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Abstract 

When a glued laminated timber (GLT) beam with a round hole is subjected to a shear force and bending moment, the 
hole will crack and fail due to a large tensile stress perpendicular to the grain and shear stresses. If the stresses acting 
on the hole are known, it is possible to estimate the fracture load. However, it is necessary to obtain the stresses act-
ing on the hole by finite element analysis, which is very time consuming. In this study, to easily estimate the fracture 
load, we proposed a formula to estimate the bearing capacity at the time of a hole fracture by obtaining the stress 
acting on the hole through finite element analysis and an approximate formula. The validity of the proposed formula 
was verified using the existing experimental data of a GLT beam. As a result, it was confirmed that the proposed equa-
tion can estimate the fracture load of GLT beams in Japan and that the proposed equation can estimate the fracture 
load of GLT beams in countries other than Japan with some accuracy.
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Introduction
When a glued laminated timber (GLT) beam with a round 
hole is affected by a shear force or bending moment, a 
large tensile stress perpendicular to the grain acts on the 
cracking plane, and the tensile stress decreases exponen-
tially with the distance from the hole (Fig.  1). Since the 
shear force and bending moment act at the same time, 
a crack occurs in the range of θ = 45° to 60° in Fig.  1, 
where the tensile stress perpendicular to the grain is the 
maximum tensile stress. When there is a stress gradient, 
as shown in Fig. 1, it is difficult to estimate the bearing 
capacity at the moment of split fracture based on mate-
rial mechanics. Therefore, a mean stress method (a gen-
eralization of linear elastic fracture mechanics, as shown 
in Fig. 2) applicable to beams with notches or holes has 
been proposed [1]. However, the mean stress method 

has a problem associated with overestimating the bear-
ing capacity at fracture when the hole is very small or 
large. Therefore, the authors proposed Eqs. (1) and (2), 
which take the size effect into account in the mean stress 
method. Equations  (1) and (2) were validated against 
GLT beams of Scots pine and Japanese larch specified in 
the Japanese Agricultural Standard (JAS) [2–4]:
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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 x (Fig. 2), kvol is the fac-
tor of the size effect, GIc is the mode I fracture energy, Ex 
is the modulus of elasticity parallel to the grain, Ey is the 
Young’s modulus perpendicular to the grain, Gxy is the 
shear modulus, νxy is the Poisson’s ratio, α is a constant 
(if the hole is small, α = 1 [3] and for D/H ≤ 0.5, α = 1 
because the shape of the stress distribution is the same), 
and H is the beam height. Since σ  is the dominant stress 
at fracture, ams is set to the value of pure mode I.

Equations (1) and (2) can be used to estimate the bear-
ing capacity of a hole at the time of fracture, but this is 
very time consuming because the stresses acting around 
the hole must be determined by finite element analy-
sis (FEA). Therefore, in this study, the maximum stress 
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acting around the hole and the maximum value of the 
average stress over a certain length were formulated using 
FEA. Then, a simple calculation formula was proposed to 
estimate the bearing capacity at the time of a hole frac-
ture. The validity of the formula was verified using exist-
ing experimental data. However, in the design code for 
laminated wood with round holes, the maximum value of 
the hole diameter (D)/beam height (H) is 0.5 at most [5], 
so D/H ≤ 0.5 is selected as the applicable range.

Materials and methods
Finite element analysis
The stresses acting on the holes in the beam were deter-
mined by two types of two-dimensional finite element 
analysis (2D-FEA), “analysis of stress around the hole” 
and “analysis of the stress distribution in the direc-
tion parallel to the grain”. The stresses acting on the 
holes in the beam were determined by 2D-FEA using 
ANSYS 18.2. The specification of the 2D-FEA was a case 
where only the shear force or bending moment acts on 
the center of the hole with D/H as a variable. Then, an 
approximate expression for the average stress for Eq. (1) 
was derived from the stresses obtained by the 2D-FEA. 
The details of the 2D-FEA are described below.

