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Abstract: There is increasing interest in using cross-laminated timber (CLT) in buildings because of its high strength and stiffness. In Japan,
structural design guidelines for CLT buildings were established in 2016 and construction of mid-rise buildings is increasing. Wide-panel walls
can exceed widths of 10 m and integrate cut-outs for window and door openings. However, under lateral loads, corner cracks at the openings
have been the most prevalent failure mechanism. To investigate the initiation and propagation of corner cracks, a series of bendings are
undertaken on L- and T-shape specimens extracted from the CLT panels. In addition, three-point bending and shear tests are also carried
out on beam sections extracted from the CLT panels. Three types of brittle failure were observed: bending failure of the beam or column, and
rolling shear failure. DOI: 10.1061/JSENDH.STENG-11474. This work is made available under the terms of the Creative Commons Attri-
bution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction

Using cross-laminated timber (CLT), a mass timber product, a
number of mid- and high-rise buildings have been constructed
(van de Lindt et al. 2019; Izzi et al. 2018; Sustersic et al. 2016).
The Japanese “Act on Promotion of Use of Wood in Public Build-
ings,” instituted in 2010, promoted use of wood in public buildings
(Isoda et al. 2021). The Japanese Agricultural Standard (JAS) prod-
uct specification for CLT was established in 2013 (Ministry of

Agriculture, Forestry and Fishery 2013). Subsequently, the “Design
and Construction Manual for CLT buildings” (JHWTC 2016),
henceforth referred to as CLT manual, was published.

Two construction methods are prevalent in the Japanese CLT
manual: narrow- and wide-panel CLTwalls. Narrow-panel walls, with
1 to 2 m width panels and without openings, have higher ductility
(Sato et al. 2019). The narrow-panel walls integrate window and door
openings through lintel and parapet beams (e.g., Casagrande et al.
2021a; Zhang et al. 2021; Yasumura et al. 2016). Wide-panel walls
can exceed a width of 10 m and integrate cut-outs for window and
door openings (Zhang et al. 2021; Sato et al. 2019). Under lateral
loads, however, the wide-panel CLT walls are prone to cracks at
the corners of the opening (Fig. 1). According to the Japanese
CLT manual, the strength limit state of the wide-panel CLT walls
is defined as the initiation of cracks at the opening’s corners
(Yasumura et al. 2016).

Shahnewaz et al. (2017) and Dujic et al. (2008) carried out a
parametric study on the aspect ratios of the opening and wall and
developed analytical models to estimate the stiffness and strength.
Mestar et al. (2021) experimentally quantified the effect of CLT
shearwalls with openings on the base shear and hold-down tensile
load. Pai et al. (2017) carried out a numerical study on the force
transmission around the openings. Araki et al. (2018) analyzed
the strength of CLT walls with openings and proposed a method
that accounts for the dimensions of the opening. Casagrande et al.
(2021b) investigated the distribution of internal forces in single-
story symmetric CLT shearwalls with openings. Casagrande et al.
(2021a) analytically and numerically investigated behavior CLT
walls with openings. Khajehpour et al. (2022) extended this study
to numerically investigate the effect of lintels and parapets on the
mechanical performance of small CLT walls. Popovski and Gavric
(2016) conducted a static load test on a 2-story large CLT panel
building with opening. From the test results, brittle local failure
occurred in the corners of the wall panel with a large opening.

Aljuhmani et al. (2022) carried out in-plane shear strength and
stiffness experimental tests on 24 CLT panels with different sizes
and orientations of openings. The loads were applied at 45-degree
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angles for shear-only principal loads. The experimental tests
showed the location of the initiation and propagation of the cracks.
With increasing size of the openings, as expected, the stiffness
and shear strength capacity of the CLT panels were reduced. To
investigate the elastic design principle, Yasumura et al. (2016) con-
ducted a full-scale test and finite element model (FEM) analysis
on a two-story CLT structure. Two structures, with narrow (three
1,000 × 2,700 mm CLTwall panels connected by lintels) and wide
(6,000-mm-long and 2,700-mm-high panels with two openings in
the first and second stories) CLT panels were considered. This FEM
was useful in predicting the mechanical properties of the CLT
building, but the elastic calculation overestimated the stress.

