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Abstract 

Various design codes and design proposals have been proposed for glued laminated timber beams with round holes, 
assuming that the entire beam is composed of homogeneous-grade timber. However, in Japan, glued laminated 
timber composed of homogeneous-grade timber is rarely used for beams. In this study, the difference in the load-
bearing capacity of glued laminated beams composed of homogeneous-grade timber and heterogeneous-grade 
timber with round holes when fractured by cracking was investigated experimentally and analytically. The materials 
used in the tests were glued laminated beams composed of homogeneous-grade Scots pine timber with a strength 
grade of E105-F345 and heterogeneous-grade Scots pine timber with a strength grade of E105-F300. Experiments 
confirmed that although the glued laminated beams composed of heterogeneous-grade timber have a lower mate-
rial strength in the lamina with holes, its resistance to fracturing due to cracks associated with the holes is almost the 
same as that of the glued laminated beams composed of homogeneous-grade timber. The stresses acting on the 
holes in the laminated timber with holes of less than half the beam height were lower in the glued laminated beams 
composed of heterogeneous-grade timber than in the glued laminated beams composed of homogeneous-grade 
timber. The ratio of the stresses was found to be approximately equal to the ratio of the maximum bending stress or 
the maximum shear stress acting on the inner layer lamina, as determined by Bernoulli–Euler theory.
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Introduction
When the shear force and bending moment act on a 
glued laminated timber beam with a round hole, the 
beam will undergo flexural fracture if the ratio of the 
bending moment is high. However, if the rate of shear 
forces acting on the beam is high, it will fracture through 
the development of cracks associated with the holes [1]. 
In real buildings, holes are often located near the support 

points of beams. Therefore, holes are located where high 
shear forces and small bending moments occur.

As shown in Fig.  1, a large tensile stress perpendicu-
lar to the grain acts on the crack plane of the hole in the 
beam affected by the shear force or bending moment, 
and the tensile stress decreases exponentially with dis-
tance from the hole [2]. Various design codes and design 
proposals for glued laminated timber beams with round 
holes have been presented [1–6]. The design code in the 
Swedish Glulam handbook [4] and DIN EN 1995-1-1/NA 
[5] is a method for estimating the fracture strength by 
calculating the tensile stress perpendicular to the grain 
acting on the 45° portion shown in Fig.  1. The design 
proposal of Aicher [2], 2] incorporates the size effect 
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of Weibull’s statistical theory into the methods of the 
design code [4, 5]. The design proposal of Noguchi [3] is 
a method for estimating the fracture strength using the 
fracture energy of fracture mode 1. The design proposal 
of Hijikata [1] is a method for estimating the fracture 
strength by calculating the maximum principal stress act-
ing around holes. These design codes and design propos-
als calculate the stresses acting on the holes, assuming 
that the beams are entirely composed of homogeneous 
wood.

In Japan, glued laminated beams composed of het-
erogeneous-grade timber, as specified in Japanese 
Agricultural Standard (JAS) [7], are very often used 
as beams, and it is not known whether the presented 
design codes and design proposals [1–6] can be used. 
Therefore, in [8], it was confirmed that the stresses act-
ing on a hole in a glued laminated beam composed of 
heterogeneous-grade timber can be accurately esti-
mated by finite element analysis (FEA) to estimate the 
load-bearing capacity associated with fracturing due 
to cracking. In [8], a design equation was proposed to 
compensate for the average length of the mean stress 
method [9] (Fig.  2), a generalization of linear elastic 

fracture mechanics, to take into account the size effect 
of the portions of the design with large tensile stresses 
(Eqs. 1, 2). Equations (1, 2) can be used to estimate the 
bearing capacity related to small and large holes dur-
ing crack-related fracturing. The analysis in [8] shows 
that the stress acting on the hole is smaller in the case 
of a glued laminated beam composed of heterogene-
ous-grade timber than in the case of a glued laminated 
beam composed of homogeneous-grade timber:

where D is the diameter of the hole, Ft90 is the ten-
sile strength perpendicular to the grain, Fs is the shear 
strength, σ  and τ  are the mean values of the tensile stress 
σ and the shear stress τ perpendicular to the grain in the 
potential fracture area of length ams′ (Fig.  2), kvol is the 
factor of size effect, GIc is the mode I fracture energy, Ex is 
Young’s modulus parallel to the grain, Ey is Young’s mod-
ulus perpendicular to the grain, Gxy is the shear modulus, 
νxy is Poisson’s ratio, α is a constant (1 for D/H ≤ 1/3), and 
H is the beam height. Since σ  is the dominant stress at 
failure, ams is set to the value of pure mode I.
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Fig. 1 Distribution of tensile stress perpendicular to the grain in the highest stress zone around the hole

