-sectional view
of CLT wall panel base and CLT wall panel corner notation.

Fig. 7. Compression stress–strain behavior and damage states of CLT
material from CS tests.

© ASCE 04023215-5 J. Struct. Eng.

 J. Struct. Eng., 2024, 150(2): 04023215 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

LE
H

IG
H

 U
N

IV
ER

SI
TY

 o
n 

12
/2

5/
23

. C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.



The SC-CLT wall damage states, summarized in Table 1,
were quantified in terms of EDPs, which are representative of
the lateral-load response of the SC-CLTwall and the test subassem-
bly. The SC-CLTwall corners were inspected after each half-cycle
of the lateral displacement history imposed to the test subassembly
(i.e., the test subassembly returned to zero). The observed damage
is associated with an EDP value measured at the maximum ampli-
tude of story drift of the completed half-cycle (Amer et al. 2022).
For each damage state, three EDP values and the cycle number as-
sociated with the first visible damage (Table 1) are documented for
all eight corners of the SC-CLT wall [full data sets are available in
Amer (2023)]. For each damage state, the first observed damage
form varied among the corners of the SC-CLT wall and the
initiation of the damage was observed to concentrate within Hcr
(i.e., similar to the CS test results). The three EDP values are
(1) the measured peak floor diaphragm story drift, Θd; (2) the si-
multaneous SC-CLT wall story drift, Θw; and (3) the simultaneous
CLTwall panel corner compression strain, εe. Story drift Θd is the
measured position of the SPN divided byHf and is given in percent
(%) radians. The in-plane and out-of-plane values of Θd are de-
noted Θd;x and Θd;y, respectively. The in-plane and out-of-plane
values of Θw are denoted Θw;x and Θw;y, respectively. The Θd

and Θw were not identical due to modest levels of deformation
in the connections between the wall and the diaphragm in the test
subassembly. εe is the measured axial deformation (i.e., over the
length Hcr) of the CLT wall panel compression corner divided
by Hcr. This axial deformation is from linear extrapolation of mea-
surements from the LPs to the wall corners, where as shown in
Fig. 6, the LPs have equal gauge lengths of Hcr. Note that εe is
not a local strain; rather, εe is the average compression strain over
the height of the failure zone, Hcr. The CLT wall panel corner no-
tation (e.g., the northeast corner of the NWP is denoted NWP-1) is
shown in Fig. 6.

Table 2 lists the measured peak in-plane floor diaphragm
story drift when a damage state was first observed at any of the
eight corners of the wall, Θ̂d;x, the simultaneous out-of-plane floor
diaphragm story drift, Θ̂d;y, the simultaneous in-plane and out-of-

plane SC-CLTwall story drift, Θ̂w;x and Θ̂w;y, and the simultaneous
CLTwall panel corner compression strain, ε̂e. The table shows that
the values for Θ̂d;x when a damage state was first observed are
smaller for the MT than for the UT. NLD, DSI, and DSII were first
observed under unidirectional loading (in the UT) at Θ̂w;x ¼
0.41%, 1.53%, and 3.13%, respectively, and under multidirectional
loading (in the MT) at Θ̂w;x ¼ 0.24%, 0.41%, and 2.04%, respec-
tively. This result is expected, because the CLTwall panel is under
nearly uniform compression strain through the thickness of the
panel under unidirectional loading, but the compression strain is
concentrated in the outer ply of the panel under multidirectional
loading. At NLD, the value of ε̂e from the UT is close to the value

of εcsnld and εcscy;2 (Fig. 7), while the difference between the value of
ε̂e from the MT and εcsnld and εcscy;2 is large. At DSI, the value of ε̂e
from the MT is close to the value of εcsdsi and the difference between
the value of ε̂e from the UT and εcsdsi is large. At DSII, however, the
difference between the values of ε̂e from the UTand MTand εcsdsii is
less than 10%. Fig. 8(a) shows the lateral-load response of the
SC-CLT wall, based on Θ̂w;x, and points when damage was first
observed for loading cycles up to Θ̂target

