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Abstract 

Four kinds of glued laminated timber were produced (i.e., one with a glued edge-joint and the other three with 
nonglued edge joints) in the lamina at different positions toward the depth direction. Shear tests using an asym-
metric four-point bending method were then conducted for these glued laminated timber specimens. The results 
showed that although the glued edge-joint specimens had the highest shear strength in all groups, the shear 
strength decreased as the distance from the adjacent nonglued edge-joint plane decreased. Furthermore, the shear 
strength of all specimens exceeded the standard shear design strength value (2.1 N/mm2) set by the Ministry of Land, 
Infrastructure, Transport and Tourism, Japan. Next, the shear strength of the nonglued edge-joint specimens was 
estimated based on that of the glued edge-joint specimens. Although the mean-estimated shear strength was lower 
than the mean-measured shear strength, the possibility of the shear strength changing based on the position of the 
nonglued edge-joint plane specimens from that of the glued edge-joint specimens was still estimated.
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Introduction
Recent efforts have been made to convert nonresidential 
and mid-to-high-rise buildings into wooden structures 
in Japan [1]. Glued laminated timbers are used for these 
buildings, and the ratio of using domestic species, e.g., 
sugi (Japanese cedar, Cryptomeria japonica), is high. The 
lamina width used in large-dimension glued laminated 
timbers is 150 mm or more, which is larger than the usual 
lamina width of 105 or 120 mm. Therefore, large-dimen-
sion glued laminated timbers are often custom-made. 
Consequently, these glued laminated timbers with large 
dimensions using domestic species have low productivity 
and high manufacturing costs.

Sugi studs with a cross-section of approximately 
45  mm  ×  105  mm are supplied stably in Japan. It is 
believed that productivity can be improved by using 
sugi studs and a flatbed press for  cross-laminated tim-
ber  (CLT) production to produce large panels, from 
which glued laminated timbers can be cut. Therefore, 
the authors proposed a glued laminated timber manufac-
tured using sugi studs as lamina and CLT manufacturing 
equipment for production [2] (Fig. 1).

However, when a load was applied, as shown on the 
right figure in Fig. 1, shear forces were applied between 
the edge faces (short sides) of the laminae, and there is 
concern regarding whether the strength performance in 
this area is sufficient. Therefore, in this study, a model 
specimen was produced by extracting a portion of the 
glued laminated timber assumed in the right figure of 
Fig. 1 to examine the effects of the presence or absence 
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and the position of glued edge joints on the shear 
strength of the glued laminated timber.

The developed glued laminated timber lamina was 
produced with glued edge joints, using a sugi stud and 
a resorcinol resin adhesive. Glued edge joints used 
extra adhesives and required an additional bonding 
step compared with nonglued edge joints. While, when 
producing a glued laminated timber with a nonglued 
edge-joint in the lamina, it is conceivable that the shear 
strength of the glued laminated timber decreases when 
a shear stress is applied to the plane of the nonglued 
edge joints. Additionally, the shear strength of the 
glued laminated timber differs depending on where the 
nonglued edge-joint exists in the glued laminated tim-
ber because the shear stress at the time of bending load 
varies according to the position in the depth direction 
of the test specimen [3].

Similar to this study, the specimen was grooved hori-
zontally at the center of the depth of the test specimen to 
increase shear failure probability [4–8]. However, previ-
ous studies have reported that shear tests are rarely per-
formed when grooves are formed at different positions in 
the depth direction of the specimen. For example, Martin 
et  al. [9] conducted a shear test by providing nonglued 
edge joints to four central laminae of six constitut-
ing a glued laminated timber. They then set the interval 
between the nonglued edge joints and adjacent laminae 
to 38 mm. From that investigation, the shear strength of 
the test specimen with nonglued edge joints was 85–88% 
that of the test specimen with all solid laminae. However, 
tests in which the position of the nonglued edge joints 

would be changed to that in the depth direction of the 
specimen were not conducted.

This study conducted a shear test on the glued lami-
nated timber using glued and nonglued edge joints in 
the lamina at different positions in the depth direction. 
The shear strength obtained from the shear test result of 
each glued laminated timber was then compared with the 
design shear strength set by the Ministry of Land, Infra-
structure, Transport and Tourism, Japan [10]. Subse-
quently, the shear strength of the glued laminated timber 
with a nonglued edge-joint in its lamina was estimated 
from the position in the depth direction and then was 
compared with the measured value.