Fig. 2 Mean stress method
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Therefore, in this study, the difference in load-bear-
ing capacity when fracturing occurs by cracks in beams 
with round holes was investigated using glued lami-
nated beams composed of heterogeneous-grade timber 
and homogeneous-grade timber with the same Young’s 
modulus of bending as specified in JAS [7]. First, bend-
ing tests were performed on the beams to experimentally 
investigate the difference in load-bearing capacity when 
fractured due to cracks. We then estimated the experi-
mental values using Eqs. (1, 2) to analytically investigate 
the differences in structural performance. Finally, the 
stresses acting on the holes in glued laminated beams 
composed of heterogeneous-grade timber and glued lam-
inated beams composed of homogeneous-grade timber 
were determined by FEA and compared. We then exam-
ined the reduction rate of stress acting on the holes in the 
case of glued laminated beams composed of heterogene-
ous-grade timber, which is specified in JAS [7].

The results of the bending tests of beams, material 
experiments and experimental specification FEA for 
glued laminated beams composed of heterogeneous-
grade timber are the same as those reported in [8]. In this 

paper, a new study conducted on glued laminated timber 
beams composed of homogeneous-grade to determine 
the difference in structural performance between homo-
geneous-grade and heterogeneous-grade glued laminated 
timber beams with round holes in comparison with the 
results reported previously is presented.

Materials and methods
Bending tests of beams
The materials used are glued laminated beams com-
posed of heterogeneous-grade timber and homogeneous-
grade timber as specified by JAS [7] for Scots pine. The 
strength grade of the glued laminated beams composed 
of heterogeneous-grade timber is E105-F300, and the 
strength grade of the glued laminated beams composed 
of homogeneous-grade timber is E105-F345. A sche-
matic diagram and the specifications of the test speci-
mens are shown in Fig.  3. The lamina arrangement of 
the glued laminated timber used for the test specimens 
is shown in Fig.  4. The beam width B of the test speci-
mens is 105  mm, and the beam heights H are 150  mm, 
300 mm and 450 mm. The hole diameters D are H/3, H/5, 

Fig. 3 Test specimens and specifications
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H/10 (H = 300  mm only) and H/15 (H = 450  mm only). 
In [8], we conducted bending tests on glued laminated 
timber composed of heterogeneous-grade with D/H of 
2/3 and 4/5, but since it is considered difficult to incor-
porate glued laminated timber with large hole diameters 
into the design code, these D/H values were excluded 
from this study. The number of test specimens is two for 
each type of glued laminated beam composed of homo-
geneous-grade timber and three for each type of glued 
laminated beam composed of heterogeneous-grade tim-
ber. The mean and standard deviation values of density 
were 531 ± 6 kg/m3 for the glued laminated beams com-
posed of homogeneous-grade timber and 522 ± 11 kg/m3 
for the glued laminated beams composed of heterogene-
ous-grade timber. Density is the weight of the test object 
divided by the volume. The mean and standard deviation 
values of moisture content were 12.7 ± 4.2% for the glued 
laminated beams composed of homogeneous-grade 
timber and 13.1 ± 3.2% for the glued laminated beams 
composed of heterogeneous-grade timber. The moisture 
content was measured by a moisture meter (HM-530, 
Kett Electric Laboratory). The experiment was carried 
out at a crosshead speed of 6 mm/min to ensure that the 
load was applied for more than 1 min from the start of 
loading to fracturing. Displacement gauges were placed 
at the load and support points to obtain the deflection of 
the load points.

Material tests
Tests were conducted to determine the shear strength, 
tensile strength perpendicular to the grain, and mode I 
fracture energy at the crack locations associated with the 
holes in the glued laminated timber beams. The materials 

used were L80-grade and L110-grade Scots pine in the 
inner layer position shown in Fig. 4.

The shear strength parallel to the grain was determined 
by the test method with a standard shear block specimen 
(Fig. 5a) according to JIS Z 2101 [10]. Twenty L80-grade 
specimens for and ten L110-grade specimens were cut 
from the beams used in the bending tests (Fig. 5b). The 
size of the shear surface was 30 mm × 30 mm. The exper-
iment was conducted at a constant crosshead speed, and 
the load was applied so that the time between the start of 
the load loading and fracturing was approximately 1 min. 
The mean and standard deviation values of density were 
463 ± 12  kg/m3 for L80-grade and 530 ± 18  kg/m3 for 
L110-grade. The moisture content of the specimen was 
not measured because the moisture content of the beams 
was measured.

