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Abstract: This paper presents experimental investigations on the seismic behavior of cross laminated timber (CLT) shear walls in a balloon
frame configuration with various ledger assemblies attached at midheight. The tested system consisted of two seven-ply 191-mm-thick CLT
panels with generic hold-downs, steel angle brackets, plywood surface splines, and nails as fasteners. A 2-story system was tested with a panel
aspect ratio of 3∶1 with different steel and wood ledgers under monotonic and quasistatic reversed cyclic loading. Three ledgers were
subsequently tested under vertical quasistatic monotonic loading to determine their remaining load-carrying capacity. The tests showed that
the shear wall displacement was due to the rocking of the wall panels, which themselves behaved as rigid bodies with negligible in-plane
deformations. When compared to the monotonic tests, the strength in reversed cyclic tests was up to 21% lower. The ledger did not impede the
desired rocking behavior of the wall, nor did the rocking of the wall reduce the remaining gravity load-carrying capacity of the ledgers by
more than 7%. Balloon-framed CLT shear walls can be detailed and designed using the Canadian standard specifications for platform-type
construction. DOI: 10.1061/(ASCE)ST.1943-541X.0003106. © 2021 American Society of Civil Engineers.
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Introduction

Seismic Design Provisions for Cross-Laminated
Timber Structures

Mass timber construction is becoming common across North
America, and encapsulated mass timber structures have been in-
corporated into both the 2020 version of National Building Code
of Canada (NBCC) for buildings up to 12 stories (NBCC 2020b)
and the 2021 version of the International Building Code (IBC) for
buildings up to 18 stories (ICC 2021). Cross-laminated timber
(CLT) is a type of mass timber panel consisting of sawn lumber
elements laid up on flat in alternating directions and glued together,
creating panels that have high in-plane strength and stiffness
(Shahnewaz et al. 2017; Karacabeyli and Gagnon 2019). Because
of these properties, CLT can be used to resist lateral wind and
seismic loads, in diaphragm or shear wall applications, and in
earthquake-prone regions (Shahnewaz et al. 2018).

In Canada, the NBCC (2020b) defines ductility (Rd) and over-
strength (Ro) factors for the reduction of seismic design forces and
refers to the Standard for Engineering Design in Wood [CSA O86
(CSA 2019)] for design provisions for CLT shear walls and dia-
phragms. CSA O86 (CSA 2019) includes requirements intended
to ensure that rocking is an energy dissipative kinematic wall
behavior such as panel aspect ratio limitations and connection

design requirements. The NBCC-provided values of Rd ¼ 2.0
and Ro ¼ 1.5 are applicable where these requirements are met.

Platform-Framed CLT Shear Walls

These Canadian design provisions, developed based on CLT shear-
walls and connection research (Hossain et al. 2016, 2019; Loss
et al. 2018; Sullivan et al. 2018; Gavric et al. 2015a, b, c;
Schneider et al. 2015; Trutalli et al. 2019; Popovski et al. 2010;
Pozza et al. 2018), are applicable to platform-type construction.
Platform-type construction has each floor act as a platform for
the floor above; the wall system at each floor acts as an independent
rocking wall system with connections to the floor below, as well as
vertical joint connections between individual panels within the
wall. Connections to the floor below are provided with brackets
and hold-downs (HDs); wall panel connections typically use ply-
wood splines or half-lap joints. Extensive research on the perfor-
mance of CLT connections, including steel brackets, HDs, and
self-tapping screws (STSs), has demonstrated that both stiff and
ductile connections can be achieved as a function of screw instal-
lation angle (Hossain et al. 2016, 2019; Loss et al. 2018), that spline
joints achieved the largest ductility (Sullivan et al. 2018), and that
brackets have similar strength and stiffness under tension and
shear, whereas HDs showed higher strength and stiffness in tension
when compared to bracket connections with negligible shear resis-
tance (Gavric et al. 2015b, c; Schneider et al. 2015; Trutalli et al.
2019).

Other studies have developed design guidance to estimate the
in-plane resistance and deflection of shear walls in platform-type
CLT buildings (Popovski et al. 2010; Gavric et al. 2015a; Pozza
et al. 2018; Shahnewaz et al. 2019, 2020a, b; Mestar et al. 2020;
Izzi et al. 2018). Popovski et al. (2010) performed quasistatic
monotonic tests with vertical shear connectors and demonstrated
adequate seismic performance and ductile behavior. Gavric et al.
(2015a) performed cyclic tests on coupled walls and observed that
failure occurred at the connections, whereas the CLT panels only
suffered negligible in-plane deformations. Pozza et al. (2018) pre-
sented a model for the behavior of CLT angle brackets under
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coupled shear tension and evaluated the model against experimen-
tal results. Other researchers proposed analytical models that
predict the lateral behavior of CLT shear walls; for example,
Shahnewaz et al. (2019, 2020a, b) proposed analytical methods
to compute the resistance and deflection of single and coupled
CLT shear walls considering different kinematic modes and the in-
fluence of perpendicular walls and ceiling. Mestar et al. (2020) de-
veloped an equivalent-frame model for CLT shear walls with
openings and evaluated the performance under lateral loading.
Izzi et al. (2018) reviewed the current state of the art of seismic
performance of CLT structures. All these studies confirmed that
the connections between CLT shear walls and the foundation and
between panels were the primary contributors to deflection and
ductility and supported the implementation of design provisions
for platform-type CLT construction in standards around the world
(Karacabeyli and Gagnon 2019).