In previous studies, the authors of this paper tested CLT shear
walls with and without openings to evaluate the Japanese design
and construction practices. With wide CLT panels incorporating
openings, the main problem that was identified is crack initiation
and failure at the opening’s corners (Fig. 1). For a CLTof wide panels
with openings, the objectives of this paper are to: investigate the ini-
tiation and propagation of cracks; quantify shear stiffness and

bearing capacity; determine the dominant failure mechanism of
the panel zone (i.e., bending or shear); and develop simplified ana-
lytical models to understand the capacity of the CLT panels under
these loads. A series of tests are carried out by varying the number of
layers (3 or 5), shape (L-shape or T-shape, Fig. 2), and web thickness
dc (240, 360, or 480 mm). Additional three-point bending and shear
tests were carried out to obtain mechanical properties of the CLT
panels. The next two sections present the specimen design and ex-
perimental setup. This is followed by a results and discussion section
of the bending and shear tests. This is followed by results on the
details of each member, the strain around the corner, and stiffness.
Finally, conclusions and future directions are given.

Specimen Design

In this study, 3- and 5-layer CLT panels with Mx60B properties
(JAS), composed of M60B and M30B Japanese Cedar laminae
(Fig. 3), were selected. The laminae were visually selected to min-
imize the effect of knots and finger joints. An aqueous polymer
isocyanate-based adhesive was used for the adhesion of the lami-
nated surface and finger joints. Edge glue was not used in this
study. The average, lower, and upper bending Young’s modulus
values of the laminae are summarized in Table 1. For the 3- and
5-layer specimens, average elastic modulus, obtained through
experimental testing, were 7.02 and 6.68 kN=mm2, respectively.

For all specimens, depth of beam (db) and width of column (dc)
have been selected by equating effective section moduli of the
beam and column [Eqs. (1) and (2)]. For L-shape elements

ðn−1Þ
2

td2b
6

¼
ðnþ1Þ

2
td2c

6
ð1aÞ

(a) (b)

Fig. 1. Corner cracks with CLT panels with openings: (a) in-plane load testing; and (b) details of the cracked section.

T-shape

Beam (CLT lintel)    Panel zone

L-shape 

CLT wall

Fig. 2. Large CLT panel with openings and corresponding location of
the L-shaped and T-shaped specimen.

3-Layer 5-Layer

30 mm30 mm

150 mm90 mm

Inner-Layer : M30B

Outer-Layer : M60B

Effective Layer

db

Tangential

Longitudinal

Radial

Tangential

LongitudinalRadial

120mm

Fig. 3. Lamina grades and lay-up of CLT specimens.
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db ¼
ffiffiffiffiffiffiffiffiffiffiffi
nþ 1

n − 1

r
dc ð1bÞ

where t is the thickness of the single layer and n is the number of
layers within the CLT panel. For T-shape elements having two beams

2ðn−1Þ
2

td2b
6

¼
ðnþ1Þ

2
td2c

6
ð2aÞ

db ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþ 1

2ðn − 1Þ

s
dc ð2bÞ

From the preliminary test, bending failure of the L-shaped col-
umn was observed. As the intention of this study is to investigate
initiation of cracks at the corners and shear failure in the panel zone,
the sides of the 3-layer columns were reinforced with plywood
[28 mm thickness, 200 mm width, and 900 mm height, Fig. 4(a)].
The 5-layer specimens were reinforced both on the side and back
layers of the column [Fig. 4(b)].

The shear stress In the panel zone (τ ), in terms of bending stress
(σb) and section modulus (Ze), is defined as

τ ¼ Zeσb

ntdcdb
; for L-shape ð3aÞ

τ ¼ 2Zeσb

ntdcdb
; for T-shape ð3bÞ

Considering total cross section (Nihon System Sekkei Architects
& Engineers 2013), the shear strength ranges of the 3- and 5-layer
specimens are 2.83–2.97 N=mm2 and 3.16–3.38 N=mm2, respec-
tively. If the shear strength of the cross section and panel zone is
considered to be equal, bending failure occurs prior to shear failure.
The mean bending and shear strength values were determined to

be 37.6 N=mm2 and 6.26 N=mm2, respectively. A rolling shear
strength of 1.64 N=mm2 is assuming, based on work by Okabe et al.
(2014). The rolling shear has two planes, but considering the stress
concentration in torsion, it is reduced by half.