It has been reported that the flexural strength of 
concrete decreases with increasing specimen height 
and approaches the tensile strength [11]. In [8], tim-
ber specimen heights of 20  mm, 40  mm, 150  mm, 
and 300  mm were tested in flexural tests, and it was 
shown that the flexural strengths of timber specimens 
with heights of 150  mm and 300  mm were nearly the 
same. Based on these facts, in [8], the bending strength 
obtained in bending tests with a specimen height of 
150 mm was taken as the tensile strength perpendicu-
lar to the grain of the timber. Although not a stand-
ard test method, in this study, the bending strength 
obtained by the bending test method shown in Fig.  6 
was also used as the tensile strength perpendicular to 
the grain of the timber. Bending test methods are also 
specified in ISO 13910 [12], although they yield a fairly 
low tensile strength at the lower boundary limit. The 

H=300 mm H=450 mm

H=150 mm
Homo. (E105-F345) Hetero. (E105-F300)

Homo. (E105-F345) Hetero. (E105-F300) Homo. (E105-F345) Hetero. (E105-F300)

Fig. 4 Lamina arrangement of the glued laminated timber used in the experiment
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tensile strength perpendicular to the grain was deter-
mined using the same bending test method as in [8], as 
shown in Fig.  6. The test specimens were glued lami-
nated beams composed of L80-grade and L110-grade 
timber. The number of specimens was six each. The 
experiment was conducted at a constant crosshead 
speed and applied load, and the speed was adjusted so 
that 1 to 2  min elapsed from the start of load loading 
to fracturing. The mean and standard deviation values 
of density were 485 ± 6 kg/m3 for the L80-grade timber 
and 510 ± 2 kg/m3 for the L110-grade timber. The mean 
and standard deviation values of moisture content were 

10.7 ± 2.0% for the L80-grade timber and 8.0 ± 0.7% for 
the L110-grade timber.

The test method for obtaining the fracture energy GIc 
of fracture mode I fractures is the single-edge-notched 
bending test [13] shown in Fig. 7. The height of the speci-
mens was in accordance with the specifications in [13], 
and the width of the specimens was 105 mm, the same as 
the specimens in the bending tests. The test specimens 
were glued laminated beams composed of L80-grade tim-
ber and glued laminated beams composed of L110-grade 
timber. The number of specimens was set to 10 each. 
The experiment was conducted at a constant crosshead 

a Shear test                                                        b Shear block specimen 

Specimen

Hetero. (E105-F300)Homo. (E105-F345)

grain grain

Fig. 5 Schematic diagram of the shear test

Pin
Roller Roller

Pin

Fig. 6 Schematic diagram of the tension test perpendicular to the grain
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speed, and the load was applied so that the time between 
the start of the load loading and fracture was approxi-
mately 3  min. The mean and standard deviation values 
of density were 475 ± 6  kg/m3 for the L80-grade timber 
and 532 ± 8  kg/m3 for the L80-grade timber. The mean 
and standard deviation values of moisture content were 
8.6 ± 1.8% for the L80-grade timber and 8.7 ± 1.1% for the 
L80-grade timber.

Finite element analysis
The stresses acting on the holes in the beam were 
determined by two-dimensional finite element analy-
sis (2D-FEA). ANSYS 18.2 was used for 2D-FEA. The 
specifications applied in the 2D-FEA were those of the 
bending tests and cases in which only the shear force 

or bending moment acts on the center of the hole. The 
details of the 2D-FEA are described below:

1. Specifications of the bending tests

 The numerical finite element (FE) model was set up 
such that the stress acting on the hole was the same 
as that in the bending tests, as shown in Fig. 8. The 
numerical FE model is representative of the same 
glued laminated beam composed of heterogene-
ous-grade timber as in [8] and the glued laminated 
beam composed of homogeneous-grade timber with 
modified laminate material properties. The speci-
men specifications in the bending tests in which the 
holes were fractured by cracks were analyzed. The 

Roller
Pin
Roller

Pin

Fig. 7 Schematic diagram of the single-edge-notched bending test

Material property
Ey = Ex / 25,  Gxy = Ex / 15,  νxy = 0.4
Ex: Homogeneous-grade (E105-F345)

Outermost: 11100 N/mm2,  Outer: 11000 N/mm2,  Middle: 11000 N/mm2,  Inner: 11000 N/mm2

Heterogeneous-grade (E105-F300)
Outermost: 12500 N/mm2,  Outer: 11000 N/mm2,  Middle: 10000 N/mm2,  Inner: 8000 N/mm2

a (Fig.3)

