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Evaluation of out‑of‑plane bending 
performance of cross‑laminated timber (CLT) 
with various layups made from Japanese cedar 
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Abstract 

This study assesses the out-of-plane bending performance of cross-laminated timber (CLT) panels made from Japa-
nese cedar to determine the bending modulus of elasticity (E) and shear modulus (G) through both dynamic 
and static testing methods. Six CLT layups, as defined by the Japanese Agricultural Standard (JAS) 3079, were tested 
in both major and minor strength directions. The findings reveal that E values obtained from the Timoshenko–Goens–
Hearmon (TGH) method, the variable span method, and the shear-free (local) values of the out-of-plane bending test 
were generally consistent. However, the values derived from the transformed section method were generally lower, 
especially in the minor strength direction. The TGH method consistently yielded higher G values compared to the vari-
able span method, which exhibited irregular patterns in minor strength direction layups with fewer layers. The E/G 
ratios from the variable span method reached approximately 80 for certain layups in the major strength direction, 
surpassing the default value of 50 used in JAS 3079. This indicates the need for an adjustment factor near 0.85, rather 
than the default 0.9 specified in JAS 3079. While the 0.9 adjustment factor is appropriate for most CLT layups, it can 
underestimate deformation in those susceptible to rolling shear. In addition, out-of-plane bending test results show 
that the 0.65 reduction factor from the Notification of the Ministry of Land, Infrastructure, Transport and Tourism 
is suitable for the major strength direction but may be too conservative for layups in the minor strength direction.

Keywords  Cross-laminated timber, Out-of-plane bending, Japanese cedar, Bending modulus of elasticity, Shear 
modulus

Introduction
Typical methods for analyzing the out-of-plane bend-
ing modulus of elasticity (E) of cross-laminated timber 
(CLT), as outlined in the CLT Handbook [1], include 
mechanically jointed beams theory, composite theory, 

and the shear analogy method. In addition, several other 
approaches have been investigated, particularly focusing 
on the effects of rolling shear under out-of-plane bending 
conditions [2–9].

In contrast, the Japanese Agricultural Standard for 
Cross Laminated Timber (JAS 3079) [10] uses the 
transformed section method (ETS) [11] to determine 
the out-of-plane apparent bending modulus of elastic-
ity (Eapp) and bending strength of CLT. According to 
JAS 3079  [10], each lamina’s bending modulus is con-
sidered the true bending modulus of elasticity (Eₜᵣᵤₑ), 
and the overall true bending modulus of the CLT is 
calculated based on this [12]. This true modulus is then 
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converted into the apparent bending modulus through 
a third-point bending test with a span-to-depth ratio of 
21, as specified in JAS 3079  [10]. During this conver-
sion, an adjustment factor of 0.9 is applied to the calcu-
lated true bending modulus to yield the Eapp [12].

This adjustment factor of 0.9 is based on the assump-
tions that the span-to-depth ratio is 21 and the ratio of 
Etrue/G (where G is the shear modulus) is equal to 50 
[12]. However, when the Etrue/G ratio exceeds 50 in 
actual bending behavior, the apparent bending modu-
lus is lower than predicted by JAS 3079 [10], leading to 
greater deformation. A previous study that dynamically 
measured true bending modulus and G for several CLT 
layups found that the Etrue/G ratio peaked at approxi-
mately 50 [13]. Still, this study did not cover all CLT 
layups specified in JAS 3079  [10], nor did it include 
static measurements of the Etrue/G ratio.

In addition, while numerous studies have examined 
the bending performance of CLTs with outer laminae 
aligned parallel to the specimen’s length (the major 
strength direction), relatively few have focused on con-
figurations, where the outer laminae are oriented per-
pendicular to the length (the minor strength direction), 
with only a limited number of studies addressing this 
aspect [14–16].

Therefore, this study aimed to evaluate the modulus of 
elasticity and G of CLTs specified in JAS 3079 [10] using 
both dynamic and static testing methods. The tested lay-
ups included 9-layer 9-ply, 7-layer 7-ply, 5-layer 7-ply, 
5-layer 5-ply, 3-layer 4-ply, and 3-layer 3-ply panels. All 

CLTs were Mx60 grade, with all laminae manufactured 
from Japanese cedar (Cryptomeria japonica).