Balloon-Framed CLT Shear Walls

The design provisions for CLT shear walls in CSA O86 (CSA
2019) apply only to platform-type construction, and the commen-
tary goes on to note that balloon-type applications are beyond the
scope of the standard. However, the code-specified aspect ratio lim-
itations alongside platform framing significantly impact construc-
tion considerations because they increase both the number of panels
that must be handled on site and the number of fasteners required
between panels and floors. Additionally, for taller buildings, the
limitations on flexural deformations can be difficult to achieve with
HD deformations accumulating at each level. Finally, the accumu-
lation of compression perpendicular to grain stresses on the floor
panels from the stories above as well as shrinkage over multiple
stories can be difficult to design for.

Conversely, balloon-type construction consists of continuous
walls over multiple floors, with the intermediate floors framing into
the face of each floor. Traditionally, balloon framing used continu-
ous walls studs from the sill plate at the ground to the top plate at
the roof of a building without interruption from floor framing.
Although documentary evidence suggests that balloon framing
existed as early as 1804 along the Mississippi River (Cavanagh
1997), George Snow is now commonly identified as the inventor
of balloon-type construction, having built a warehouse on the bank
of the Chicago River in 1832. From this modest beginning evolved
a construction system that enabled the settlement of the treeless
American West (Sprague 1981).

Balloon-framed CLT shear walls offer several advantages, in-
cluding (1) eliminating perp-to-grain bearing between floors,
(2) eliminating cumulative perp-to-grain shrinkage over the build-
ing height, (3) requiring fewer panels to create slender panel aspect
ratios, (4) fewer HD and shear bracket connections are required
over the height of a building, and (5) reduced flexural deformation,
due to reduced cumulative deformation (Daneshvar et al. 2019).
To date, however, only limited research is available on the seismic
performance of balloon-type CLT construction. Chen and Popovski
(2019) proposed mechanics-based analytical models to predict the
lateral behavior of balloon-type CLT shear walls. They investigated
the contribution of panel shear and bending as well as sliding,
rocking, and slip of vertical joints to estimate the resistance and
deflection of shear walls. CLT shear walls with dimensions of 4.1 ×
0.8 m were tested in a single and coupled wall consisting of two
segments. One monotonic and one cyclic test each were conducted
with a nominal dead load applied; the lateral load was only applied
at the top of the shear wall, and no ledgers simulating intermediate
floors were attached, effectively testing a tall single-story wall. The
actuator stroke was insufficient to achieve failure in the cyclic tests.

Objective

The structural consulting firm Fast+Epp proposed balloon-framed
2-story shear walls as a lateral load-resisting system for two
elementary school projects. The objective of the research presented
herein was to investigate the seismic behavior of this balloon CLT
shear wall system with typical HDs and bracket base connectors
and panel-to-panel spline connections designed to provide rocking
behavior, similar to a platform framed system. Specific consider-
ations include to determine the strength, stiffness, and energy dis-
sipation of a rocking balloon frame wall system, including the
impact of various ledger assemblies connected at midheight, and
verification of the gravity load-carrying capacity of the ledgers after
a seismic event.

Experimental Investigations

Specimen Description

A total of 12 CLT balloon-framed shear walls and subsequently six
ledgers were tested in the UNBC Wood Innovation and Research
Laboratory in Prince George, Canada. The test specimens consisted
of two coupled CLT panels, 1,219 mm wide and 3,658 mm tall,
resulting in an aspect ratio of 3:1, representing a half-scale 2-story
shear wall; see Fig. 1. The test specimens consisted of two coupled
CLT panels, 1,219 mm wide and 3,658 mm tall, resulting in an
aspect ratio of 3:1, representing a half- scale 2-story shear wall,
see Fig. 1. Only the panels were scaled to accommodate the labo-
ratory test setup. All other parameters of the shear wall, such as the
panel cross-section of the vertical loads, ledgers, and all connectors,
were full size as designed for the actual building. This approach
was deemed acceptable because previous research has shown
the panel strength and stiffness contribution to shear wall resistance
and deflection to be neglectable. The wall panels were connected to
a steel beam using two HDs and four shear brackets on one side of
the panels, and the steel beam was connected intermittently along
its length to the lab’s strong floor. The two panels were coupled
vertically using a nailed plywood spline joint on one side.

Materials

The CLT panels were strength grade 191V2 [CSA O86 (CSA
2019)]: seven-ply, 191 mm thick (35þ 17þ 35þ 17þ 35þ
17þ 35), and sourced from Structurlam (CrossLam 2020). The
shear walls were anchored on the outer edges to a steel beam with
two WHT740 HDs attached to the panel with 75 4Ø × 60-mm
anker nails; four TCN240 angle brackets—two on each panel—
were attached with 36 4Ø × 60-mm anker nails (Rothoblass 2020).
The panel-to-panel vertical spline connections were provided with
surface-mounted 25 × 140-mm Douglas Fir (D.Fir) plywood
pieces, spliced at one-third height of the wall and attached to
the panel with 4Ø × 60-mm anker nails at 200 mm on center with
an one additional ASSYS Kombi 10Ø × 120-mm screw (ASSY
Kombi 2020) at the top and bottom of each piece of the spline.
The predicted yield strength and deformation based on manufac-
turer values for HDs and brackets and fastener deformation calcu-
lations per EN 1995 (BSI 2004) for the splines were 106 kN and
101 mm, respectively.