HP = τ1BH

Outermost
Middle
Outer

Inner

Outermost
Middle
Outer

d (Fig.3)

Very small elementB: breadth, τ1 = 1 N/mm2

x
y

D

10 mm
45

Edges and nodes

Fig. 8 Geometry and material properties of the FE model
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material parameters of the elements were deter-
mined in the same way as in [8]. The Young’s modu-
lus parallel to the grain was set to the Young’s mod-
ulus of the bending of lamina as shown in JAS [7] 
(Ex = 11,000 N/mm2 for L110). The Young’s modulus 
perpendicular to the grain was set to Ey = Ex/25, the 
shear modulus was set to G = Ex/15, and the Pois-
son’s ratio was set to νxy = 0.4. The lamina arrange-
ment of the glued laminated timber is shown in 
Fig.  4. The wood was treated as a four-node planar 
element, and the elements were less than 10 mm per 
side (H = 450 mm, H = 300 mm) or less than 5 mm 
per side (H = 150 mm). The range of 10 mm from the 
hole was divided into small sections so that the nodes 
are placed at one degree. To determine the stress dis-
tribution at the location of fracturing by the crack, 
the edges and nodes of the elements were placed in 
the X direction (direction parallel to the grain) from 
the θ = 45° position. The mesh size of the FE model 
is shown in Fig. 9. We wanted to divide the elements 

very finely around only the hole, so some 3-node pla-
nar elements are placed. Compared with the numeri-
cal FE results when all the elements were reduced in 
size and the number of elements was doubled, the 
error in the stress around the holes was less than 1%, 
so we concluded that the optimal solution could be 
obtained by the element division shown in Fig. 9.

2. Specifications where only shear force or bending 
moment acts on the center of the hole

 The numerical FE model was set up for the case 
where the stress at the center of the hole was shear 
force only (Q = τ1BH (N), M = 0, τ1 = 1 N/mm2) and 
bending moment only (Q = 0, M = τ1BH2 (Nmm), 
τ1 = 1 N/mm2), as shown in Fig. 10. The values of the 
shear force and bending moment were set so that the 
stresses acting on them would be the same at differ-
ent beam heights H. The D/H values were set to 0.05, 
0.1, 0.2, 0.3, 0.4, and 0.5, and the beam height H was 
set to 300  mm. The material parameters of the ele-
ments were the same as in (1). The lamina arrange-

Fig. 9 Mesh size of the FE model from Fig. 8
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ment of the glued laminated timber is shown in 
Fig. 11 according to JAS [7]. The strength grade spec-
ified in JAS [7] for the glued laminated beam com-
posed of homogeneous-grade timber was E105-F345. 
However, the stresses acting on the beams con-
structed of homogeneous-grade timber are the same 
for different strength grades. The strength grades 
specified in JAS [7] for the glued laminated beams 
composed of heterogeneous-grade timber were 
E105-F300 and E55-F200. The wood was treated as a 
four-node planar element, and the elements were less 

than 5  mm per side. The range of 10  mm from the 
hole was divided into small sections so that the nodes 
are placed at one degree. To obtain the stress distri-
bution at the location of the high stress, the edges 
and nodes of the elements were placed in the X direc-
tion (parallel to the grain direction) from the θ = 45° 
and 60° positions. The mesh size of the FE model is 
shown in Fig.  12. Compared with the numerical FE 
results when all the elements were reduced in size 
and the number of elements was doubled, the error 
in the stress around the holes was less than 1%, so 

2H

HP1

2H 2H
Material property

Ey = Ex / 25,  Gxy = Ex / 15,  νxy = 0.4
Ex: Homogeneous-grade (E105-F345)

Outermost: 11000 N/mm2,  Outer: 11000 N/mm2,  Middle: 11000 N/mm2,  Inner: 11000 N/mm2

Heterogeneous-grade (E105-F300)
Outermost: 12500 N/mm2,  Outer: 11000 N/mm2,  Middle: 10000 N/mm2,  Inner: 8000 N/mm2

Very small elementB: breadth, τ1=1(N/mm2)

Analysis of pure shear force (Q = τ1BH (N), M = 0): P1 = τ1BH, P2 = 2P1
Analysis of pure bending moment (Q = 0, M = τ1BH2 (N mm)): P1 = -τ1BH / 2, P2 = P1

x

Outermost
Middle
Outer

Inner

Outermost
Middle
Outer

P2 D

10 mm

45 Edges and nodes60

Fig. 10 Geometry and material properties of the FE model for pure shear or pure moment loading situations

Homo.(E105-F345) Hetero.(E105-F300) Hetero.(E55-F200)
Fig. 11 Lamina arrangement in the glued laminated timber [7]
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we concluded that the optimal solution could be 
obtained by the element division shown in Fig. 12.