The dynamic modulus of elasticity was determined 
using the TGH method, which estimates both the true 
bending modulus and G by analyzing multiple natural 
frequencies [17, 18]. In contrast, the static modulus of 
elasticity was measured using the variable span method, 
which derives the true bending modulus and G from 
deflection behavior at different span-to-depth ratios dur-
ing a three-point bending test [19]. By comparing the 
results from these two methods, the study examined dif-
ferences in the evaluated true bending and G values to 
understand how the testing method influenced the meas-
ured mechanical properties.

Finally, out-of-plane bending tests were performed in 
accordance with JAS 3079 [10] to determine the bending 
strength and assess the overall out-of-plane performance 
of the CLT specimens.

Materials and methods
Manufacture of CLT and lamina specimens
The cross sections of the manufactured CLT specimens 
and the grades of laminae used are presented in Fig.  1. 
All laminae were made from Japanese cedar, each meas-
uring 30 mm × 122 mm in cross section. The outer layers 
consisted of M60B-grade laminae, with an E between 5.0 
and 9.0 kN/mm2, while the inner layers were composed 
of M30B-grade laminae, ranging from 2.5 to 6.0 kN/mm2. 
The laminae were longitudinally finger-jointed using an 
aqueous polymer-isocyanate (API) adhesive. These joints 
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Fig. 1  Cross sections and grades of laminae used in each CLT specimen. The annual ring orientation in the laminae was arranged randomly 
in the actual specimens
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were arranged horizontally, with finger profiles visible on 
the narrow faces of the laminae, and each finger joint had 
a length of 16 mm.

Motherboards for each layup configuration were fab-
ricated using these laminae and laminated together with 
the API adhesive, leaving the side (narrow) surfaces of 
the laminae unglued. For each layup, two types of CLTs 
were produced: major strength direction CLTs, where the 
grain direction of the outer laminae aligned parallel to 
the specimen length, and minor strength direction CLTs, 
where the grain direction of the outer laminae was per-
pendicular to the specimen length. CLT specimens for 
each layup were cut from their respective motherboards, 
with all specimens from a given layup originating from a 
single motherboard. The specimen length was set to 23 
times its depth to suit bending tests. All CLTs had a con-
sistent width of 300 mm. The central lamina maintained 
its full width of 122 mm, while the laminae on either side 
were trimmed to achieve the overall specified width. 
Table  1 provides the detailed CLT dimensions and the 
number of specimens for each layup.

In addition to the CLT specimens, thirty M60B and 
thirty M30B lamina bending specimens were prepared, 
each measuring 1000  mm in length, 122  mm in width, 
and 30 mm in thickness, with a finger joint positioned at 
the center of the length. These specimens were used to 
analyze the bending behavior of the CLTs. All manufac-
turing processes were performed by Meiken Lamwood 
Corporation.

Measurement of modulus of elasticity and shear modulus 
by dynamic tests
The density of each CLT specimen was measured, and 
the modulus of elasticity in the longitudinal direction 
was determined using the longitudinal vibration method. 

During this test, each specimen was supported at points 
located 0.224 times its length from each end. A hammer 
strike was applied to one cross-sectional end to induce 
longitudinal vibrations, which were detected by an accel-
erometer (NP-3120, Ono Sokki Co., Ltd.) attached to the 
opposite end. The first resonant frequency was recorded 
using a fast Fourier transform (FFT) analyzer (CF-4500, 
Ono Sokki Co., Ltd.). Subsequently, out-of-plane flex-
ural vibrations were dynamically measured. In this test, 
the support conditions for each specimen matched those 
used in the longitudinal vibration test. A hammer strike 
was applied to one end’s top surface to induce flexural 
vibrations, detected by an accelerometer (NP-3120, Ono 
Sokki Co., Ltd.) positioned near the impact point. Reso-
nant frequencies from the first to the seventh modes 
were recorded using an FFT analyzer (CF-4500, Ono 
Sokki Co., Ltd.). However, for the 3L3P-Mi specimens, 
the second-mode frequency was excluded from the anal-
ysis owing to unclear detection.