Ledger Types

The CLT shear wall panels were balloon framed with a ledger
attached at midheight to support the intermediate floor in the
building. Four different ledger assemblies (see Fig. 2) were tested
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to investigate their effect on the behavior of the shear wall and the
postseismic gravity resistance:

Type A—steel ledger L127 × 76 × 8 attached with 16 ASSY
Kombi 10Ø × 120 partially threaded screws distributed in two rows
along the ledger length [Fig. 2(a)], representing the common con-
struction practice. Fasteners will deform as the wall panels rock,
and the ledger retains (relatively) its shape. However, it is currently
unknown whether the distributed fasteners will obstruct the panel
rocking as the desired kinematic motion or if the deformation of the
fasteners will be sufficient to significantly reduce the postseismic
strength of the ledger.

Type B—steel ledger L178 × 102 × 8 attached with 16 ASSY
Kombi 10Ø × 120 partially threaded hex head screws concentrated
in groups through the ledger at the center of each panel [Fig. 2(b)];
the concentration of screws at the center of each panel limits the
deformation in the screws due to rocking, mimicking behavior be-
tween distributed fasteners (Type A) and a true pin (Type C) with
the objective to reduce any potential ledger and ledger fastener
deformation.

Type C—steel ledger L127 × 76 × 8 attached with a single pin.
The pin connection, created with a 38Ø bolt with nut and washer at
the panel center [Fig. 2(c)], allowed the ledger to remain straight

1219

nails 4X60@200mm

plywood: 25X140mm

400

1219

400 419 400400419

1829

screw 10X120

1829

191

plywood splice

screw 10X120

steel angle
L127X76X8

steel angle
L127X76X8

TCN 240
36-4X60 nails

WHT 740
75-4X60
nails

140X83
4-Ø16 bolts

Threaded rod w/
 nut and washer
(WHTBS130)

Ø17 (x 4)

Ø29

A

A

BB

(a) (b)

(c)

Section B-B

Section A-A

240X123240X123240X123140X83

Fig. 1. (a) Shear wall test specimens (shown with ledger Type A); (b) section A-A; and (c) section B-B.
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without imposing any restraint on the wall rocking behavior in
addition to the friction between the two coupled panels and the
friction created by the pin.

Type D—glulam GL75 × 190 ledger attached with 16 ASSY
SK 10Ø × 200 partially threaded washer head screws distributed
along the ledger length [Fig. 2(d)]. Type D is the same system
as Type A ledger, except the ledger material is replaced with wood.
The objective of using the wood ledger is to investigate its defor-
mation and gravity load-carrying capacity due to reverse cyclic
loading.

Setup for Shear Wall Tests

Each shear wall configuration with the different ledger types as de-
scribed in Fig. 2 was tested three times: once under quasistatic

monotonic loading, to determine the displacement target for the
subsequent two quasistatic reversed cyclic tests. Lateral loads were
applied by two 250-kN actuators at the top of the wall panel
through a steel side plate connected to a steel H-beam and at mid-
height directly to the ledger. The top H-beam was placed on
two wooden blocks at the center of each panel. These wooden
blocks only served the purpose of spacers before the two large steel
pines were inserted through which the superimposed dead loads
were applied onto the panels. A 20-kN=m superimposed vertical
gravity load was applied at the top of the wall representing a
moderately loaded wall in a 2-story system. The load was applied
using three cantilevered steel beams with weights on hollow struc-
tural sections (HSSs). This gravity load system simultaneously pre-
vented out-of-plane horizontal movements in addition to allowing
for the lateral movement of the shear wall. A three-dimensional

250150 419 250

75

25

75

191

screw 10X120
steel angle
L127X76X8 steel angle

L127X76X8

steel angle
L178X102X13

screw 8-10X120@
100mm space

100

100
steel angle
L178X102X13

39
100

steel angle
L127X76X8 steel angle

L127X76X8

38Ø A307 Bolt
with nut & washer

38Ø A307 Bolt
with nut & washer

64

38Ø Bolt
with nut &
washer

75

screw 10X200
Wood Ledger
75X190

100

50

250 150419250

250150 419 250 250 150419250

GL 75X190

191

191

191

(a)

(b)

(c)

(d)

Fig. 2. Ledger assemblies: (a) Type A—steel with screws distributed; (b) Type B—steel with screws at centre; (c) Type C—steel with pin at centre;
and (d) Type D—wood with distributed screws.
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(3D) schematic of the balloon wall test setup and a photo are shown
in Fig. 3.