Results and discussion
Material tests
Data on the shear strength parallel to the grain obtained 
from the material experiments, existing data on the shear 
strength parallel to the grain for coniferous trees [14], and 
the relationship between density ρ and shear strength par-
allel to the grain with a shear surface of 30 mm × 30 mm for 
20 tree species (Eq. 3) [15] are shown in Fig. 13. Data on the 
tensile strength perpendicular to the grain obtained from 
material experiments, existing data on the tensile strength 
perpendicular to the grain for coniferous trees [14], and 
the relationship between density ρ and tensile strength 
perpendicular to the grain with a tensile cross section 

of 25 mm × 50 mm for three tree species (Eq. 4) [15] are 
shown in Fig. 14. The mode I fracture energy obtained from 
material experiments and the relationship between density 
ρ and mode I fracture energy for Scots pine (Eq.  5) [16] 
are shown in Fig. 15. From these comparisons, it was con-
firmed that the values obtained in the material experiments 
corresponded approximately to the lower limit of the exist-
ing strength data and were in general agreement with the 
relationships described by Eqs. (3–5). The maximum, mini-
mum, mean and standard deviation of the values obtained 
in the material experiments are shown in Table 1.

(3)Fs

(

N/mm
2
)

= 22.56× ρ − 2.97,

(4)Ft90

(

N/mm
2
)

= 7.65× ρ1.72
,

Fig. 12 Mesh size of the FE model from Fig. 10
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Fig. 13 Shear strength
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Fig. 14 Tensile strength perpendicular to the grain
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     where ρ (g/cm3) is the density.

(5)GIc

(

N ·m/m2
)

= 1070× ρ − 162,

Bending tests of beams
All specimens with D/H = 1/15 and one of the glued 
laminated beams composed of heterogeneous-grade tim-
ber with D/H = 1/10 fractured during bending without 
hole-related cracking. Other specimens fractured due to 
cracks in the holes, as shown in Fig. 16. The specimens 
with cracks in the hole first exhibited a short crack in 
the upper part of the force side, and then after the crack 
had extended to some length, a crack developed in the 
lower part of the fulcrum side, and the crack extended 
to the end surface, reducing the bearing capacity. Some 
specimens also fractured with the formation of all cracks 
occurring at the same time.

The load–displacement relationship is shown in 
Fig. 17. The load is the value measured at the force point, 
and the displacement is the amount of deflection at the 
force point. In 80% of the specimens where initial cracks 
could be visually identified, the initial cracks occurred 
when the deflection at the force point was offset by 0.2 to 
0.5 mm. In particular, 0.2 mm was the most common at 
36%. The offset values did not change much for different 
specimen sizes. In [8], the initial crack load was defined 
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Fig. 15 Fracture energy for mode I

Table 1 Element test results

Tree species: Scots pine

Strength grade Max Min Ave SD

Shear strength parallel to the grain Fs (N/mm2) L110 9.13 7.28 8.24 0.57

L80 8.38 6.12 7.17 0.57

Tension strength perpendicular to the grain Ft90 (N/mm2) L110 2.97 2.44 2.60 0.21

L80 2.46 1.88 2.15 0.20

Fracture energy for Mode I GIc (N m/m2) L110 485 322 422 49

L80 475 243 375 89

Fig. 16 Final fracture state of holes
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as the load when the deflection at the force point was 
offset by 0.2 mm for this reason. In this study, the load 
at a deflection at the force point of 0.2 mm was defined 
as the initial crack load in the same way. The maximum 
loads for all specimens and the initial cracking loads 
for specimens that failed due to cracking are shown in 
Table  2. Figure  18 shows the relationship between the 
ratio of the maximum load or initial crack load to D/H 
for the glued laminated beams composed of homogene-
ous-grade and heterogeneous-grade timber. The ratio of 
the material strength of the inner lamina is also shown 
as a straight line. Except for the initial cracking load of 
D/H = 1/5 at H = 150 mm, the ratio of the bending tests 
was smaller than the material properties, and the maxi-
mum load and the initial cracking load were not much 
different between the glued laminated beams made up of 
homogeneous-grade and heterogeneous-grade timber.