d ¼ 3.0%.
The DSIII damage state was not reached in the UT or MT. In the

UT, the test subassembly was loaded up to Θ̂target
d;x ¼ 6.0%, and a

decrease in Vw;x of only 8.0% was observed in the second cycle to
Θ̂target

d;x ¼ 6.0%. Fig. 8(b) shows a detail of the in-plane lateral-load

response of the SC-CLTwall from the MT at Θ̂target
d;x ¼ 4.0%. A de-

crease in Vw;x was observed under multidirectional loading, for
each bow-tie shaped cycle at the same Θw;x, due to test subassem-
bly relaxation when the out-of-plane loading is reversed from west
to east [i.e., from Point a to Point b in Fig. 8(b)] and the observed
damage of the CLT wall panels. A decrease of 13.4% in Vw;x was
observed in the first cycle [i.e., between Points 1-a and 1-b in
Fig. 8(b)] and a decrease of 14.4% in Vw;x was observed in the
second cycle [i.e., between Points 2-a and 2-b in Fig. 8(b)] with
Θ̂target

d;x ¼ 4.0%. Compared to the peak Vw;x for the first cycle [Point
1-a in Fig. 8(b)], a decrease of 6.0% in Vw;x was observed in the
second cycle (i.e., between Points 1-a and 2-a) and a decrease of
10.9% in Vw;x was observed in the third cycle (i.e., between Points
1-a and 3-c) with Θ̂target

d;x ¼ 4.0%.

Estimates of SC-CLT Wall Limit States and
Damage States

This section compares the measured SC-CLT wall limit states and
damage states results from the UTwith estimates from closed-form
expressions (CFEs) presented in Akbas (2016) and Akbas et al.
(2017). The development of the CFE (Akbas 2016) assumes that
the SC-CLTwall is under in-plane loading only. The comparison is
based on equivalence of the compression strain used in the CFE
with the measured CLT wall panel corner compression strain from
the UT. In applying the CFE, the compression stress–strain behav-
ior of the CLT material is based on the CS test results shown
in Fig. 7.

The DEC and ELL limit states are not based on local compres-
sion strain and only the YCLT limit state is considered in the com-
parison (Amer 2023). Two YCLT limit states are considered; YCLT
Limit State 1 is the first CLT material yield point where the strain is
εcscy;1, and YCLT Limit State 2 is the second yield point where the
strain is εcscy;2 (Fig. 7). Table 3 compares estimated results from the
CFE with measured UT results at the YCLT limit state. In Table 3,
εe is the average measured strain of the compression corners of the

Table 2. Test results for first occurrence of damage at wall corner

Test
Damage
state Identifier

CLT wall panel
corner

Floor diaphragm story
drift SC-CLTwall story drift CLT compression strain

Cycle no.Θ̂d;x (%) Θ̂d;y (%) Θ̂w;x (%) Θ̂w;y (%) ε̂e (×10−3 mm=mm)

UT NLD NLD-b NWP-2 0.51 0.00 0.41 −0.08 6.8 3
UT DSI DSI-a; c NWP-1 1.56 0.00 1.53 −0.09 14.7 1
UT DSII DSII-b SWP-1 3.07 0.00 3.13 −0.09 31.8 1
MT NLD NLD-a SWP-2 0.28 0.00 0.24 0.00 16.0 1
MT DSI DSI-a NWP-2 0.44 0.45 0.41 0.48 22.8 1
MT DSII DSII-c SWP-1 2.0 −2.0 2.04 −2.10 32.3 1
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NWP (i.e., NWP-1 and NWP-2) for loading in the north direction,
and the average measured strain of the compression corners of the
SWP (i.e., SWP-3 and SWP-4) for loading in the south direction.
The θb values given in Table 3 are the measured CLT wall panel
base rotations obtained from a linear fit to the LP data from the CLT
wall panel base (Fig. 6) and the θwp;x values are the simultaneous
measured CLT wall panel in-plane story drifts, when εe is equal
to εcscy;1 or εcscy;2. The value of θel is obtained by subtracting θb
from θwp;x. The results from the CFE, with the superscript cfe,
are calculated assuming the compression strain in the CFE equals
εcscy;1 or ε

cs
cy;2. Better agreement between θcfeb and θb is observed for

the SWP compared to the NWP. Differences between θcfeb and θb
are expected to be small because the compression strain used in the
CFE is equal to εe in the UT. Discrepancies in the results between
θcfeel and θel for the NWP and SWP are observed because the elastic
material properties used in the CFE, derived from the CS tests, may

not accurately represent the elastic tensile or shear stress–strain
behavior of the CLT material. Better agreement between the
CFE and UT results is observed for the SWP. No damage to the
corners of the CLT wall panels was observed in the UT when εe
was equal to εcscy;1.