Experimental Setup

Test Specimens and Setup

Different dimensions of L-shaped [Fig. 5(a)] and T-shaped [Fig. 5(b)]
specimens were tested under monotonic and cyclic displacement-
controlled loads. The loadings considered were “push” (force
directed rightward), “pull” (force directed leftward), and “cyclic”.
The specimens were supported by pin joints at the beam and col-
umn supports. Fig. 5(c) shows the moment distribution of the
L-shaped specimen under the pull load (left side). The number of
specimens tested for each configuration is summarized in Table 2.
The first two labels represent the number of layers (3 or 5), shape
(L-shape or T-shape), and web thickness dc (240, 360 or 480 mm).
A 30-mm thick laminate was used for all specimens. The total num-
ber of specimens tested was 135.

For the 3-layer L-shaped specimens, contributions of the dimen-
sions and loading condition on the structural properties were as-
sessed using six specimens. For the 5-layer L-shaped specimens, a
single test was carried out for dc ¼ 240 and 480 mm to compare the
results with the 3-layer specimens. For the specimen with dc ¼
360 mm, however, eleven specimens were tested to evaluate the
variation in strength. For T-shaped specimen, the 5-layer specimens
were tested under the three load conditions first. As the loading con-
dition showed no appreciable difference in the results, the only cyclic
load test was performed for the 3-layer T-shaped specimens.

In addition, three-point load (bending) and shear tests were car-
ried out to obtain mechanical properties of the specimens extracted
from the same CLT panel as shown in Fig. 6. These tests were con-
ducted only for the 5-layer specimen.

Test Protocol and Instrumentation

The monotonic and cyclic displacement-controlled loads were ap-
plied horizontally at the edge of the beam for the L-shaped and
T-shaped specimens. The cyclic testing protocol, such as target dis-
placement and number of cycles, is defined in documentation from
the Japan Housing and Wood Technology Center (JHWTC 2016).
The target displacements, with three cycles per displacement, were
controlled by considering deformation angles of 1=450, 1=300,
1=200, 1=150, 1=100, 1=75, and 1=50 rad. After 1=50 rad, on

Reinforcement Reinforcement
(a) (b)

Fig. 4. Reinforcement of (a) 3-layer; and (b) 5-layer specimens.

Table 1. Average, lower limit, and upper limit of the bending Young’s
modulus of elasticity off laminae

Layers in CLT
Lamina
grade

Bending Young’s modulus (kN=mm2)

Average Lower limit Upper limit

Outer-layer M60B 6.0 5.0 9.0
Inner-layer M30B 3.0 2.5 6.0

Source: Data from Design and Construction Manual for CLT buildings
(Committee of CLT Manual 2016).
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the pull side, the tests were monotonically continued to obtain the
maximum load. The deformation angle was computed by dividing
the column deformation by the column height. The displacement
was controlled using the sensor set between the loading point and
the column’s base pin support.

Fig. 7 shows the displacement sensors (denoted as S1, S2, etc.)
used for all tests. For some specimens, to evaluate the strain dis-
tribution at the corners, strain gauges were attached at the upper and
lower exposed laminae of the effective layers of the beam element
(Fig. 8). Photogrammetric targets (Fig. 9) were used for image
measurement to obtain the strain between adjacent surface laminae.
Fig. 10 shows instrumentation attached to the specimens to track
the shear deformation of four rectangular areas.

The specimens for the three-point bending and shear tests are
summarized in Table 3. It was assumed that only layer(s) orthogo-
nal to the loading direction could resist the bending load (effective
layer). The letters 2M and 3M were used to indicate the number of
effective layers of 2 and 3, respectively. This was followed by a
number that indicated the height (d) of the specimen. The charac-
ters A, B, and C were added as the suffix to specify span/depth ratio
(2.4, 5.4, and 2.7, respectively) in the bending test. The character S
was added as a suffix for the shear-tested specimens. The area of the
steel plate was enlarged to allow for the CLT element to resist the
compressive force at the point of contact. The values for the shear
and rolling shear are obtained for the gross section following the
Japanese building standard law and government notice.

The three-point bending and shear tests were carried out to ob-
tain mechanical properties of the CLT panels. The shear test was
carried out following the set up reported in Arakawa and Ohno
(1957) (Fig. 11).

Results and Discussion

Three-Point Bending and Shear Tests

Figs. 12(a and b) shows load-deformation and shear stress-strain
relationships from the three-point load and shear tests, respectively.