Materials and methods
Manufacturing of the glued laminated timber with glued 
and nonglued edge joints
Four different glued laminated timbers were produced: 
one that used a glued edge-joint in the lamina and three 
that used a nonglued edge-joint in the lamina (Figs. 2, 3, 
4). A mixture of sugi L70 (according to the Japanese agri-
cultural standard for glued laminated timber [11], with a 
standard of the Young’s modulus in bending of ≥ 7.0 kN/
mm2) and L80 (similarly ≥ 8.0  kN/mm2) laminae was 
used to produce the glued laminated timber and made 
to have almost the same-grade composition glued lami-
nated timber.

The glued edge-joint lamina was manufactured as fol-
lows: First, two nonglued end joint sugi studs with a 
thickness, width, and length of 40, 107, and 1800  mm, 
respectively, were edge-jointed with an aqueous polymer 

Fig. 1 Schematic image of the production of the glued laminated timber assumed in this study
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Fig. 2 Manufacturing procedure of the glued edge-joint glued laminated timber (GJ20)

Fig. 3 Manufacturing procedure of the nonglued edge-joint glued laminated timber (NJ20, NJ38 and NJ56)

Fig. 4 Cross-sectional view of the manufactured glued laminated timbers
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isocyanate adhesive (5340S,  Oshika Corporation). The 
amount of adhesive applied was approximately 200  g/
m2. The glued edge-joint lamina (214  mm width) was 
then produced using the CLT manufacturing equipment 
of the Forestry and Forest Products Research Institute, 
with a pressing pressure of 0.14  N/mm2 due to equip-
ment availability. The pressing time was set at 50  min. 
The width of the lamina was adjusted so that the width of 
one stud of the glued edge-joint lamina became 66.5 mm 
and the width of the other stud became 85.5  mm, pro-
ducing a (1) glued edge-joint lamina with a thickness, 
width, and length of 38, 152, and 1700 mm, respectively. 
Subsequently, for the nonglued edge-joint lamina, the 
nonglued end joint sugi stud with a thickness, width, 
and length of 42, 110, and 1700  mm, respectively, was 
adjusted so that the width of the lamina formed by com-
bining the two studs was 152  mm (66.5 + 85.5  mm) in 
(2), 57 + 95 mm in (3), and 48.5 + 104.5 mm in (4). As a 
result, 20 sets of laminae of (1)–(4) were produced.

Glued laminated timber was then produced using these 
laminae. The lamina of (1) was bonded in four layers so 
that the glued end joint position did not overlap the adja-
cent layers. An aqueous polymer isocyanate adhesive 
(5340S,  Oshika Corporation) was used for laminating 
with a spread amount, pressing pressure, and pressing 
time of 200  g/m2 per adhesive layer, 0.8  N/mm2, and 
60 min, respectively. The pressing time was changed from 
that of edge-joint because of differences in temperature 
at different production times. Similarly, laminae (2)–(4) 
were laminated and bonded using a similar procedure. 
Subsequently, the size of the glued laminated timbers 
was adjusted to a thickness, width, and length of 150, 
150, and 1650 mm, respectively, using a planer. The glued 
laminated timbers from laminae (1)–(4) were then called 
GJ20, NJ20, NJ38, and NJ56, respectively. GJ means the 
glued edge-joint, and NJ means the nonglued edge-joint. 
Additionally, the number after the symbol denotes the 
distance between the glued or nonglued edge-joint plane 
and the adjacent layers of the glued or nonglued edge-
joint plane in millimeters. Consequently, five pieces of 
each of the four kinds of glued laminated timbers were 
produced.

Nondestructive and shear tests
All glued laminated timber specimens were subjected 
to the nondestructive test. For these investigations, the 
density, Young’s modulus using the longitudinal vibra-
tion method, Young’s modulus and shear modulus using 
the Timoshenko–Goens–Hearmon flexural vibration 
(TGH) method [12, 13] were calculated. For the Young’s 
modulus and shear modulus using the TGH method, the 
specimen was installed so that the plane of the glued or 
nonglued edge joints was horizontal.

The longitudinal vibration method was used calculat-
ing the Young’s modulus from the primary resonance 
frequency obtained by attaching an acceleration pickup 
to one end of the specimen and striking the other end 
with a hammer to measure vibration. The Young’s mod-
ulus and shear modulus measurements, using the TGH 
method, were calculated from the first to the fourth 
resonance frequencies obtained by attaching an accel-
eration pickup to the top end of the specimen and strik-
ing the vicinity with a hammer.