The balloon-framed shear walls were tested with a 20-kN=m
superimposed vertical gravity load applied at the top of the wall.
The test setup did not allow applying gravity loading onto the
ledger; therefore, the setup did not entirely represent the actual
loading situation in a balloon-framed building. However, we be-
lieve that this difference did not have any significant impact on the
overall wall behavior. To evaluate the remaining gravity load-
carrying capacity of the ledgers after a seismic event, the ledgers
were retested only under gravity loading. Future numerical research
can investigate the wall behavior with gravity loads applied at both
story levels.

Instrumentation for Shear Wall Tests

The horizontal, vertical, and relative panel displacements were
recorded with LVDTs and string pots at 12 locations (at the top
and midheight of the wall, base, ledger, and spline), as shown
in Fig. 4. Sensors 1 and 2 were string pots measuring the wall’s
horizontal displacements dh;w. Sensors 3, 5, 6, and 8 were LVDTs
measuring the vertical displacement between the testing apparatus
and the bottom corner of each panel attached to record the uplifts
dup;w. Sensors 4 and 7 were LVDTs measuring the horizontal

displacement between the testing apparatus and the bottom center
of each panel to record the horizontal wall sliding dsl;w. Sensors 9
and 10 were LVDTs measuring the horizontal displacement
between the ledger and the wall at the midpoint of each panel
dsl;l. Finally, Sensors 11 and 12 were LVDTs measuring the
vertical slip between the coupled panels above and below the
ledger dz;p.

Loading Protocols

Based on the equivalent static analysis for story shears on a 2-story
building, an approximation of equal forces acting at the roof and
second level was deemed appropriate. To represent this loading in
the experiments, both actuators applied the same load. The top ac-
tuator acted as the master and the midheight actuator as the slave
trailing the top actuator’s loads. The tests were conducted at a rate
of 10 mm=min for the top actuator; the midheight actuator applied
the same load directly to the ledger. In the quasistatic monotonic
pushover tests, the shear walls were preloaded to 20 kN to validate
the shear wall stiffness assumption. Tests were stopped at failure,
defined as the point where the load-carrying capacity dropped to
80% of the maximum load. The reversed cyclic tests followed the
abbreviated CUREE loading history [Fig. 5(a)], a displacement-
controlled loading procedure per ASTM E2126 (ASTM 2011). The
100% target displacement for the cyclic loading tests was set to
60% of the observed displacement at failure from the monotonic
tests.

Analysis of Shear Wall Tests

The shear walls tests were assessed in terms of strength, stiffness,
deformation, ductility, and energy dissipation. The forces were pre-
sented as the sum of the two applied actuator loads. For the cyclic
tests, both maximums from positive and negative cycles Fmaxþ and
Fmax− were recorded. The deformations corresponding to the maxi-
mum forces dFmaxþ and dFmax− were the measurements at the
top-right corner of the shear walls (Sensor 1 in Fig. 4). The other
parameters, ultimate load (Fu), displacement at ultimate load (du),
yield load (Fy), yield displacement (dy), elastic stiffness (Ke),
and ductility (D), were computed based on equivalent energy
elastic plastic (EEEP) curves according to ASTM E2126. The elas-
tic stiffness was calculated for the range of 10%–40% of capacity
according to EN 26891 (CEN 1991). Ductility was computed as
the ratio of displacement at ultimate to yield loads du=dy, as
outlined in ASTM E2126. Fig. 5(b) illustrates the procedure for
developing the EEEP curves (created from the average of the
positive and negative backbone curves). The energy dissipation
E was calculated from the area under the loading and unloading
cycles of the load-deflection hysteresis loops following the trap-
ezoidal rule.

Ledger Tests

For shear walls with ledger types A, B, and D, the ledgers were
subsequently tested under quasistatic monotonic loading as shown
in Fig. 6 to determine the ledgers’ remaining load-carrying capacity
under gravity loading. Each of the three ledger types (A, B, and D)
was tested twice: a control test (labeled “new”) with the ledger not
subjected to any loading prior to the monotonic shear connection
test and a test on the ledger connection after the specimen was
subjected to reversed cyclic loading tests (labeled “postseismic”).
Ledger type C was not tested because there was no damage
observed to the perfect pin. The ledger load displacement was re-
corded using the integrated actuator LVDTs. No external sensors
were attached to the ledgers because the primary aim of these

Fig. 3. (a) 3D schematic; and (b) photo of shear wall test setup.
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tests was to investigate the remaining load capacity of the ledgers
after the rocking shearwalls failed at their energy dissipating
connections. The load-carrying capacities (Fmax), displacement at
capacities (dFmax) and elastic stiffness (Ke) were recorded. The
stiffness Ke was calculated for the range of 10%–40% of capacity
according to EN 26891 (CEN 1991).