Table 4 shows predictions of SC-CLT wall damage states using
the CFE with strain values equal to the strains for observed damage
in the CS tests (Fig. 7). The predictions are compared with UT re-
sults for the first occurrence of damage at corner NWP-1 or NWP-2
for loading in the north direction and corner SWP-3 or SWP-4 for
loading in the south direction. The strain values for the UT are the
average measured strain of the compression corners (of the NWP or
SWP) simultaneous to Θ̂d;x corresponding to the first observed
damage. The CFE predictions of θb for the first occurrence of
damage are reasonable relative to the UT results (considering the
variability in the test data, discussed previously); however, the
values of θel from the CFE are generally less than the UT results.

Fig. 8. (a) Comparison of in-plane lateral-load response, initiation of SC-CLT wall damage states, and associated photographs of damage from UT
and MT up to Θ̂target

d ¼ 3.0%; and (b) close-up view of in-plane cyclic lateral-load response of SC-CLT wall at Θ̂target
d ¼ 4.0% in MT.

Table 3. Comparison of CFE results and UT results at YCLT limit state

Loading
direction

CLT wall
panel i

εe ¼ εcscy;i
(×10−3 mm=mm)

CFE UT

θceel (%) θcfeb (%) θcfewp;x (%) θel (%) θb (%) θwp;x (%)

North NWP 1 3.8 0.22 0.23 0.45 0.15 0.12 0.27
South SWP 1 3.8 0.22 0.23 0.45 0.22 0.21 0.43
North NWP 2 8.1 0.26 0.66 0.92 0.33 0.35 0.68
South SWP 2 8.1 0.26 0.66 0.92 0.33 0.65 0.98
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Effects of SC-CLT Wall Damage on SC-CLT Wall
Lateral-Load Response

To show the effects of SC-CLTwall damage on the lateral-load re-
sponse, values of Vw;x at the third cycle of loading to a given Θ̂

target
d

after a damage state is reached were used to quantify the effects of
the damage. Following the initiation of the NLD damage state, and
subsequent initiation of DSI, no decrease in Vw;x was observed in
either test. In the UT, Vw;x decreased by 6.8% and 4.1% after the
initiation of DSII for loading in the north and south directions, re-
spectively. In the MT, Vw;x decreased by 4.4% and 10.6% after the
initiation of DSII for loading in the north and south directions,
respectively. These results suggest that a repair action is needed
after DSII is reached to restore the lateral-load response of the
SC-CLT wall.

The decrease in the PT bar force during subsequent loading
cycles following the initiation of NLD and DSI is insignificant.
After the initiation of DSII, the decrease in the NWP and SWP PT
bar force is 6.6% and 7.1%, respectively, for the UT, and 4.2% and
3.4%, respectively, for the MT, which are considered relatively
insignificant. The PT steel bars did not yield in either test.

Fragility Functions for SC-CLT Wall Damage States

Fragility functions for damage states of an individual SC-CLTwall
panel corner in compression (i.e., a component) or an entire SC-
CLT wall (i.e., a system) were developed from the experimental
results. The fragility functions provide the probability of reaching
or exceeding a selected damage state, dsi, conditioned on a given
EDP. For each damage state (Table 1), the EDP values when the
damage was first observed at each of the eight corners of the
SC-CLTwall are given in Amer (2023). These EDP values are quite

variable for both the UT and MT, reflecting the uncertainty in the
damage state criteria and test observations, and the variability in
CLT material properties.

Component-Level Fragility Functions

The variability in the EDP value when a damage state was first ob-
served for each of the eight corners of the SC-CLTwall specimens
was used to quantify the uncertainty in wall panel corner (i.e., com-
ponent) damage occurrence. For each damage state and each EDP,
two sets of sample data points (i.e., the EDP values for damage
state, dsi) for the first observed damage at each wall panel corner
are available; one set from the UT and one set from the MT. A
lognormal distribution is assumed to fit each set of sample data,
and the lognormal mean and standard deviation of the sample data,
denoted λo and ζo, respectively, are estimated using maximum
likelihood estimators (Ang and Tang 2007). The geometric mean
of the sample data λ̄o is equal to the exponential of λo and corre-
sponds to 50% probability of reaching or exceeding the selected
damage state.