An example of the measurement setup for the 9L9P-
Ma specimen is shown in Fig. 2. The Eₜᵣᵤₑ and G were cal-
culated using the Timoshenko–Goens–Hearmon (TGH) 
flexural vibration method [17, 18], assuming a shear 
stress distribution coefficient of 1.2.

Measurement of bending modulus of elasticity and shear 
modulus by static tests
The E and G were determined using the variable span 
method [19]. Figure 3 shows the test setup for the 9L9P-
Ma specimen. Each CLT specimen underwent three-
point bending tests performed on a universal testing 
machine (SAH-100-SS, Maekawa Testing Machine Mfg 
Co., Ltd.). The span lengths were set at 21, 17, 12, and 7 
times the specimen depth. To prevent initial deflection 

Table 1  Dimensions and quantity of CLT specimens for each layup

Group Layup Strength 
direction

Depth (mm) Width (mm) Length (mm) Number of 
specimens

9L9P-Ma 9-layer 9-ply Major 270 300 6210 8

9L9P-Mi 9-layer 9-ply Minor 270 300 6210 8

7L7P-Ma 7-layer 7-ply Major 210 300 4830 8

7L7P-Mi 7-layer 7-ply Minor 210 300 4830 8

5L7P-Ma 5-layer 7-ply Major 210 300 4830 8

5L7P-Mi 5-layer 7-ply Minor 210 300 4830 8

5L5P-Ma 5-layer 5-ply Major 150 300 3450 6

5L5P-Mi 5-layer 5-ply Minor 150 300 3450 6

3L4P-Ma 3-layer 4-ply Major 120 300 2760 6

3L4P-Mi 3-layer 4-ply Minor 120 300 2760 6

3L3P-Ma 3-layer 3-ply Major 90 300 2070 12

3L3P-Mi 3-layer 3-ply Minor 90 300 2070 12
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when placing the specimen on the supports, a small 
preload was applied before starting the test.

The load applied to each specimen was calculated by 
multiplying the specified design strength of each CLT by 
a long-term performance factor of 1.1/3 [20]. To meas-
ure deflection during loading, a displacement transducer 
(CDP-50, Tokyo Measuring Instruments Laboratory Co., 
Ltd.) was brought into contact with an L-shaped bracket, 
which was attached to the mid-span and mid-depth of 
the specimen’s side face.

The Eapp for each span condition was determined from 
the load–deflection relationship. For each specimen, a 
graph was plotted with (d/L)2 on the x-axis and 1/Eapp on 
the y-axis, where d represents the specimen depth and L 
the span length. A regression line was then fitted to four 
data points using the least squares method. The Eₜᵣᵤₑ and 
G were derived from the intercept a = 1/Etrue and slope 
b = 1.2/G, respectively [19].

However, three out of eight 5L7P-Mi specimens and 
four out of twelve 3L3P-Mi specimens were excluded 
from the final analysis owing to their coefficient of deter-
mination (R2) being below 0.9.

Fig. 2  Dynamic test (TGH method) performed on the 9L9P-Ma 
specimen

Fig. 3  Example of the test setup for the 9L9P-Ma specimen
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Out‑of‑plane bending tests of CLT and lamina: dynamic 
and static methods
Out-of-plane bending tests were performed on the CLT 
specimens after the dynamic and static tests, in accord-
ance with the bending test method outlined in JAS 
3079 [10]. All specimens were tested except for six out 
of twelve specimens from both the 3L3P-Ma and 3L3P-
Mi groups.

The tests used a third-point loading configuration, 
with a span length set at 21 times the specimen depth. 
A universal testing machine (SAH-100-SS, Maekawa 
Testing Machine Mfg Co., Ltd.) was used to apply the 
load until failure. The loading speed varied based on 
the CLT layup, with each test lasting approximately 5 
min until failure.

To measure deflection during loading, a displacement 
transducer (SDP-200D, Tokyo Measuring Instruments 
Laboratory Co., Ltd.) was brought into contact with an 
L-shaped bracket, which was attached to the mid-span 
and mid-depth of the specimen’s side face. In addition, 
a yoke with a displacement transducer (CDP-10, Tokyo 
Measuring Instruments Laboratory Co., Ltd.) was posi-
tioned on the top surface of the specimen to measure 
deflection between the loading points.