Results and Discussion

Shear Wall Test Main Results

Key test results for the wall behavior are listed in Table 1. The load-
displacement response from the monotonic and reversed cyclic

Top
1

Mid
2

3 4 5 6 87

9 10

11

12

Top & Mid : Actuator LVDTs

1 & 2         : String pots [wall hor. disp., dh,w ]

3, 5, 6 & 8 : LVDTs [wall uplift, dup,w]

4 & 7         : LVDTs [wall sliding, dsl,w ]

9 & 10       :

Sensor List:

plywood spline

ledger

CLT Panels

Top Actuator

Mid Actuator

hold-down

bracket

11 & 12     : LVDTs [panels rel. ver. displ., dz,p]

(a)

(b) (c) (d)

(e) (f) (g)

LVDTs [ledger slips, dsl,l ]

Fig. 4. Shear wall testing: (a) schematic; (b) end of wall uplift; (c) uplift at the inner panel edge; (d) panel sliding; (e) relative panel slips; (f) ledger
slips; and (g) wall horizontal displacement.
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tests are plotted in Figs. 7 and 8, respectively. The displacements
are the horizontal displacements at the top of the wall, based on the
measurements from String Pot 1, as shown in Fig. 4(a), and the
loads provided are the cumulative applied load from both actuators.

The load-displacement behavior under monotonic loading of
the CLT shear walls using the four different ledgers was similar
(Fig. 7). The load-deflection curves were initially linear up to
10% of peak loads, and then the nonlinearity began due to defor-
mations at the wall-to-floor and wall-to-wall joints. A sudden drop
in actuator loads was observed when the spline connection reached
its load-carrying capacity, which caused large HD deformation and
triggered the failure.

The peak loads under monotonic loading Fmax for the shear
walls ranged from 115 (Type C—steel ledger with pin at center)
to 133 kN (Type D wood ledgers with distributed screws). Shear
walls with Type C ledgers had 11%, 6%, and 14% lower strength
capacity compared to shear walls with type A, B, and D ledgers,
respectively. The walls reached their peak loads at displacements
of between 108 (Type A) and 129 mm (Type C); Type C shear-
walls had 16%, 9%, and 5% greater deformation at ultimate
capacity compared to shear walls with type A, B, and D ledgers,
respectively. Shear walls with Type C ledgers reached the lowest

load-carrying capacity and highest corresponding deformation,
confirming the assumption that the pins allowed the wall panels
to rock freely with minimal restraint. All walls were deemed to
have failed at loads Fu between 92 and 106 kN for ledger Types
C and D, respectively. The shear wall with Type A ledger exhibited
the largest displacement, at failure of 141 mm, whereas the Type C
ledger failed at 133 mm.

Based on the EEEP curves, the yield loads from monotonic tests
were 109 and 92 kN for the walls with ledger Types D and C, re-
spectively. These obtained values were in good agreement with the
predicted yield strength based on manufacturer values of 106 kN.
The balloon walls yielded at an average displacement of 42 mm,
ranging from 38 (Type B) to 46 mm (Type C). The monotonic tests
showed these predicted values to be sufficiently accurate. All walls
with screwed ledgers (Type A, B, and D) exhibited similar elastic
stiffness (average Ke ¼ 2.5 kN=mm). The Type C wall exhibited
the lowest stiffness and smallest energy dissipation capacity com-
pared with 10%, 15%, and 19% lower stiffness under cyclic tests
when compared to Types A, B, and D, respectively and 25%, 17%,
and 15% lower energy dissipation compared to Types A, B and D,
respectively. These differences supported the hypothesis that the
pin-connected ledger contributed little to resistance and allowed the

Fmax

Fy

Fu = 0.8Fmax

0.4Fmax

dmax

Lo
ad

, F

dy du

Envelope curve

EEEP curve

Displacement, d(b)

(a)

Fig. 5. (a) CUREE loading; and (b) equivalent energy elastic plastic (EEEP) curves (ASTM E2126).
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panels to rock freely. The lower overall lateral stiffness and energy
dissipation triggered failure of the dissipative connections (HDs
and panel-to-panel joints) at lower load levels. The ductility ratio
D varied from 2.9 to 3.7, with the walls with Types B and C ledgers
showing the highest and lowest ductility, respectively.

Under reversed cyclic loading, the peak loads Fmax of all shear
walls was reduced compared to the monotonic tests. Walls with

Types C and D ledgers showed the highest Fmax reduction (21%
and 20%, respectively) for both positive and negatives hysteresis
cycles. Walls with Type A ledgers showed the smallest average
Fmax reduction of 7% and 17% in the positive and negative cycles,
respectively. The deformations at maximum loads dFmax were sig-
nificantly reduced compared to the monotonic tests by up to 21%
(average of positive and negative cycles for wall Type C). Walls
with Type A ledgers showed the smallest dmax reduction of 11%
(again, average of positive and negative cycles).

The cyclic yield displacements and strengths dy and Fy were
similar for all ledger types. Yield displacement dy ranged from
28 (Type D) to 37 mm (Type A) and was on average 23% smaller
than the monotonic yield displacements. The largest reduction was
observed for Type D walls (30%), whereas Type Awalls exhibited
the smallest reductions (14%). The yield strengthFy ranged from 72
(Type C) to 96 kN (Type A) and was on average 16% smaller than
the monotonic yield strength. The largest reduction was again ob-
served for Type D walls (21%), whereas Type Awalls exhibited the
smallest reductions (11%). The elastic stiffnesses Ke under cyclic
loading were very similar across all ledger types and higher (11%
on average) than those obtained from the monotonic tests. Walls
with Type B and C ledgers were found to be more ductile than
those with Type A and D ledgers, similar to the monotonic tests.