Estimation of experimental values
To analytically investigate the differences in struc-
tural performance between the glued laminated beams 
composed of heterogeneous-grade timber and homo-
geneous-grade timber, the experimental values were 
estimated by Eqs. (1, 2). The tensile stress perpendicular 
to the grain acting around the hole is shown in Fig. 19, 
which was obtained from the analysis in Fig.  8. The 
results of the analysis show that when the shear force 
acting on the hole is Q = BHτ1 and the hole diameter 
ratio D/H is constant, the distribution of σ is almost the 
same. The maximum values of σ are all at θ = 45°, and it 
is assumed that cracks form and extend parallel to the 
grain direction (X direction) from this position. This is 
generally consistent with the location of the first crack 
in the bending tests of beams. The maximum values of 
σ in Fig. 19 were approximately 14% lower for the glued 
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laminated beams composed of heterogeneous-grade 
timber than for the glued laminated beams composed 
of homogeneous-grade timber at D/H = 1/3, 13% lower 
at D/H = 1/5, and 10% lower at D/H = 1/10.

The distribution of tensile stresses perpendicular to 
the grain and shear stresses at the assumed fracture 
location are shown in Fig. 20. The position around the 
hole is set to x = 0, and the horizontal axis is x/D. The 
results of the analysis show that the stress distribution 
is almost the same at different beam heights. The ratio 
of the stresses in the glued laminated beams composed 
of homogeneous-grade timber and heterogeneous-
grade timber did not change much with the position of 
x/D, and the ratio was somewhat constant. The average 
stress for use in Eq. (1) can be found in Eq. (6) using the 
coefficients in each term in Fig. 20:

Figure  21 shows a comparison of the calculated and 
experimental cracking loads in the bending tests calcu-
lated by Eqs. (1, 2) using the average values in Table  1. 
The calculated values for the glued laminated beams 
composed of homogeneous-grade timber (cal. Eq.  (1), 
Homo. Eq. (2), L110) and for the glued laminated beams 
composed of heterogeneous-grade timber (cal. Eq.  (1), 
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Table 2 Maximum load and initial crack load

Initial crack load is the 0.2 mm offset load, italic data—no crack

H (mm) D (mm) E105-F345, homogeneous-grade E105-F300, heterogeneous-grade

Maximum load (kN) Initial crack load (kN) Maximum load (kN) Initial crack load (kN)

No. 1 No. 2 Ave No. 1 No. 2 Ave No. 1 No. 2 No. 3 Ave No. 1 No. 2 No. 3 Ave

150 30 (H × 1/5) 111.3 102.9 107.1 90.7 95.1 92.9 97.2 104.5 102.1 101.3 73.3 72.2 66.8 70.8

50 (H × 1/3) 67.4 83.0 75.2 67.4 83.0 75.2 84.0 79.1 76.7 80.0 73.1 68.4 72.9 71.4

300 30 (H × 1/10) 149.3 183.2 166.3 133.1 131.6 132.4 186.3 160.0 169.8 172.0 123.7 117.2 125.6 122.2

60 (H × 1/5) 165.9 160.1 163.0 123.6 133.6 128.6 148.9 164.0 163.0 158.6 122.1 125.0 115.0 120.7

100 (H × 1/3) 140.6 158.4 149.5 121.8 119.1 120.4 135.2 145.8 152.6 144.6 122.1 115.1 121.1 119.4

450 30 (H × 1/15) 203.6 234.0 218.8 159.5 156.8 158.1 199.8 229.6 214.5 214.6 154.6 152.8 163.7 157.0

90 (H × 1/5) 203.4 215.6 209.5 151.3 137.7 144.5 245.6 253.2 207.5 235.4 160.6 180.7 156.1 165.8

150 (H × 1/3) 187.3 179.7 183.5 147.1 148.1 147.6 197.3 179.9 203.6 193.6 138.9 167.0 159.4 155.1
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Hetero. Eq. (2), L80) are given. In addition, the calculated 
values for the stresses in the glued laminated beams com-
posed of homogeneous-grade timber using the material 
strength of the L80 grade are also given as reference val-
ues (cal. Eq. (1), Homo. Eq. (2), L80). The calculated val-
ues of D/H = 1/3 and D/H = 1/5 are good estimates of the 
bearing capacity at the initial cracking, and the calculated 
value of D/H = 1/10 is approximately halfway between 
the initial and maximum bearing capacities. The ratio 
of (calculated value of Homo. L110)/(calculated value of 
Homo. L80) is 1.21, which is the same as (Ft90 for L110)/
(Ft90 for L80). However, the ratio (calculated value of 
Homo. L110)/(calculated value of Hetero. L80) is smaller 
than the ratio of material properties, as shown in Fig. 18, 
which is 1.05 for D/H = 1/3, 1.08 for D/H = 1/5 and 1.09 
for D/H = 1/10.