Using these measurements, both the global (appar-
ent) and local (true or shear-free) bending moduli of 
elasticity were calculated. The global modulus was 
derived from the total deflection under load, whereas 
the local modulus was obtained from the deflection 
measured between the loading points.

To determine moisture content using the oven-
dry method, a small sample (approximately 30  mm in 
length) was cut near the failure location of each speci-
men after the bending test. The methods for measur-
ing the modulus of elasticity and G are summarized in 
Table 2.

In addition to the tests on CLT specimens, longitu-
dinal vibration and bending tests were performed on 
the laminae. During the longitudinal vibration tests, 
each lamina specimen was supported at its mid-length. 

Longitudinal vibrations were induced by striking one 
cross-sectional end with a hammer and subsequently 
detected by a microphone placed at the opposite end. 
The first resonant frequency was then recorded using 
an FFT analyzer (CF-4500, Ono Sokki Co., Ltd.).

For the laminae bending tests, which conformed to JAS 
3079 [10], bending test C, a third-point loading configu-
ration was used with the span set at 21 times the speci-
men depth. Load was applied at 10 mm/min until failure 
by a universal testing machine (TCM 10000, MinebeaM-
itsumi Inc.). To measure deflection during loading, a 
displacement transducer (CDP-50, Tokyo Measuring 
Instruments Laboratory Co., Ltd.) was brought into con-
tact with an L-shaped bracket, which was attached to 
the mid-span and mid-depth of the specimen’s side face. 
These measurements were then used to calculate the 
global Eapp.

Results and discussion
Comparison of modulus of elasticity and shear modulus 
by each method
The E and G results from dynamic, static, and bending 
tests are summarized in Table 3. Figures 4, 5 and 6 show 
the mean values of E, G, and their ratio (E/G) for each of 
these test methods.

The modulus of elasticity calculated using the ETS [12, 
20] is given by the following equations:

where:
Eb_oml = the bending modulus of elasticity of the 

lamina, specifically the one in the outermost layer (for 
major strength direction evaluation), or the outermost 
lamina in the inner layer (for minor strength direction 
evaluation).

(1)ETS = Eb_oml ×
IA

I0

(2)IA =
�
(

EiIi + EiAiz
2
i

)

E0

Table 2  Summary of methods used to measure the modulus of elasticity and shear modulus

Property Test type Method Symbol

Modulus of elasticity Dynamic test Longitudinal vibration Efr

Timoshenko–Goens–Hearmon (TGH) ETGH

Static test Variable span, Three-point bending EVS

Global (apparent), Third-point bending Eglo

Local (shear-free), Third-point bending Eloc

Shear modulus Dynamic test Timoshenko–Goens–Hearmon (TGH) GTGH

Static test Variable span, Three-point bending GVS
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Table 3  Summary of modulus of elasticity and shear modulus obtained from dynamic, static, and bending tests

Values on the left represent the means, while those in parentheses on the right indicate the coefficients of variation (%). For symbol definitions, see Table 2

Group Efr
(kN/mm2)

ETGH
(kN/mm2)

EVS
(kN/mm2)

Eglo
(kN/mm2)

Eloc
(kN/mm2)

GTGH
(kN/mm2)

GVS
(kN/mm2)

9L9P-Ma 4.45 (3.46) 6.13 (3.29) 5.84 (3.10) 5.39 (4.51) 6.06 (4.96) 0.243 (4.18) 0.186 (6.82)

9L9P-Mi 3.23 (2.31) 2.53 (3.62) 2.40 (3.53) 2.32 (3.28) 2.49 (6.06) 0.212 (2.76) 0.139 (9.15)

7L7P-Ma 4.50 (3.10) 6.55 (3.77) 6.36 (6.21) 5.92 (6.32) 6.77 (7.39) 0.248 (8.14) 0.198 (13.58)

7L7P-Mi 2.55 (3.36) 1.85 (1.69) 1.74 (3.75) 1.67 (8.54) 1.83 (10.09) 0.158 (2.29) 0.103 (29.34)