Furthermore, under reversed cyclic loading, the ultimate loads
Fu of all shear walls was reduced compared to the monotonic tests
by on average 20%. The largest reduction was again observed for
Type D walls (24%), whereas Type A walls exhibited the smallest
reductions (11%). The corresponding ultimate displacements du,

Fig. 6. Setup for ledger tests.
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Fig. 7. Load-deflection curves for monotonic tests.

Table 1. Main results from shear wall tests

Test ID Fmaxþ (kN) Fmax− (kN) dFmaxþ (mm) dFmax− (mm) E (kJ) Ke (kN=mm) Fy (kN) dy (mm) Fu (kN) du (mm) D

A-M 129 — 108 — — 2.5 107 42 103 141 3.3
A-C1 121 −101 112 −91 74 2.5 94 37 87 159 4.3
A-C2 117 −112 88 −95 71 2.7 96 35 90 177 5.0
B-M 122 — 117 — — 2.6 100 38 97 140 3.7
B-C1 100 −99 111 −115 66 2.8 83 30 79 166 5.6
B-C2 106 −97 90 −90 65 2.7 85 31 78 176 5.6
C-M 115 — 129 — — 2.0 92 46 92 133 2.9
C-C1 86 −95 89 −121 53 2.3 72 32 69 170 5.3
C-C2 97 −90 117 −93 56 2.4 79 33 74 177 5.3
D-M 133 — 123 — — 2.5 109 43 106 135 3.1
D-C1 115 −103 116 −93 64 3.1 87 28 82 139 4.6
D-C2 104 −97 88 −94 64 2.7 86 32 80 150 4.7
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however, increased by an average of 20%. Here the largest increase
was observed for Type C walls (30%), whereas the smallest in-
crease was observed for Type D walls (7%). As a consequence of
the decrease in dy and increase in du, ductility increased for all

shear walls in the cyclic tests compared to the monotonic tests,
with average values ranging from 4.7 (Type A and D walls) to
5.6 (Type B walls). Shear walls with ledger Type A achieved the
highest energy dissipation capacity E, with 73 kJ, 25% higher

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150

-100

-50

0

50

100

150

-150 -100 -50 0 50 100 150
-150

-100

-50

0

50

100

150

F
 [k

N
]

dh,w [mm]

 A-C1
 Backbone
 A-M
 EEEP

F
 [k

N
]

dh,w [mm]

 A-C2
 Backbone
 A-M
 EEEP

F
 [k

N
]

d
h,w

 [mm]

 B-C1
 Backbone
 B-M
 EEEP

F
 [k

N
]

dh,w [mm]

 B-C2
 Backbone
 B-M
 EEEP

F
 [k

N
]

dh,w [mm]

 C-C1
 Backbone
 C-M
 EEEP

F
 [k

N
]

dh,w [mm]

 C-C2
 Backbone
 C-M
 EEEP

F
 [k

N
]

dh,w [mm]

 D-C1
 Backbone
 D-M
 EEEP

F
 [k

N
]

dh,w [mm]

 D-C2
 Backbone
 D-M
 EEEP

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8. Hysteresis curves: (a and b) Type A; (c and d) Type B; (e and f) Type C; and (g and h) Type D.
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compared to the lowest energy dissipating capacity, observed in
walls with Type C ledgers.

Shear Wall Failure Modes

At failure, all shear wall specimens showed fastener yield in the
brackets and HDs [see Figs. 9(a–c)], failure of the spline joints
[Fig. 9(d)], and plastic deformation of the horizontal steel plates
for both HDs and brackets [Figs. 9(b and c)]. Under both mono-
tonic and reversed cyclic loading, no damage was observed in
either the steel or the wood ledgers.

Shear Wall Tests Secondary Results

The recorded shear wall uplift (dup;w), sliding (dsl;w), ledger move-
ment relative to the panel (dsl;l), and vertical slip between panels
(dz;p) at system failure (Fu) are summarized in Table 2 and illus-
trated in Figs. 10–13.

Fig. 10 shows the left corner of the right panels’ uplift measured
with LVDT 6. All shear walls under monotonic loading exhibited
similar uplifts for all ledger types with values between 33 (Type D)
and 41 mm (Type A). Cyclic tests showed uplifts on average
approximately 15% larger, with a similar distribution between

ledger types. The panel uplifts at failure were on average 39 mm
during monotonic testing and on average 44 mm during reversed
cyclic testing.

Fig. 11 shows the horizontal sliding of the right panel for each
test measured with LVDT 4. The horizontal panel sliding at failure
during monotonic testing was negligible, with on average 1.1 mm,
which represented less than 1% of the observed horizontal move-
ment of the top of the wall (du). Under reversed cyclic testing,
however, sliding increased to an average of 1.9 mm in the positive
cycles and 6.0 mm in the negative cycles (after failure). From these
observations, it can be concluded that the shear brackets effectively
remained elastic and that panel rocking dominated the behavior of
the shear wall system.