Given the small size of each sample data set (i.e., eight data
points for each damage state and each EDP from the UT or MT),
the procedure recommended by Chiozzi and Miranda (2017) is fol-
lowed to test the fit of the lognormal distribution to the data sets.
Tables 5 and 6 summarize the estimated parameters of the lognor-
mal distribution fit to the sample data sets. The λ̄o values for Θd;x
and Θw;x as the EDP are approximately 28%, 44%, and 13%
smaller for the MT (i.e., multidirectional loading) compared to
the UT (i.e., unidirectional loading) for NLD, DSI, and DSII, re-
spectively. The λ̄o values for εe as the EDP are the same for the
MT and UT for DSI, but are 76% and 10% larger for the MT com-
pared to the UT for NLD and DSII, respectively. For NLD, the λ̄o
values for εe for both the UT and MT are significantly larger than

Table 4. Comparisons of SC-CLT wall damage state predictions using CS strains and UT results for first occurrence of damage at wall corner

Damage
state

Loading
direction

CLT wall
panel

CFE UT

εCS (×10−3 mm=mm) θcfeel (%) θcfeb (%) θcfewp;x (%) εe (×10−3 mm=mm) θel (%) θb (%) θwp;x (%)

NLD North NWP 5.8 0.24 0.44 0.68 5.9 0.23 0.21 0.44
NLD South SWP 5.8 0.24 0.44 0.68 5.8 0.14 0.54 0.68
DSI North NWP 23.1 0.31 1.75 2.06 17.2 0.57 1.03 1.60
DSI South SWP 23.1 0.31 1.75 2.06 21.1 0.41 1.65 2.06
DSII North NWP 34.0 0.33 2.34 2.67 35.5 0.85 2.39 3.24
DSII South SWP 34.0 0.33 2.34 2.67 38.2 0.40 2.77 3.17

Table 5. Estimated lognormal distribution parameters from sample data for component damage states with Θd;x and Θw;x as EDPs

Test EDP

NLD DSI DSII

λ̄o (%) λo ζo λ̄o (%) λo ζo λ̄o (%) λo ζo

UT Θd;x 1.01 0.010 0.612 2.27 0.819 0.373 3.39 1.221 0.140
UT Θw;x 0.91 −0.091 0.684 2.28 0.824 0.396 3.49 1.251 0.145
MT Θd;x 0.73 −0.310 0.729 1.29 0.252 0.252 2.95 1.082 0.184
MT Θw;x 0.67 −0.393 0.787 1.27 0.239 0.238 3.05 1.115 0.193

Table 6. Estimated lognormal distribution parameters from sample data for component damage states with εe as EDP

Test

NLD DSI DSII

λ̄o (×10−3 mm=mm) λo ζo λ̄o (×10−3 mm=mm) λo ζo λ̄o (×10−3 mm=mm) λo ζo

UT 10.7 2.365 0.733 25.7 3.247 0.466 42.3 3.746 0.214
MT 18.8 2.936 0.394 25.8 3.250 0.445 46.5 3.840 0.204
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εcsnld (Fig. 7), which is the average value from the CLT material CS
tests. For DSI, the λ̄o values for εe are approximately 12% larger
than εcsdsi (i.e., the average value from the CS tests) for both the UT
and MT. For DSII, the λ̄o value for εe is 24.4% and 36.8% larger
than εcsdsii for the UT and MT, respectively. The λ̄o values for εe, for
a given damage state, are anticipated to be larger than the strains
from the CS tests because the largest compression strain is localized
at a CLT wall panel corner in the lateral-load tests while the entire
cross-section area of the CS is under uniform compression strain.
The ζo is a measure of the sample data dispersion and is different
for each damage state and each EDP for both the UT and MT. The
value of ζo ranges from 0.14 to 0.79, and this wide range is likely
from the small size of the sample data sets and using EDP values
corresponding to the peak floor diaphragm story drift within a load-
ing cycle to quantify the damage states.