(a)

(b)

(c)

Fig. 5. Outline of the bending test on (a) L-shaped specimens;
(b) T-shaped specimens; and (c) deformation pattern and internal forces
of L-shaped specimens.

Table 2. List of test specimens for L- and T-shape testing

Name dc (mm) db (mm)

Number of specimens

TotalPush Pull Cyclic

3L240 240 340 6 6 6 18
3L360 360 510 6 6 6 18
3L480 480 680 6 6 6 18
5L240 240 294 1 1 1 3
5L360 360 440 11 11 11 33
5L480 480 588 1 1 1 3
3T240 240 240 — — 6 6
3T360 360 360 — — 6 6
3T480 480 480 — — 6 6
5T240 240 208 1 1 1 3
5T360 360 312 6 6 6 18
5T480 480 416 1 1 1 3

Fig. 6. Cut-outs for L-shaped specimen and specimen for three-point
bending test.
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The deformation was measured at the loading point. The shear
stress was obtained by dividing the shear force by the cross section
and multiplying by 1.5 to consider stress concentration. The strain
was obtained by dividing the shear deformation measured with
a displacement transducer by the height of specimen. In this cal-
culation, a shape factor of 1.2 was considered. In the bending
test, failure occurred right after the maximum load was achieved,
i.e., brittle. In contrast, for the shear tests, a gradual decrease in load

was observed after the maximum shear stress was obtained. This
failure is defined when the load decreased to approximately 80% of
the maximum shear stress.

The effective bending strength (σb ¼ Mmax=Ze) of each speci-
men was calculated from the effective section modulus (Ze) and
maximum moment (Mmax). Table 4 shows the elastic modulus
results obtained from the slope of the line at 0.1Pmax and
0.4Pmax points of the load-displacement curves (see Isoda et al.
2021 for details). From the three-point load experiment, the mean
σb value is 37.5 N=mm2. The elastic shear modulus of 3M240S
is 635.5 N=mm2.

Bending Test for L-Shape and T-Shape

Fig. 13 shows examples of moment-deformation angle relation-
ships. Both L- and T-shaped specimens had brittle failures. Once
they reached peak load, bending failure of the beam or column with
rolling shear (RS) failure mechanisms were observed (Fig. 14). For
the L-shaped specimens, the distribution of failure categories is
plotted in Fig. 15. When two failures occurred at the same time,
they were both counted as failures. For example, when RS failure
and bending failure of the beam occurred, they were classified into
RS failure and bending failure of a beam. given the failure mode for
the 5-layer specimens was a combination of bending and RS and
for the 3-layer specimens was RS only, the RS resistance of 3-layer
specimens may be proportionally lower than their bending resis-
tance when compared to the 5-layer specimens.

For the 5-layer T-shaped specimens, the bending and RS failures
of the beam and column occurred at the same time. No significant
difference in the shape of the specimens occurred in the 3-layer or
5-layer specimens. In many cases, the point at which the failure
started was the entry corner of the specimen.

Bending Strength

Apparent bending strength aσb is calculated by Eq. (4), where
only the effective layer was considered in calculating the section
modulus

Fig. 7. Measuring position of sensors for deformation: (a) L-shaped
specimen; and (b) T-shaped specimen.

10

Measuring point Measuring point

20
2050

100 10
20

20
50

100

(a) (b)

Fig. 8. Measuring position of strain gauges for L-shaped specimen: (a) 3-layer specimen; and (b) 5-layer specimen (unit: mm).
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Fig. 9. Photogrammetric targets for image measurement (3L360).

(a) (b)

Fig. 10. Shear deformation instrumentation: (a) photo; and (b) schematic measuring points.

Table 3. List of test specimens

Name
Span, D
(mm)

Height, d
(mm)

Thickness (mm)
(effective layers) Number

3M240A 580 240 90 8
3M240B 1,300 240 8
3M480A 1,160 480 6
2M240A 580 240 60 8
2M240B 1,300 240 8
2M480C 1,300 480 6
3M240S 720 240 90 8 Fig. 11. Shear test configuration.
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aσb ¼
Mmax

Ze
� P

A
ð4Þ

where A is the effective section area, P is the applied load, and
Mmax is the moment generated in the corner of the panel zone.