After the nondestructive tests, a shear test was con-
ducted using the asymmetric four-point bending 
method (Fig. 5). The distance between the nearest load-
ing and reaction points was 450 mm or three times the 
specimen depth. Furthermore, in many cases, the load 
was temporarily decreased by shear failure, followed by 
a subsequent increase in the load again. Finally, a rapid 
load decrease by bending failure was observed. The 
shear failure result was when the load decreased and 
shear failure was confirmed. Shear strength was then 
calculated using the load at which the first shear failure 
occurred. However, in the case of bending failure with-
out shear failure, shear strength was calculated using 
the load during bending failure as the apparent shear 
failure. Shear strength was finally calculated using the 
following equation:

where τ is shear strength (in Newton per square millim-
eters), a is the distance between the reaction point and 
the nearest loading point at both ends (in millimeters), 
F is the load at the shear failure or ultimate load when 
specimens failed in bending (in Newton), A is the cross-
section of the specimen (in square millimeters), and S is 
the distance between the central reaction point and load-
ing point (in millimeters).

After the shear test, a test specimen, approximately 
20  mm in length, for the moisture content measure-
ment was cut out from the vicinity of the failed part. 
The moisture content was then calculated using the 
oven-dry method.

Next, one or two block shear test specimens with a 
shear plane of 28  mm  ×  25  mm, following the Japa-
nese agricultural standard for glued laminated timber, 
were collected from the glued edge-joint position of all 
lamina layers in each test specimen for GJ20. The exact 
number of block shear test specimens with a shear 
plane of 25  mm  ×  25  mm based on JIS Z 2101 [14] 
was also obtained from the solid wood positions in the 
vicinity where the block shear test specimens for the 
glued edge-joint positions were collected. The number 
of test specimens was 34 for both types. Subsequently, 

(1)τ =
3aF

2A(a+ S)
,
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the block shear test was conducted according to the 
Japanese agricultural standard for glued laminated tim-
ber and JIS Z 2101. Moisture content was also calcu-
lated using the oven-dry method after the block shear 
test.

Results and discussion
Results of the nondestructive tests
Table  1 lists the mean and coefficient of variation (CV) 
of the nondestructive tests. The Tukey–Kramer’s hon-
estly significant difference (HSD) test for density, mois-
ture content, and Young’s modulus using the longitudinal 
vibration method did not show significant difference in 
the mean values of each group at a 5% significance level. 
However, the Tukey–Kramer’s HSD test showed sig-
nificant mean differences in Young’s modulus and shear 
modulus using the TGH method at a 5% significance 
level.

Regarding the shear modulus calculated based on the 
TGH method, the mean ratios of the nonglued edge-joint 
specimen (NJ20, NJ38, and NJ56) to the glued edge-joint 
specimen (GJ20) were significantly different, with the 
ratio of GJ20 being 1 and the others ranging from 0.63 
to 0.69. Therefore, glued or nonglued edge joints had a 
significant effect. Although this finding was not the direct 
purpose of the study, the results suggested that the meas-
urements of the shear modulus using the TGH method 

effectively detect internal cracking in the timber, which is 
the current problem [15].

Results of the shear test by the asymmetric four‑point 
bending method and block shear test
Tables 1 and 2 list the mean and CV results of the shear 
tests using the asymmetric four-point bending method 
and block shear tests, respectively.

For the block shear tests, the mean moisture content 
of the solid wood specimens was 1.4% higher than that 
of the glued edge-joint specimens. Therefore, the mean 
density of the solid wood specimens was also higher. 
Nevertheless, the shear strength could also be affected by 
moisture content, even though the mean shear strength 
of the solid wood specimens and that of the glued edge-
joint specimens were similar. According to Markwardt 
et al. [16], the shear strength of wood changed by 3% per 
1% change in moisture content. However, the adjustment 
factor of the glued edge-joint was unknown. In this study, 
the mean values of the glued edge-joint specimens and 
the solid wood specimens were 7.65 and 7.97  N/mm2, 
respectively, when all shear strengths were adjusted to a 
15% moisture content using this ratio. Nevertheless, from 
the Tukey–Kramer HSD test, specimens with and with-
out moisture content adjustments did not show signifi-
cant differences in the mean shear strength between the 
glued edge-joint and solid wood specimens at a 5% sig-
nificance level. Therefore, the shear strength of the glued 

Fig. 5 Loading configuration of the asymmetric four-point bending method
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edge-joint specimens was considered equivalent to that 
of the solid wood specimens.