The unexpectedly wide range of ζo values suggests using a
Bayesian approach to estimate the population lognormal standard
deviation, ζ, for each damage state and each EDP. The lognormal
mean of the population, λ, is assumed to be equal to the lognormal
mean of the sample data, λo. Bayesian updating was applied to the
lognormal variance (of the population), denoted β, which equals ζ2

and is treated as a random variable. An inverse gamma distribution
with shape parameter a and scale parameter b was used as the
conjugate prior distribution for β (Lynch 2007). The posterior
distribution, which is the updated distribution after observing the
sample data, is proportional to the product of the prior distribution
and likelihood function (Lynch 2007). The posterior distribution
has an inverse gamma distribution with parameters apost ¼ aþ
n=2 and bpost, determined from Eq. (1), where xi is the ith value
of the EDP in the sample data for a selected dsi and n is the size
of the sample data set. The mean of the posterior distribution,
μβ;post ¼ bpost=ðapost − 1Þ, is the expected value of the lognormal
variance β (for the population)

bpost ¼ bþ 1

2

Xn
i¼1

½lnðxiÞ − λ�2 ð1Þ

The values of the parameters a and b of the prior distribution for
β were selected so the mean of the prior distribution, μβ;prior ¼
b=ða − 1Þ, is equal to 0.0625, which corresponds to an assumed
prior lognormal standard deviation of 0.25 and is considered to
be appropriate for timber material properties (Ross 2010). Also,

the values of a and bwere selected such that the lognormal variance
of the sample data, which is equal to ζ2o, falls in the range of
μβ;post � 2σβ;post (i.e., based on selecting 95% confidence interval),
where σβ;post is the standard deviation of the posterior distribution.
Tables 7 and 8 summarize the population lognormal mean and stan-
dard deviation for the component damage states, λ and ζ, respec-
tively, from the Bayesian updating. The value of λ is assumed to be
equal to λo and ζ is equal to ffiffiffiffiffiffiffiffiffiffiffiffiμβ;post

p . Note that ζ ranges from 0.18
to 0.62, which is about 2/3 of the range of ζo.

The probability of a component reaching or exceeding a selected
damage state dsi conditioned on an EDP, denoted PðFcompj
EDP ¼ xÞ, is as follows:

PðFcompjEDP ¼ xÞ ¼ PðDS ≥ dsijEDP ¼ xÞ ¼ Φ

�
lnðxÞ − λ

ζ

�

ð2Þ

where Φ is the standard normal cumulative distribution function.
Figs. 9(a and b) show the component fragility functions condi-
tioned on Θd;x and Θw;x, respectively, for unidirectional and multi-
directional loading. The figures show that for a given EDP value,
the probability of a component (i.e., wall panel corner) reaching
or exceeding a given dsi is larger for multidirectional loading
compared to unidirectional loading, consistent with previous obser-
vations that multidirectional loading causes damage at smaller
story-drift levels than unidirectional loading.

Fig. 9(c) shows the component fragility functions with εe as the
EDP for unidirectional and multidirectional loading. For the same
probability of a component reaching or exceeding DSI, εe for uni-
directional loading and multidirectional loading are similar, while
for the same probability of a component reaching or exceeding
NLD or DSII, εe for multidirectional loading is larger than for uni-
directional loading. As previously mentioned, a CLT wall panel is
under approximately uniform compression strain through the thick-
ness of the CLT wall panel under unidirectional loading, while the
compression strain is concentrated in an outer ply of the CLT panel
under multidirectional loading and the adjacent ply with smaller
compression strain provides some support to the outer ply with
larger concentrated strain. Hence, for the same compression strain,
the probability of a wall corner reaching or exceeding a given
damage state is smaller when the wall is subjected to multidirec-
tional loading compared to unidirectional loading. When using this

Table 7. Estimated population lognormal distribution parameters for component damage states with Θd;x and Θw;x as EDPs

Loading EDP

NLD DSI DSII

λ̄ (%) λ ζ λ̄ (%) λ ζ λ̄ (%) λ ζ

U Θd;x 1.01 0.010 0.490 2.27 0.819 0.320 3.39 1.221 0.179
U Θw;x 0.91 −0.091 0.542 2.28 0.824 0.335 3.49 1.251 0.182
M Θd;x 0.73 −0.310 0.575 1.29 0.252 0.559 2.95 1.082 0.201
M Θw;x 0.67 −0.393 0.618 1.27 0.238 0.589 3.05 1.115 0.206

Note: U = unidirectional loading; and M = multidirectional loading.