5L7P-Ma 6.08 (2.97) 8.22 (3.81) 8.15 (4.25) 7.43 (4.33) 8.52 (5.07) 0.304 (2.72) 0.171 (8.08)

5L7P-Mi 1.89 (4.53) 0.84 (3.32) 0.72 (6.75) 0.70 (5.24) 0.72 (5.19) 0.130 (7.94) 0.057 (35.23)

5L5P-Ma 4.96 (7.84) 7.25 (8.87) 7.12 (8.78) 6.77 (7.73) 7.60 (8.93) 0.254 (2.84) 0.174 (6.45)

5L5P-Mi 2.47 (4.48) 1.49 (2.93) 1.43 (7.94) 1.41 (5.48) 1.47 (4.50) 0.150 (1.03) 0.084 (22.41)

3L4P-Ma 5.01 (3.03) 7.86 (2.52) 8.30 (2.24) 7.06 (2.65) 8.68 (3.20) 0.149 (5.91) 0.105 (5.56)

3L4P-Mi 2.97 (4.53) 1.07 (3.10) 1.12 (7.26) 0.96 (3.94) 1.00 (5.72) 0.416 (4.46) 0.089 (28.53)

3L3P-Ma 6.38 (6.48) 8.90 (6.74) 8.73 (8.06) 8.12 (6.07) 9.52 (9.08) 0.249 (6.22) 0.138 (8.14)

3L3P-Mi 1.97 (6.89) 0.53 (5.58) 0.44 (3.58) 0.47 (6.58) 0.45 (9.70) 0.336 (24.60) 0.069 (21.78)
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IA = the second moment of area of the transformed sec-
tion of the CLT.

I0 = the second moment of area of the CLT.
Eᵢ = the bending modulus of elasticity of the lamina 

used in the ith layer; for laminae oriented perpendicular 
to the specimen length, the modulus is taken as zero.

Iᵢ = the second moment of area of the ith layer.
Aᵢ = the cross-sectional area of the ith layer.
zᵢ = the distance between the neutral axis of the CLT 

and the centroid of the lamina in the ith layer.
E0 = same as Eb_oml.
The values of Eb_oml and E0 used in the ETS were deter-

mined as the mean modulus of elasticity obtained from 
longitudinal vibration measurements: 8.74 kN/mm2 for 
M60B layers aligned parallel to the specimen length, 
and 6.41 kN/mm2 for M30B layers aligned parallel to the 
specimen length. Layers perpendicular to the specimen 
length had their modulus of elasticity set to 0 kN/mm2.

Figure  4 shows the modulus of elasticity obtained by 
each method. No considerable difference was observed 
between the values from the TGH method (ETGH), the 
variable span method (EVS), and the local method (Eloc). 
However, the values calculated using the ETS tended to be 
lower than those from the other methods, except in a few 
layups. One possible reason is that assigning a modulus 
of elasticity of 0 kN/mm2 to the cross layers in the ETS 
was inappropriate. For example, the CLT Handbook [1] 
sets the modulus of elasticity of the cross layers at 1/30 
that of the parallel layers. Based on this, an additional cal-
culation using the ETS was performed with this assump-
tion. The results showed almost no change in ETS values 
in the major strength direction. However, in the minor 
strength direction, the ETS values increased by factors 
of 1.08, 1.11, 1.53, 1.17, 1.33, and 2.17 for the 9L9P-Mi, 

7L7P-Mi, 5L7P-Mi, 5L5P-Mi, 3L4P-Mi, and 3L3P-Mi lay-
ups, respectively.

The mean G obtained by the TGH method (GTGH) 
was consistently higher than that from the variable span 
method (GVS) across all layups, as shown in Fig. 5. This 
difference was particularly notable in the minor strength 
direction, specifically for the 3L4P-Mi and 3L3P-Mi lay-
ups, where GTGH greatly surpassed GVS.