Figure 6 provides examples of the failure modes by the 
asymmetric four-point bending method. GJ20 shows that 
three of five specimens failed to bend. Although shear 
failure occurred between the central loading point and 
the support of both specimens, one of the specimens 
failed at the glued edge-joint plane and the other failed 
near the neutral axis of solid wood. In particular, the 

Table 1 Mean and CV results from the nondestructive and shear tests obtained using the asymmetric four-point bending method

The left and right values in the cell are the mean value and CV (in percentage). In the case of bending failure, shear strength was calculated using the load during 
bending failure as the apparent shear failure

N, number of specimens; MC, moisture content; Efr-L, Young’s modulus by the longitudinal vibration method; ETGH(V),Young’s modulus by the Timoshenko–Goens–
Hearmon flexural vibration method (TGH method); GTGH(V), shear modulus by the TGH method

Group Density
(kg/m3)

MC
(%)

Efr‑L
(kN/mm2)

ETGH(V)
(kN/mm2)

GTGH(V)
(kN/mm2)

Shear strength
(N/mm2)

GJ20 (N = 5) 402 (2.77) 11.4 (1.06) 8.11 (3.15) 7.75 (3.62) 0.823 (6.68) 5.70 (9.94)

NJ20 (N = 5) 402 (5.98) 11.7 (2.17) 8.18 (6.10) 7.86 (8.05) 0.564 (12.1) 3.40 (13.0)

NJ38 (N = 5) 392 (3.28) 11.8 (2.91) 8.54 (3.22) 8.19 (2.18) 0.517 (7.11) 3.66 (14.2)

NJ56 (N = 5) 392 (2.30) 11.6 (2.05) 8.56 (3.38) 8.67 (4.03) 0.560 (6.38) 4.11 (5.20)

Table 2 Mean and CV of the block shear tests

The left and right values in the cell are the mean value and CV (in percentage)

N, number of specimens; MC, moisture content

Group Density
(kg/m3)

MC
(%)

Shear strength
(N/mm2)

Glued edge-joint (N = 34) 335 (7.15) 11.4 (3.27) 8.57 (15.7)

Solid wood (N = 34) 383 (9.49) 12.8 (5.28) 8.52 (10.1)

Fig. 6 Examples of the failure modes using the asymmetric four-point bending method
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NJ20, NJ38, and NJ56 specimens failed to shear at the 
nonglued edge-joint plane.

Figure 7 shows the shear strength of each specimen by 
the asymmetric four-point bending method. The shear 
and bending failures are indicated as an empty circles 
and triangles, respectively. GJ20 had the highest shear 
strength value in all groups. In particular, the shear 
strength in the nonglued edge-joint specimens decreased 
as the distance from the adjacent nonglued edge-joint 
plane decreased (from NJ56 to NJ20).

Comparing this result with the design strength set 
by the Ministry of Land, Infrastructure, Transport and 
Tourism, Japan, all specimens exceeded the shear design 
strength of 2.1  N/mm2, which was in the laminated 
direction of the sugi glued laminated timber [10]. Note 
that in this design strength notification, the shear design 
strength of 2.1  N/mm2 was multiplied by 0.6 for the 
unevaluated laminae of the glued edge-joint. Therefore, 
the original shear design strength was reduced further.

Shear strength estimation
The shear strengths of NJ20, NJ38, and NJ56 were esti-
mated based on the assumption that the shear strength 
of GJ20 was 1. The following two factors affect the shear 
strength of glued laminated timber: the presence or 
absence of glued edge joints and the position of shear 
failure in the cross-section.

First, on the basis of the presence or absence of a glued 
edge-joint, the shear strength of the nonglued edge-joint 
plane in NJ20, NJ38, and NJ56 was zero. NJ20, NJ38, and 

NJ56 failed in the solid wood adjacent to the nonglued 
edge-joint plane. Therefore, when the shear strength of 
the nonglued edge-joint plane was 0, the effective speci-
men in the laminated direction width under shear was 
1/2 of the total laminated direction width of the speci-
men because the laminated direction width of the non-
glued edge-joint plane was similar to the laminated 
direction width of the adjacent solid wood (Fig. 4).