Table 8. Estimated population lognormal distribution parameters for component damage states with εe as EDP

Loading

NLD DSI DSII

λ̄ (×10−3 mm=mm) λ ζ λ̄ (×10−3 mm=mm) λ ζ λ̄ (×10−3 mm=mm) λ ζ

U 10.7 2.365 0.578 25.7 3.247 0.384 42.3 3.746 0.218
M 18.8 2.936 0.334 25.8 3.250 0.376 46.5 3.840 0.212

Note: U = unidirectional loading; and M = multidirectional loading.
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information in a numerical simulation to predict damage probabil-
ities under multidirectional loading, the simulation must accurately
estimate the corner compression strain from simultaneous in-plane
and out-of-plane loading.

System-Level Fragility Functions

To represent the probability of an entire SC-CLT wall, rather than
an individual CLT wall panel corner, being in a selected damage
state, the SC-CLT wall can be considered as a system composed
of a number of components. The components are treated as series
components, because damage to one wall corner is considered to be
damage to the entire wall. The SC-CLTwalls studied here, with two
CLT wall panels, are treated as systems with eight components
(i.e., the eight CLT wall panel corners) in series. The SC-CLTwall
damage state dsi is reached if one or more of these components
reaches the given dsi. All wall corners (i.e., all components) are
assumed to have the same fragility for each dsi and each EDP.
The system fragility function provides the probability of the system
reaching or exceeding a given dsi, conditioned on a given EDP, and
is denoted PðFsysjEDP ¼ xÞ. Using first-order reliability theory,
the lower and upper bounds on PðFsysjEDP ¼ xÞ are as follows.
The lower bound (LB) represents the case where the component
failure (i.e., damage) events are fully correlated, and the system
fragility equals the component fragility [i.e., PðFsysjEDP ¼ xÞ ¼
PðFcompjEDP ¼ xÞ]. The upper bound (UB) represents the case
where the component failure (i.e., damage) events are fully inde-
pendent (i.e., PðFsysjEDP ¼ xÞ ¼ 1 −Q

m
i¼1½1 − PðFcompjEDP ¼

xÞ�, where m is the number of the components in the system).
To more conveniently quantify the UB system fragility, an

approximate system fragility function denoted UBappr, assumed
to follow a lognormal distribution, was estimated. This approxi-
mate system fragility is quantified by two parameters, namely,

the lognormal mean and standard deviation, and denoted λsys
and ζsys, respectively. The λsys and ζsys are determined from data
generated using the actual UB. The geometric mean for the system,
λ̄sys is equal to the exponential of λsys and corresponds to a 50%
probability of the system reaching or exceeding a selected dsi.
Table 9 summarizes the estimated parameters for UBappr for the
system damage states. The λ̄sys values for Θd;x and Θw;x as the
EDP are approximately 35%, 60%, and 16% smaller for multidi-
rectional loading than for unidirectional loading for NLD, DSI, and
DSII, respectively. The λ̄sys values (Table 9) for Θd;x and Θw;x are
much smaller than λ̄ (Table 7) for each damage state due to the
large dispersion in the component damage data noted previously,
which implies more likely damage to the system (i.e., an SC-CLT
wall) than an individual CLT wall panel corner (i.e., component)
under lateral loading. For example, the λ̄ values for DSI (Table 7)
show there is a 50% probability of reaching (or exceeding) a mod-
erate damage state from the lower-bound system fragility or the
component (corner) fragility at story drifts of about 2.3% and
1.3% for unidirectional and multidirectional loading, respectively,
while the λ̄sys values for DSI (Table 9) show there is a 50% prob-
ability of reaching a moderate damage state from the upper-bound
system fragility at much smaller story drifts of about 1.5% and
0.6% for unidirectional and multidirectional loading, respectively.
Fig. 10 shows the system fragility functions for unidirectional (U)
loading and multidirectional (M) loading. Two sets of UB fragility
functions are shown; UBU and UBM from 1 −Q

m
i¼1½1 − PðFcompj

EDP ¼ xÞ�, and UBappr;U and UBappr;M from the estimated param-
eters in Table 9. The two upper-bound results are nearly identical.
The results in Fig. 10 show that for a given Θd;x or Θw;x, the prob-
ability of the system reaching or exceeding a selected dsi is larger
for multidirectional loading compared to unidirectional loading,
consistent with previous observations that multidirectional loading

Fig. 9. Component fragility with EDP as (a) Θd;x; (b) Θw;x; and (c) εe.