Fig. 16 shows the mean apparent bending strength values at the
corners of the beam of the L- and T-shaped specimens and corre-
sponding bending strength obtained by the three-point load test (red
solid line). As a three-point load test was not conducted for the
3-layer specimen, results of the 5-layer specimens were used as
a reference. For the L-shaped specimen, the strength decreased
during the push, pull, and cyclic tests. Furthermore, the strength
obtained in the push test was larger than that the pull test. No ob-
vious trend is observed for the T-shaped specimens. Table 5 com-
pares the mean strength values from the bending and three-point

moment test. For the L- or T-shaped specimen bending tests, the
mean strengths were approximately 30%–40% lower than the
three-point bending test.

Fig. 17 shows the relationship between the reduction ratio and
span ratio (defined as the depth of the dimension db divided by the
distance center of panel zone and pin joint of the beam). With in-
creasing span ratios, there was a decrease in the reduction ratios.
However, for the 3-layer L-shaped specimen under pulling, there
was no apparent reduction. As shown in Fig. 16, it can be inferred
that the main cause of failure under pull loading is bending failure
of the beams; however, further study is needed to confirm this
conclusion.

Strain of Beam and Column around the Corner

To examine the reduction in strength and stiffness, results of
the strain gage values are presented in this section. Fig. 18 shows
the strain distribution under different loads. The strain sharply in-
creased at the corners, resulting in stress concentration. Fig. 19
shows the strain values obtained from the strain gauges attached
to each lamina of the column near the opening in both the L-shape
[Fig. 19(a)] and the T-shape [Fig. 19(b)]. Through numerical mod-
els, similar non-linear distributions of stress were reported in
Casagrande et al. (2021a). The strain distribution is not linear,
indicating that the Navier’s hypothesis, which assumes that plane
strain sections remain plane, was not appropriate in reproducing the
strain behavior. This phenomenon may reduce the rigidity and

(a) (b)

Fig. 12. Samples of experimental results: (a) three-point load (3M240A); and (b) shear (3M240S) test results.

Table 4. Results of bending tests

Three-point
load test

Bending strength, σb
(N=mm2)

Young’s modulus, E
(N=mm2)

3M240A 37.2 5,632
3M240B 37.4 9,260
3M480A 36.8 8,162
2M240A 40.2 4,077
2M240B 36.5 4,982
2M480A 36.9 2,793
Average 37.6 5,818

(a) (b)

Fig. 13. Results of bending test: (a) L-shaped specimen (5L360); and (b) T-shaped specimen (5T360).
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strength of the specimens, as similar results had been obtained by
image measurement in the test; however, Watanabe et al. (2019)
studied the compatibility of the Navier’s hypothesis with the CLT
wall and achieved good results. As a result, this phenomenon
should be investigated further.

Bending Stiffness

The stiffness of specimens was estimated by conducting numerical
analysis using MIDAS iGen Ver.881R2. The models are shown in
Fig. 20. These models were developed in accordance with the CLT
manual as beam-column elements. The elastic moduli of these

(a) (b)

(c) (d)

Fig. 14. Failure modes: (a) bending failure of the beam; (b) bending failure of column; (c) RS failure; and (d) RS failure + bending failure of
the beam.

(a) (b) (c)

(d) (e) (f)

Fig. 15. Classifications of failure modes: (a) 3L240; (b) 3L360; (c) 3L480; (d) 5L240; (e) 5L360; and (f) 5L480.
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(a) (b) (c)

(d) (e) (f)

Fig. 16. Apparent bending strength aσb and bending strength obtained by three-point load strength σb: (a) 3L240/5L240; (b) 3L360/5L360;
(c) 3L480/5L480; (d) 3T240/3T240; (e) 3T360/3T360; and (f) 3T480/5T480.

Table 5. Comparison of bending strength and rigidity results (Mean value)

Response Testing type

3-layer 5-layer

L T L T

Bending strength (N=mm2) Bending for L- or T-shape 27.5 25.7 21.4 23.3
Three-point load test 37.6a 37.6a 37.6 37.6

Ratio 0.73 0.68 0.57 0.62

Rigidity (kN · m=rad) Bending for L- or T-shape 2,612 2,216 2,830 2,563
Numerical analysis 3,540 2,925 4,808 3,980

Ratio 0.74 0.76 0.59 0.64
aIt was assumed that the bending stress of the 3-layer specimen is the same as that of the 5-layer specimen.