Although the shear stress was at the maximum at the 
neutral axis, its value decreased from that point to the 
upper or lower edges (Fig. 8). The position of shear fail-
ure in the cross-section of NJ20, NJ38, and NJ56 was 
the solid wood position adjacent to the nonglued edge-
joint plane, which was 10, 19, and 28  mm away from 
the neutral axis, respectively. Moreover, of the two GJ20 
specimens that failed in shear, one specimen failed at the 
neutral axis and the other failed at the glued edge-joint. 
The specimen that failed at the neutral axis is represented 
here. Furthermore, assuming that the shear stress at the 
neutral axis was 1, the shear stress values at positions 10, 
19, and 28  mm away from the neutral axis were 0.982, 
0.936, and 0.861, respectively. Hence, the stress applied to 
this position was doubled because the effective laminated 
direction width result of NJ20, NJ38, and NJ56 at these 
portions was 1/2. When this result was multiplied by the 
previous value, the shear stress at NJ20, NJ38, and NJ56 
at the shear failure position became 1.964, 1.872, and 
1.722, respectively. Alternatively, when the shear strength 
of GJ20, which was the standard, was 1, NJ20, NJ38, and 
NJ56 took the reciprocal of the shear stress, becoming 
0.509, 0.534, and 0.581, respectively. Similarly, when the 
mean shear strength of GJ20 was 5.70 N/mm2, including 
the value of the specimens that failed to bend, the esti-
mated shear strengths of NJ20, NJ38, and NJ56 became 
2.90, 3.04, and 3.31  N/mm2, respectively. This value is 
indicated by x in Fig. 7.

On the basis of the results of the current study, 
although the mean shear strengths of NJ20, NJ38, and 
NJ56 were 3.40, 3.66, and 4.11 N/mm2, respectively, the 
estimated values were smaller than the measured mean 
values. This reduction was because the measured mean 
value of GJ20 included three of the five specimens that 
failed to bend. Furthermore, although these three spec-
imens failed in bending before they failed in shearing, 
the actual shear strength was considered to be greater 
than the apparent shear strength. In other words, the 
true shear strength of the specimen that failed in the 
bending before shear failure would have been greater 
than the apparent shear strength determined from the 
load at bending failure because the load would have 
continued to increase without bending failure. Another 
factor was the difference in the size of the shear area. 
Studies have shown that although the shear strength 

Fig. 7 Shear strength of each specimen using the asymmetric 
four-point bending method
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decreases with increasing shear area [17–23], the shear 
areas of NJ20, NJ38, and NJ56 were half as large as that 
of GJ20. Consequently, the shear strength may have 
increased. Alternatively, when the mean shear strength 
of NJ20 was 1, the measured and estimated mean 
ratios of NJ20, NJ38, and NJ56 were 1:1.08:1.21 and 
1:1.05:1.14, respectively. Hence, although both NJ38 
and NJ56 showed a slightly lower estimated value ratio, 
estimating the tendency for a gradual increase in shear 
strength was possible because the position of the non-
glued edge-joint deviated from the neutral axis.

Conclusions
Four kinds of glued laminated timber were produced: one 
with a glued edge-joint in the lamina and the other three 
with nonglued edge joints in their laminae at different 
positions in the depth direction.

Nondestructive tests were conducted for the glued 
laminated timbers. With the shear modulus using the 
TGH method, the ratio of the mean nonglued edge-joint 
specimens (NJ20, NJ38, and NJ56) to the glued edge-joint 
specimen (GJ20) was significantly different. Therefore, 
glued or nonglued edge joints was significantly affected 
the shear modulus.

Subsequently, block shear tests were conducted for 
the specimens collected from the glued laminated tim-
bers. In specimens with and without moisture content 

adjustment, the mean shear strength between the glued 
edge-joint and solid wood specimens did not show sig-
nificant differences at the 5% significance level. There-
fore, the shear strength of the glued edge-joint specimens 
was considered equivalent to that of the solid wood 
specimens.

Shear tests using the asymmetric four-point bending 
method were conducted for glued laminated timbers. 
The shear strength decreased as the distance from the 
adjacent nonglued edge-joint plane decreased although 
the glued edge-joint specimens had the highest shear 
strength value in all groups. The shear strength of all 
specimens exceeded the shear design strength of 2.1 N/
mm2 by the Ministry of Land, Infrastructure, Transport 
and Tourism, Japan.

Finally, the shear strength of the nonglued edge-joint 
specimens was estimated based on the shear strength 
of the glued edge-joint specimens. Consequently, the 
mean-estimated shear strength was lower than the 
mean-measured shear strength. This result was con-
sidered because the actual shear strengths of the glued 
edge-joint specimens that failed in bending were 
assumed to be higher. However, the size effect was con-
sidered because the shear area of the glued edge-joint 
specimens was larger than that of the nonglued edge-
joint specimens. Furthermore, although the aforemen-
tioned factors should be investigated in the future, this 

Fig. 8 Shear stress at each position in the cross-section
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study successfully estimated the tendency of the shear 
strength to change depending on the positions of the 
nonglued edge-joint specimen from the shear strength 
of the glued edge-joint specimens, which was the pri-
mary goal of this study.
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