To investigate this discrepancy, Fig. 7 shows the typical 
relationship between (d/L)2 and 1/Eapp, which forms the 
basis for calculating Evs and Gvs according to Timoshen-
ko’s beam theory. While this relationship is theoreti-
cally expected to show a monotonic increase owing to 
shear deformation, and most major strength direction 
specimens followed this trend, Fig.  7 numerically dem-
onstrates that for 3L3P-Mi, 3L4P-Mi, and especially the 
excluded specimens, some plots exhibited a decrease in 
1/Eapp despite an increase in (d/L)2.

Whether this reverse trend was owing to simple meas-
urement error or some intrinsic properties of the minor 
strength direction specimens is still unclear. Should the 
deformation measurements be accurate, the variable 
span method may prove unsuitable for CLT specimens 
with minor strength direction layups.

As shown in Fig.  6, the E/G ratio from the variable 
span method was consistently higher than that from the 
TGH method for all layups. Moreover, in both meth-
odologies, specimens in the major strength direction 
consistently presented higher E/G ratios compared 
to those in the minor strength direction. Remark-
ably, three major strength direction layups—3L4P-Ma 
(TGH method), 3L4P-Ma (variable span method), and 
3L3P-Ma (variable span method)—exceeded the JAS 
3079 [10] default E/G ratio of 50. The highest recorded 
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E/G ratio, approximately 80, was obtained for the 3L4P-
Ma layup using the variable span method.

In stark contrast, the TGH method yielded an E/G 
ratio below 2 for 3L3P-Mi, a value lower than the theo-
retical minimum for isotropic materials. This anomaly 
strongly suggests that the assumption of homogeneity, 
fundamental to estimating equivalent modulus of elas-
ticity and G values, may be invalid for certain layups, 
including 3L3P-Mi. As a result, test methods derived 
from classical beam theory may be unsuitable for eval-
uating CLT in the minor strength direction, especially 
for layups such as 3L3P-Mi. A more comprehensive 
investigation into this issue is, therefore, necessary.

To investigate the E when the E/G ratio exceeds 80, 
Eq.  (4) was used. Adapted from ASTM D2915 [21] 
Eq.  (3), this equation allows for the conversion of the 
Eₜᵣᵤₑ to the apparent bending modulus under third-
point loading (L/d = 21), a configuration aligned with 
JAS 3079 [10]. The ratio between the true and apparent 
bending moduli was then calculated using this equation 
for an E/G value of 80:

where:

(3)E2 =

1+ K1

(

d1
L1

)(

E

G

)

1+ K2

(

d2
L2

)(

E

G

)E1

(4)Eapp/Etrue =
1

1+
(

216
230

)(

d

L

)(

E

G

)

E1, d1, L1 = apparent bending modulus of elasticity, 
depth, and span at test condition 1.

E2, d2, L2 = apparent bending modulus of elasticity, 
depth, and span at test condition 2.

K1, K2 = values given in ASTM D2915 Table X4.1
By substituting d/L = 1/21 and E/G = 80 into Eq.  (4), 

the ratio of the Eₜᵣᵤₑ to the Eapp is calculated as 0.85. Fig-
ure 8 shows the relationship between the span-to-depth 
ratio (L/d) and the apparent-to-true bending modulus 
ratio, as derived from Eq.  (4), for E/G values of 80 and 
50. The ratio of the apparent-to-true adjustment factor at 
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E/G = 50 (the JAS 3079 [10] default) to that at E/G = 80 is 
0.85/0.90 = 0.94. This means that the Eapp for CLT with an 
E/G of 80 is approximately 94% of the value based on the 
JAS 3079 [10] default E/G of 50. The current adjustment 
factor based on JAS 3079 [10] should generally not pose 
considerable issues for typical CLT manufacturing. How-
ever, for layups, such as 3L4P Ma and 3L3P Ma, which 
are highly susceptible to rolling shear, the use of laminae 
with a modulus of elasticity close to the lower limit could 
result in a measured CLT E that is slightly lower than the 
value specified in JAS 3079 [10].