(a) (b) (c)

(d) (e) (f)

Fig. 17. Bending strength-span ratio relationship: (a) pull (3-layer); (b) push (3-layer); (c) cyclic (3-layer); (d) pull (5-layer); (e) push (5-layer); and
(f) cyclic (5-layer) loads.
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elements was calculated to include the shear behavior of CLT
panels from the three-point load tests. The panel zone deforms pri-
marily in shear due to the opposing moments in the beam and col-
umn. To capture these deformations, the model uses rigid elements
around the perimeter of the panel zone. Each element is connected
to a node of a beam or column and pin joints at the four corners.
The rigidity of the springs,KP, is estimated by Eq. (5) following the
CLT manual. Shear stiffness measured from experiments is adopted

to these analytical models and the value is divided by 1.2 (coefficient
of sectional form) to properly simulate the shear behavior of the
panel zone

KP ¼ G × T
2 × cos3θ

ð5Þ

where G is the shear modulus, T is the thickness of the CLT Panel,
and θ is the angle between the spring and rigid element.

Fig. 21 shows a comparison of the numerical analysis and ex-
periments of the L- and T-shaped specimens. The stiffness obtained
from the measurements of the experiments was lower than that cal-
culated with the numerical analysis. From Table 5, stiffness values
of L- and T-shape specimens were obtained from the bending test
and numerical analysis (shown in the next section). The rigidity
was reduced to approximately 70% of that in the three-point bend-
ing test.

The estimated deformation of the panel zone generally agrees
with the analysis. Similar results were obtained for other specimens,
probably because of the stress concentration around the corner and
the non-linear strain distribution in the beam and column. In order to
replicate the flexibility of the CLT wall with openings (L- or T-
shaped specimens) through an equivalent frame model (EFM),
the modeling can be enhanced using the procedure outlined in
Magenes and Della (1998). This modeling strategy was successfully
used to replicate a CLT wall with openings by Casagrande et al.
(2021a). In this paper, however, this extension is left for future work.

Conclusions

In this study, from CLT walls with cut-out openings, L- and
T-shaped specimens were extracted and their strength and failure
properties were analyzed. The findings are summarized as follows:
1. Three types of failure, which is bending failure of a beam or

column, and rolling shear failure, occurred in the experiments
and were all brittle in nature because the critical point of bend-
ing failure is the tension side and rolling shear failure occurs at
the glue layer, such as tension failure of timber. According to
simple calculations of the failure mode, bending failure and roll-
ing shear were estimated before shear failure. When a pulling

0
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10202050100

Fig. 18. Strain distribution around corner.

(a) (b)

Fig. 19. Strain distribution (P ¼ 5 kN): (a) L-shaped specimen 3L480; and (b) T-shaped specimen 3T480.
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side force was applied, the bending failure of the beam was the
failure type that most frequently occurred. However, rolling
shear failure occurred first in the pushover test for the 3-layer
specimens. There was no significant difference in the bending
strength among the T-shaped specimens for the pull-over, push-
over, and cyclic tests.

2. When compared with the bending strength obtained from the
three-point bending test and L- and T-shape specimen, the bend-
ing strength of L- and T-shape specimen was lower than the
three-point tests. This tendency of reduction was observed with
increasing span ratios.

3. The relationship between the strength and the span ratio, ob-
tained by dividing the distance from the loading point of the
specimen to its corner by the height of the beam, indicated that
the strength of the component decreased with the span ratio.
Furthermore, the increase in span ratio may have influenced
the shear stress in the beam and column.

4. According to the obtained strain, the Bernoulli-Euler theory is
not followed.

5. The strain was obtained from strain gauges, an image measure-
ment, and a displacement gauge attached to each part of the speci-
men. As a result, the strain rapidly increases around the corner in
the beam and the adjacent laminae moved in column. In conjunc-
tion, these factors may influence the strength of a CLTwall with a
cut-out opening.
The experimental results describe the force transfer around the

cut-out opening. Furthermore, a quantitative evaluation of the

strength of CLT shear walls with a cut-out opening will be evalu-
ated in the future through analytical studies. Moreover, strength and
stiffness reduction factors that can be used for design will be pro-
posed. Analysis of the glued surface of the panel zone using the
Cohesive Zone Model will be conducted to investigate the stress
conditions in the panel zone.

Data Availability Statement

Some or all data, models, or code generated or used during the
study are available from the first author by request. Experimental
data is available from the first author by request.
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Fig. 21. Comparison of experimental and analytical results: (a) T-shaped specimen (3T240); and (b) L-shaped specimen (3L240).
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