Table 9. Estimated lognormal distribution parameters for approximate upper-bound fragilities for system damage states

Loading EDP

NLD DSI DSII

λ̄sys (%) λsys ζsys λ̄sys (%) λsys ζsys λ̄sys (%) λsys ζsys

U Θd;x 0.51 −0.668 0.275 1.46 0.376 0.180 2.64 0.972 0.101
U Θw;x 0.43 −0.841 0.305 1.43 0.360 0.189 2.71 0.999 0.102
M Θd;x 0.33 −1.105 0.323 0.59 −0.523 0.315 2.23 0.803 0.113
M Θw;x 0.29 −1.250 0.350 0.56 −0.578 0.332 2.29 0.829 0.116

Note: U = unidirectional loading; and M = multidirectional loading.
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causes damage at smaller story-drift levels than unidirectional
loading.

Summary and Conclusions

This paper presented an experimental study on the lateral-load re-
sponse and damage of SC-CLT walls under multidirectional cyclic
loading. The SC-CLT wall damage states are based on visual ob-
servations of SC-CLTwalls tested in a 0.625-scale timber test sub-
assembly. Four damage states were considered: (1) NLD; (2) DSI;
(3) DSII; and (4) DSIII. NLD is an indistinguishable minor or cos-
metic damage of the CLTwall panel that does not require any repair
action. DSI is a moderate damage where a simple repair action is
needed. DSII is a significant damage state where repair and/or
strengthening of the CLT wall panel is required. DSIII is a severe
damage state where the CLTwall panels are damaged to the extent
that a 20% reduction in base shear resistance of the SC-CLT wall
occurs. Three engineering demand parameters (EDPs) were used to
quantify the SC-CLT wall damage states: (1) the floor diaphragm
story drift; (2) the SC-CLT wall story drift; and (3) the CLT wall
panel corner compression strain.

The lateral-load response and damage of two SC-CLT wall test
specimens, one tested under unidirectional (in-plane) cyclic loading
and the other tested under multidirectional (in-plane and out-of-
plane) cyclic loading, were presented and compared. The test re-
sults show that multidirectional loading causes earlier damage
(i.e., at smaller story-drift levels) to the SC-CLT wall panels than
unidirectional loading. Predictions of the wall story drift associated

with a damage state, made using closed-form-expressions (CFEs),
were compared with the experimental results. The CFE results were
relatively close to the experimental results for NLD and DSI and
conservative for DSII.

For each damage state and for each EDP, two sets of sample data
points (i.e., the EDP values for a given damage state) for the first
observed damage at each wall panel corner were acquired [these
data are given in Amer (2023)], one set from the unidirectional test
and one set from the multidirectional test. The values of the EDPs
in these data sets exhibit significant variability. Lognormal proba-
bility distributions were fit to the sample data. The lognormal mean
of the population (for each EDP and damage state) was assumed to
equal the lognormal mean for the sample data (for each EDP and
damage state); however, the large and widely varying dispersion of
the sample data (for the different EDPs and damage states) led to
the use of Bayesian updating to estimate the population lognormal
standard deviations (for each EDP and damage state).

Fragility functions for the damage states for an individual wall
panel corner of an SC-CLT wall panel under compression (i.e., a
component) and an entire SC-CLT wall (i.e., the system, including
multiple wall panel corners) were developed from the test results.
The fragility functions show that the probability of a CLT wall
panel corner or an entire SC-CLT wall reaching or exceeding a
damage state for a given story drift is larger when the wall is sub-
jected to multidirectional loading than unidirectional loading.

In conclusion, simple observations from the cyclic lateral load-
ing tests and the subsequent development of fragility functions
demonstrate that multidirectional cyclic lateral loading of SC-CLT
shear walls causes damage at smaller story-drift levels than

Fig. 10. LB and UB system fragilities with EDP as (a) Θd;x; and (b) Θw;x.
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unidirectional loading. As a result, predictions of SC-CLT shear
wall damage in buildings from earthquake ground motions using
only unidirectional lateral loading test results are expected to under-
estimate the actual SC-CLT shear wall damage that will be caused
by multidirectional building response. Future work on methods to
mitigate potential damage to the corners of SC-CLT walls under
multidirectional lateral loading is needed to fully achieve a low-
damage lateral-load resisting system.
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All data that support the findings of this study are available from the
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