Results of out‑of‑plane bending test
Figure 9 depicts typical failure modes for several layups, 
complementing the out-of-plane bending test results 
summarized in Table  4. While most major strength 
direction specimens failed at finger joints or knots on 
the tensile side, the 3L4P-Ma layup stood out with all 
specimens failing in shear. Regardless of shear failure, 
the strength for these cases was still calculated as bend-
ing strength from the maximum load. In contrast, in 
the minor strength direction, failure consistently ini-
tiated above the points, where the outer laminae were 

Fig. 9  Typical failure modes for various layups

Table 4  Summary of out-of-plane bending test results

Values on the left are means, and values in parentheses on the right represent coefficients of variation (%). MC: Moisture content, σb: Bending strength

Group Density (kg/m3) MC (%) σb (N/mm2) Failure mode and number

9L9P-Ma 383 (0.70) 10.6 (3.5) 18.6 (7.3) Bending: 8

9L9P-Mi 382 (1.06) 10.0 (6.6) 10.3 (10.8) Bending: 8

7L7P-Ma 382 (1.39) 10.7 (4.8) 21.0 (14.0) Bending: 8

7L7P-Mi 387 (1.25) 10.1 (2.5) 9.3 (12.1) Bending: 8

5L7P-Ma 391 (2.56) 10.6 (5.8) 28.9 (9.0) Bending: 7, Bending + Shear: 1

5L7P-Mi 385 (1.45) 10.6 (4.4) 4.8 (11.7) Bending: 8

5L5P-Ma 394 (0.67) 9.4 (3.8) 26.9 (13.9) Bending: 6

5L5P-Mi 381 (0.71) 9.7 (3.6) 9.1 (11.4) Bending: 6

3L4P-Ma 408 (1.44) 8.0 (1.6) 25.2 (3.0) Shear: 6

3L4P-Mi 390 (1.84) 10.6 (5.2) 7.0 (8.5) Bending: 6

3L3P-Ma 398 (2.71) 10.7 (5.2) 30.7 (16.5) Bending: 6

3L3P-Mi 401 (4.18) 10.4 (4.4) 4.4 (8.9) Bending: 6
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laterally adjacent, and all specimens exhibited bending 
failure.

Below, we present the mean measured bending 
strength for each CLT layup, alongside the estimated 
bending strength (σb-est), which was calculated using ETS 
as described in the Notification of the Ministry of Land, 
Infrastructure, Transport and Tourism [12, 20]

where:
σb-oml = the bending strength of the lamina, referring to 

either the outermost layer’s lamina (for major strength 
direction evaluation) or the outermost lamina in the 
inner layer (for minor strength direction evaluation).

As previously outlined, the modulus of elasticity was 
used for estimating bending strength. For σb-oml, its value 
was determined based on the loading direction. In the 
major strength direction, the bending strength of the 
outermost layer was assigned 37.4 N/mm2 (the mean 
value of the M60B lamina). Conversely, when evaluating 
the minor strength direction, the outer perpendicular 
layer was considered ineffective, and the relevant bend-
ing strength for σb-oml was 28.6 N/mm2 (the mean M30B 
lamina value), applied to the outermost parallel layer in 
the inner part of the specimen.

Figure  10 shows the relationship between meas-
ured and estimated bending strength values. The blue 

(5)σb−est = σb_oml ×
IA

I0

bars represent estimated values based on the lamina’s 
bending strength (details on green bars are provided 
in the next paragraph). A clear trend emerged in the 
major strength direction: estimated values consistently 
exceeded measured mean values for all layups. In con-
trast, in the minor strength direction, the measured 
mean values surpassed the estimated values for every 
layup, although the difference was somewhat less pro-
nounced for the 9L9P-Mi and 7L7P-Mi layups.

Although the bending strength of CLT in this study 
was estimated based on the lamina’s bending strength, 
it may be more appropriate in some instances to use the 
tensile strength parallel to the grain instead, because 
failure frequently originates from the tensile layer.

The authors’ previous study [22] involved perform-
ing bending and parallel-to-grain tensile tests on two 
grades of Japanese cedar laminae: M60A (characterized 
by an E of at least 5.0 kN/mm2) and M30A (an E of at 
least 2.5 kN/mm2). Each specimen contained a single 
finger joint at the center. The results indicated that the 
ratio of tensile strength to bending strength was 0.70 
for M60A and 0.65 for M30A.