For H = 150  mm, the D/H = 1/3 specimen of glued 
laminated beams composed of heterogeneous-grade 

timber had an initial crack in the lamina of L100-grade 
timber. Therefore, the calculation results using the mate-
rial strength of L80-grade timber differed from the actual 
situation. Young’s modulus and density have a linear 
relationship [17]. The shear strength and mode I frac-
ture energy have a linear relationship with density, as 
shown in Eqs. (3, 5). Additionally, tensile strength has a 
nonlinear relationship with density (Eq.  4), but Fig.  14 
shows that it can be estimated with a linear relationship. 
Therefore, because no material testing was performed on 
the L100-grade timber, it was assumed that its Young’s 
modulus and material strength exhibited a linear rela-
tionship, and the material strength of L100-grade tim-
ber was estimated from the average material strength of 
L80-grade and L110-grade timber. The estimated mate-
rial strength of L100-grade timber was Fs = 7.89 N/mm2, 
Ft90 = 2.45  N/mm2, and GIc = 407  Nm/m2. Figure  21 
shows the calculated values for the glued laminated 
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material with D/H = 1/3 based on the estimated material 
strength of L100-grade timber. The ratio (calculated value 
of Homo. L110)/(calculated value of Hetero. L100) ratio 
for D/H = 1/3 was 0.93.

Differences in stress levels around the hole
Many design codes and design proposals [1–6] also 
require the tensile stress perpendicular to the grain act-
ing on the holes, assuming that the beams are entirely 
composed of homogeneous wood. Therefore, the stresses 
acting on the holes in glued laminated beams composed 
of heterogeneous-grade timber and glued laminated 
beams composed of homogeneous-grade timber were 
determined by the analysis in Fig. 10 and compared. We 
then examined the reduction rate of stress acting on the 
holes in the case of the glued laminated beams composed 
of heterogeneous-grade timber, which is specified in JAS 
[7].

The tensile stresses perpendicular to the grain and 
the shear stresses acting on the holes in the glued lami-
nated beams composed of homogeneous-grade timber 

determined by the numerical FE analysis are shown in 
Fig.  22. The stresses acting on the hole are symmetric 
or inversely symmetric with respect to the center of the 
hole. The tensile stresses perpendicular to the grain and 
the shear stresses acting on the holes in the glued lami-
nated beams composed of homogeneous-grade timber 
and glued laminated beams composed of heterogeneous-
grade timber (E105-F300 and E55-F200), as determined 
by the numerical FE analysis, are shown in Figs. 23 and 
24. The stresses are shown for only one-quarter of the 
holes. The ratio of stresses acting on the holes of glued 
laminated beams composed of the homogeneous-grade 
and heterogeneous-grade timber was constant with little 
change in position.

The bending and shear stress distributions from 
Bernoulli–Euler theory for glued laminated beams 
composed of heterogeneous-grade timber and glued 
laminated beams composed of homogeneous-grade 
timber are shown in Fig.  25a. The ratios of the maxi-
mum bending stress (σInner in Fig. 25a) to the maximum 
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shear stress (τMax. in Fig.  25a) in the inner lamina for 
the same bending moment or the same shear force in 
the glued laminated beams composed of heterogene-
ous-grade timber (Fig. 25b) and glued laminated beams 
composed of homogeneous-grade timber as defined 
by JAS [7] are shown in Fig. 25c. The ratio of bending 
stress is kM and the ratio of shear stress is kQ. Figure 26 
compares the ratio of the maximum stress in Figs.  23 
and 24 with kM and kQ (Fig.  25c). For small D/H val-
ues, the ratios for kQ and the pure shear force (center 
of the hole) case obtained by FEA are almost equal, and 
the ratios for the pure bending moment case obtained 
by kM and FEA are almost equal. However, as the D/H 

increases, the FEA results become smaller than those of 
kQ and kM.

Figures  27 and 28 show the stresses of glued lami-
nated beams composed of homogeneous-grade timber 
in Figs. 23 and 24 multiplied by kQ or kM. Figures 29 and 
30 show the distribution of stresses in the direction par-
allel to the grain (tensile stresses perpendicular to the 
grain σ and shear stresses τ) at θ = 60° (y/D = 0.25) and 
θ = 45° (y/D = 0.35). The stresses in the glued laminated 
beams composed of homogeneous-grade timber are mul-
tiplied by kQ or kM. In the case of small D/H values, the 
results are almost equal to the stresses in the glued lami-
nated beams composed of heterogeneous-grade timber. 
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However, as the D/H increases, the stresses in the glued 
laminated beams composed of homogeneous-grade tim-
ber multiplied by kQ or kM tend to be higher.