Fig. 12 illustrates the relative horizontal displacement between
the ledgers and the right CLT panel measured with LVDT 9. The
slips observed for all tests were very small; at relative failure, these
ranged from around 0.8 mm for ledgers with nails distributed along
their length (Types A and D) to around 3.1 mm for ledgers attached
with grouped nails or with a pin at the centre of the panel (Types B
and C). There was no real difference in ledger slips when com-
paring the results from the monotonic tests to those from the cyclic
tests.

Fig. 9. (a) Shear wall after test, failure at (b) hold-down; (c) brackets; and (d) spline joints.

Table 2. Deformations at failure: shear wall uplift (dup;w), shear wall sliding (dsl;w), ledger relative displacement (dsl;l), and panel-to-panel slip (dz;p)

Test ID

dup;w dsl;w dsl;l dz;p

Left panel Right panel (+) (−) (+) (−) (+) (−)
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

A-M1 44 41 1.4 — 0.3 — 48 —
A-C1 55 50 2.0 −8.4 0.8 −1.0 58 −41
A-C2 45 40 1.9 −5.6 1.0 −0.2 47 −45
B-M1 42 40 0.8 — 2.8 — 48 —
B-C1 45 42 2.2 −6.6 3.0 −2.5 50 −49
B-C2 45 41 1.9 −5.9 3.9 −3.0 50 −48
C-M1 38 37 1.1 — 2.4 — 36 —
C-C1 44 43 1.8 −3.3 3.7 −3.0 53 −50
C-C2 43 44 3.1 −6.9 2.7 −4.2 53 −51
D-M1 38 33 1.2 — 0.8 — 39 —
D-C1 43 42 0.4 −5.6 1.0 −1.3 50 −49
D-C2 45 38 1.8 −5.8 0.7 −1.5 45 −49
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Fig. 10. Uplift of wall panels: (a) steel ledger Type A; (b) Type B; (c) Type C; and (d) wood ledger Type D.
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Fig. 11. Sliding of wall panel: (a) steel ledger Type A; (b) Type B; (c) Type C; and (d) wood ledger Type D.

© ASCE 04021137-11 J. Struct. Eng.

 J. Struct. Eng., 2021, 147(9): 04021137 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
N

B
C

 L
IB

R
A

R
Y

 o
n 

07
/0

9/
21

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Fig. 13 shows the relative slips between the two coupled CLT
panels measured at the center of the upper floor level with LVDT
12. The magnitudes and hysteresis behavior of the panel’s relative
slips (Fig. 13) and the lateral wall displacement (Fig. 8) measured at
the top of the panel were similar. Hence, the relative slips between
the two CLT panels corresponded well to the panel horizontal dis-
placements at the top of the shear walls, supporting the assumption
that the panels underwent a rigid body movement.

The slips between panels for shear walls with ledger Types A
and B were found to be similar from monotonic and cyclic tests.
However, for shear walls with ledger Types C and D, an increase in
relative displacements of 30% and 19% was observed, respectively.
The relative slip in the Type C wall was the lowest when tested
under monotonic loading because the wall failed at much lower
loads compared to other three types of walls. However, under cyclic
loading, the relative slip of the panels in the Type C wall was found
to be the highest, with averages of 53 and 50 mm in positive and
negative cycles, although the walls failed at lower loads compared
to other types of walls. The relative slips between panels were
found to be on average 4 mm larger than the corner uplift values
at failure. This is due to the vertical compression of the CLT panels
at their corners, which was found to be between 3 and 5 mm; see
Table 2.

Shear Wall Interstory Drifts

From the tests, the interstory drifts of the shear walls were esti-
mated based on the maximum force (Fmax) and corresponding

displacement (dFmax) observed at the floor levels as the ratio of each
story drift (difference between top and ledger as well as ledger and
bottom) and the floor height. The interstory drifts at top of the shear
walls under monotonic loading were 3.2%, 3.4%, 3.5%, and 3.2%
for shear walls with ledger Types A, B, C, and D, respectively.
Under cyclic loading, these values decreased to 2.8%, 2.8%, 3%,
and 2.8%; see Fig. 14. The results showed that the tested CLT
balloon-framed shear walls could undergo the story drift limit re-
quired in NBCC (2020a) and ASCE 7 (ASCE 2017) of 2.5% with
failing.

Ledger Tests

After the reversed cyclic shear wall tests were completed, one
each of the ledger Types A (steel ledger with distributed screws),
B (steel ledger with concentrated screws), and D (wood ledger
with distributed screws) was tested under monotonic loading
to failure to determine the remaining load-carrying capacity
(postseismic tests). The results from the postseismic tests were
compared against the new ledger tests of the same type, where
each ledger was tested on a clean piece of CLTwithout experienc-
ing any prior loading. The peak loads Fmax and deformations
dFmax were measured, and elastic stiffness Ke was determined
for each test. The results from the ledger tests are listed in Table 3,
and the corresponding load-deflection curves are plotted in
Fig. 15. The three “new” ledgers reached load-carrying capacities
from 254 (Type D) to 271 kN (Type B). The load-carrying
capacities of the postseismic ledgers showed a small reduction
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Fig. 12. Ledger relative slip: steel ledger (a) Type A; (b) Type B; (c) Type C; and (d) wood ledger Type D.
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in strength of 7% (Type B) and 6% (Type A) and a minimal re-
duction of 1% (Type D).