The tensile strengths of M60B and M30B laminae 
were estimated to be 26.2 and 18.6 kN/mm2, respec-
tively, using the abovementioned ratios. Figure  10’s 
green bars show the resulting estimated CLT bend-
ing strength, which is based on the lamina’s tensile 
strength. In the major strength direction, the meas-
ured values consistently surpassed these estimates, 
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yielding measured-to-estimated ratios between 1.10 
and 1.30, dependent on the specific layup.

For the minor strength direction, estimates based on 
tensile strength produced even lower predicted val-
ues. However, even when bending strength was used, 
the measured values still exceeded the estimates in 
this direction. This discrepancy suggests that the bot-
tom outer lamina in minor strength direction speci-
mens, being unbonded in the width direction, may not 
contribute structurally. Therefore, the CLT’s overall 
strength in this orientation appears to depend mainly 
on the second layer from the bottom.

Despite the expectation that failure would typically 
initiate at the weakest part of the second layer, the 
outer lamina might provide reinforcement through 
lamination bonding. As depicted in Fig.  9, minor 
strength direction failure consistently initiated above 
the points, where the outer laminae were laterally adja-
cent. Among the three laminae in the second layer’s 
width, some displayed failure at typical weak points, 
such as finger joints and knots, while others did not. 
This localized failure pattern strongly suggests a rein-
forcing effect provided by the outer layer.

For the major strength direction, the North Ameri-
can CLT standard applies a 0.85 adjustment factor to 
the calculated bending moment resistance of CLT 
panels. This factor is based on comparisons between 
full-scale bending test results and shear analogy 
model calculations for panels with seven or more lay-
ers [23–25]. Importantly, this 0.85 adjustment factor is 
not applied in the minor strength direction. However, 
a separate 0.9 resistance factor is applied in both the 
major and minor strength directions.

In Japan, based on these findings, an adjustment fac-
tor of 0.65 is applied to the calculation results obtained 
using the transformed section method for both the 
major and minor strength directions [20]. Further-
more, to calculate the specified design strength (i.e., 
the lower limit), an additional 0.75 adjustment factor is 
incorporated, which considers the coefficient of varia-
tion in out-of-plane bending strength [20].

In the major strength direction, estimates based on 
the lamina’s bending strength surpassed the measured 
mean values (Fig. 10). Therefore, the application of the 
0.65 adjustment factor seems appropriate. Conversely, 
applying this same adjustment factor in the minor 
strength direction may be overly conservative, particu-
larly because North American standards do not apply 
their 0.85 adjustment factor in that specific direction.

Conclusions
This study investigated the out-of-plane bending per-
formance of Japanese cedar CLTs, including the evalua-
tion of their modulus of elasticity and G using dynamic 
and static test methods. Six CLT layups, as specified in 
JAS 3079  [10], were compared across both major and 
minor strength directions. The following conclusions 
were made.

1. The modulus of elasticity values obtained from 
the TGH method, the variable span method, and 
the local method in bending tests were gener-
ally consistent, whereas those calculated using the 
ETS tended to be lower, especially for layups in the 
minor strength direction.
2. The G values derived from the TGH method con-
sistently surpassed those obtained from the variable 
span method, a difference especially pronounced 
in minor strength direction layups, such as 3L3P-
Mi and 3L4P-Mi. Furthermore, the variable span 
method exhibited irregular trends in certain speci-
mens, indicating its potential unsuitability for CLT 
configurations featuring fewer layers in the minor 
strength direction.
3. E/G ratios from the variable span method were 
consistently higher than those from the TGH 
method. Notably, certain major strength direction 
layups, including 3L4P-Ma and 3L3P-Ma, exceeded 
the JAS 3079 [10] default E/G ratio of 50, reaching 
values up to 80, which corresponds to an adjust-
ment factor of approximately 0.85. While the JAS 
3079’s 0.9 adjustment factor is suitable for most 
practical CLT layups, it may underestimate defor-
mation in rolling shear-prone configurations, such 
as 3L4P-Ma and 3L3P-Ma.
4. The out-of-plane bending test results suggest that 
the application of a 0.65 adjustment factor is rea-
sonable for the major strength direction, because 
estimated values consistently surpassed measured 
ones. Conversely, applying this same factor in the 
minor strength direction appears to be excessively 
conservative.
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