It can be concluded that when the D/H is low, the 
stresses in the glued laminated beams composed of 
homogeneous-grade timber can be multiplied by kQ 
or kM in Fig.  25c to obtain the stresses in the glued 
laminated beams composed of heterogeneous-grade 
timber. In addition, if the D/H is less than 0.5, the 
stresses in the glued laminated beams composed of 

heterogeneous-grade timber will not be underestimated 
even when the D/H is large.

Conclusion
In this study, the difference in the load-bearing capac-
ity of glued laminated beams composed of homogene-
ous-grade timber and heterogeneous-grade timber with 
round holes when fractured by cracking was investigated 
experimentally and analytically. The following results 
were obtained:
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1. The ratio of material strength (shear strength, ten-
sile stress perpendicular to the grain, and mode I 
fracture energy) of the inner lamina of glued lami-
nated beams composed of homogeneous-grade tim-
ber (E105-F345) and heterogeneous-grade timber 
(E105-F300) with the same Young’s modulus of bend-
ing as specified by JAS [7] was 1.13–1.21 in terms of 
(strength of inner layer lamina (L110) of homoge-
neous-grade timber)/(strength of inner layer lamina 
(L80) of heterogeneous-grade timber). However, the 

(load-bearing capacity of homogeneous-grade tim-
ber)/(load-bearing capacity of heterogeneous-grade 
timber) ratio of resistance to fracturing due to crack-
ing in the bending tests for glued laminated timber 
beams with round holes ranged from 0.87 to 1.08.

2. The load-bearing capacity of the beams obtained 
in the bending tests was calculated using FEA and 
material strength, and it was found that the ratio of 
(load-bearing capacity of homogeneous-grade tim-
ber)/(load-bearing capacity of heterogeneous-grade 
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Fig. 24 Stress around the hole, Hetero. E55-F200 and Homo
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a Bending stress and shear stress in the homogeneous-grade timber and heterogeneous-grade timber 

b Strength grade and lamina placement of glued laminated beams composed of heterogeneous-grade timber 

c Ratio of stress in the inner lamina 
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E105-F300 12.5 11 10 8

E95-F270 11 10 9 7

E85-F255 10 9 8 6

E75-F240 9 8 7 5

E65-F225 8 7 6 4
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Fig. 25 Bending stress and shear stress in the inner lamina of glued laminated beams composed of heterogeneous-grade timber and glued 
laminated beams composed of homogeneous-grade timber
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timber) was 1.05–1.09. The difference in the ratio 
of material strength to load-bearing capacity of the 
beams was found to be due to the reduced stresses 
acting on the holes located in the inner lamina when 
the glued laminated beams were composed of heter-
ogeneous-grade timber.

3. The tensile stress perpendicular to the grain and 
shear stresses acting on the holes in the laminated 
timber with holes of less than half the beam height 
were lower in the glued laminated beams com-
posed of heterogeneous-grade timber than in the 
glued laminated beams composed of homogeneous-

grade timber. The ratio of the stresses was found 
to be approximately equal to the ratio of the maxi-
mum bending stress or the maximum shear stress 
acting on the inner layer lamina as determined by 
Bernoulli–Euler theory. The ratio obtained by the 
FEA tended to be lower than that obtained by the 
Bernoulli–Euler theory as the hole size increased. 
However, using the ratio by Bernoulli–Euler theory 
to determine the stresses in glued laminated beams 
composed of heterogeneous-grade timber does not 
underestimate the stresses and can be applied by the 
design code.
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Fig. 26 Ratio of stress in the inner lamina
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Fig. 27 Stress around the hole, Hetero. E105-F300 and Homo
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Fig. 28 Stress around the hole, Hetero. E55-F200 and Homo
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Pure shear force (center of hole), θ = 60° (y/D = 0.25) 

Pure shear force (center of hole), θ = 45° (y/D = 0.35) 

Pure bending moment, θ = 60° (y/D = 0.25) 

Pure bending moment, θ = 45° (y/D = 0.35) 
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Fig. 29 Stress distribution in the direction parallel to the grain, Hetero. E105-F300 and Homo
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Pure shear force (center of hole), θ = 60° (y/D = 0.25) 

Pure shear force (center of hole), θ = 45° (y/D = 0.35) 

Pure bending moment, θ = 60° (y/D = 0.25) 

Pure bending moment, θ = 45° (y/D = 0.35) 
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Fig. 30 Stress distribution in the direction parallel to the grain, Hetero. E55-F200 and Homo
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