The deformation at failure varied significantly, with the greatest
variation between the new and postseismic ledgers occurring for

ledger Type A (8.8 mm or 29% reduction) and the lowest variation
for ledger Type D (12.2 mm or 19% reduction). The reduction
can be explained by assuming that a portion of the fasteners’ plastic
deformation capacity had been used due to the cyclic movement
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Fig. 13. CLT panel relative slip: steel ledger (a) Type A; (b) Type B; (c) Type C; and (d) wood ledger Type D.
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Fig. 14. Interstory drifts: steel ledger (a) Type A; (b) Type B; (c) Type C; and (d) wood ledger Type D.
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of the panel relative to the ledger, particularly near the panel
edges.

The elastic stiffness varied widely between the different ledger
types. Type A exhibited the highest stiffness; the “new ledgers”
reached 30 kN=mm, compared to only 12 and 10 kN=mm for
ledger Types B and D, respectively. Ledger Type A in the “post-
seismic” condition also exhibited the highest stiffness, 15 kN=mm,
compared to only 10 and 8 kN=mm for ledger Types B and D,
respectively. However, Type A also suffered the largest reduction
in stiffness of 49% from “new” to “postseismic.” This can be
explained by accounting for the initial deformation most likely
to have occurred in the localized crushing at the fasteners due
to vertical movement of the panels relative to the ledger, which
is most intense for the ledgers with fasteners near the panel edge.

The observed failure mechanisms in all ledger tests was shown
to be shearing of the screw fasteners, shown in Fig. 16. In general, it
appears that the strength of the ledgers was unaffected, and the
overall behavior of the ledgers remained a ductile mechanism re-
gardless of ledger type.

Table 3. Ledger gravity test results

Ledger type Tests

Fmax dFmax Ke

(kN) Δ (%) (mm) Δ (%) (kN=mm) Δ (%)

A New 263 — 31 — 30 —
Postseismic 247 −6 22 −29 15 −49

B New 271 — 49 — 12 —
Postseismic 252 −7 39 −21 10 −12

D New 254 — 65 — 10 —
Postseismic 251 −1 53 −19 8 −22
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Fig. 15. Load-deflection curves from ledger tests.

Fig. 16. Shear failure (a) ASSYS Kombi screws in Type A shear walls; (b) ASSYS SK screws in Type D shear walls; failure of (c) Type A; and
(d) Type B ledgers.
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Conclusions

In this study, the lateral performance of 2-story balloon-frame CLT
shear walls was tested under quasistatic monotonic and reversed
cyclic loading. Four different types of ledger assemblies were
evaluated: Types A (steel ledger with distributed screws), B (steel
ledger with concentrated screws at centre), C (steel ledger with pin
at centre), and D (wood ledger with distributed screws). In addition,
six tests were conducted to investigate the ledgers’ remaining load-
carrying capacity after reversed cyclic loading. The following con-
clusions can be drawn:
1. Under monotonic loading, all four ledger types reached similar

load-carrying capacities (115–133 kN), with Type D being the
strongest. The four shear walls also reached similar deforma-
tions (dFmax ¼ 108–129 mm), with Type C deforming the most.
All walls had similar elastic stiffness Ke of around 2.5 kN=mm
and similar ductility of between 2.9 and 3.1.

2. Under reversed cyclic loading, Fmax was substantially reduced by
up to 21% (Type C). In parallel, the values of dFmax also decreased
by up to 17%. The elastic stiffness and ductility of all types of
shear walls increased when compared to monotonic loading.

3. The tests confirmed the design assumptions based on elastic
analysis for the Type A ledger (106 kN and 101 mm), where the
contribution of the ledger was ignored. The cyclic tests showed
these estimated values to be sufficiently accurate when compared
to the Type C wall (92 kN and 105 mm), where the ledger’s con-
tribution was minimized by allowing fully rocking behavior.

4. Individual rocking of the coupled panels was the predominant
kinematic mode, with the ratio between relative slip between
panels and panel top displacement confirming rigid body move-
ment. Sliding of the panels was low, relative slips between
ledger and panels were negligible, and the horizontal component
of the shear bracket behavior and ledger connection remained
elastic for the duration of the tests, meeting the CSA-O86 capac-
ity protection requirements.

5. Retesting the ledgers after undergoing reversed cyclic loading in
the shear, all tests showed only a small loss in load-carrying
capacity of between 1% for Type D and 7% for Type B. The
cyclic loading on the system overall did not compromise the
gravity strength of the ledger.

6. Overall, the differences between the four ledger types were small;
the ledgers with distributed screws along their length (Types A
and D) did not impede individual panel rocking, and when they
did dissipate more energy, their ductility was comparable to the
ledger using a perfect pin. Any of the tested ledgers was deemed
suitable for implementation in the structural system.

7. The results obtained from this testing program show that a
2-story balloon-framed wall system appears to meet the design
demands from CSA-O86. The results of these tests will be
used in the design of a balloon-framed CLT school building in
Vancouver, BC.

Data Availability Statement

Some or all data, models, or code that support the findings of this
study are available from the corresponding author upon reasonable
request.
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