The numerical finite element (FE) model was set up for 
a case where the stress at the center of the hole was shear 
force only (Q= τ1BH (N), M = 0, and τ1 = 1 N/mm2) and 
bending moment only (Q = 0, M = τ1BH2 (N mm), and 
τ1 = 1 N/mm2), as shown in Fig. 3. “Edge and node paral-
lel to the grain” is the edge and node provided to obtain 
the stress distribution in the direction parallel to the 
grain. “Edge and node parallel to the grain” is not placed 
in “analysis of stress around the hole”, but “edge and node 
parallel to the grain” is placed in “analysis of stress distri-
bution in the direction parallel to the grain”. “Edges and 
nodes parallel to the grain” were located every 0.01D in 
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Fig. 1  Distribution of the tensile stress perpendicular to the grain in the highest stress zone around the hole
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the range of y = 0.25D (at θ = 60° in Fig. 1) to y = 0.4D (at 
θ = 36.9° in Fig.  1) perpendicular to the grain (y-direc-
tion) from the center of the hole. The D/H values were 
set to 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. However, analysis of 
D/H values of 0.6, 0.7, 0.8, and 0.9 was also performed 
for reference only in “analysis of stress around the hole”. 
Since the stresses around the hole when the shear force 
of Q = τ1BH (N) or the bending moment of M = τ1BH2 
(N mm) acts on the beam are the same even if the beam 
height H is different, H = 300 mm was used. The material 
parameters of the elements were determined in the same 
way as in [3, 4]. The results are the same even if the value 
of the Young’s modulus Ex in the fiber direction is differ-
ent, but for the time being, Ex = 10,000 N/mm2 was used. 
The Young’s modulus perpendicular to the grain was set 
to Ey = Ex/25, the shear modulus was set to Gxy = Ex/15, 
and the Poisson’s ratio was set to νxy = 0.4. The wood 
was treated as a four-node planar element, and the ele-
ments were less than 5 mm (H/60). The range of 10 mm 

(H/30) from the hole was divided into small sections so 
that the nodes were placed at less than one degree. The 
mesh size of the FE model for “analysis of stress around 
the hole” is shown in Additional file 1: Fig. S1. The mesh 
size of the FE model for "analysis of the stress distribu-
tion in the direction parallel to the grain" is shown in 
Additional file  1: Fig. S2. The elements were very finely 
divided around only the hole, so some 3-node planar ele-
ments were placed. For 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 we concluded that the optimal 
solution could be obtained by the element division shown 
in Additional file 1: Figs. S1 and S2.

Experimental data for beams with round holes
The existing experimental data [3, 4, 6–13] of a GLT 
beam with only one round hole with D/H ≤ 0.5 in the 
center were used to verify the validity of a simple calcula-
tion formula to estimate the bearing capacity at the time 
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Fig. 3  Geometry and material properties of the FE model. "Edges and nodes parallel to the grain" is not placed in "(1) Analysis around the hole"
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Table 1  Experimental data of GLT beams with round holes in Japan

Test series Tree species Strength class Density B H D D/H M/(QH) QIni QMax

(kg/m3) (mm) (mm) (mm) (kN) (kN)

OKAa [3] Scots pine E105-F300 – 105 150 30 0.20 2.33 40.3 53.5

39.7 57.5

36.8 56.1

50 0.33 2.33 40.2 46.2

37.6 43.5

40.1 42.2

300 30 0.10 2.33 68.0 102.4

69.1 93.4

60 0.20 2.33 67.1 81.9

68.7 90.2

63.2 89.7

100 0.33 2.33 67.1 74.4

63.3 80.2

66.6 83.9

450 90 0.20 2.33 88.3 135.1

99.4 139.2

85.9 114.1

150 0.33 2.33 76.4 108.5

91.8 99.0

87.7 112.0

750 250 0.33 2.33 109.0 139.4

98.2 120.1

87.1 124.3

OKAb [3] Japanese larch E105-F300 – 105 150 30 0.20 2.33 42.2 68.3

41.2 51.0

46.8 66.5

50 0.33 2.33 45.3 56.0

44.8 55.6

37.0 51.0

300 30 0.10 2.33 67.3 74.9

81.8 88.0

76.7 92.3

60 0.20 2.33 71.2 73.6

65.5 76.8

74.2 85.3

100 0.33 2.33 66.5 76.7

72.7 73.1

70.9 78.5

450 90 0.20 2.33 102.5 124.6

97.4 124.3

150 0.33 2.33 96.5 101.4

93.1 105.4

97.0 97.7
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of a hole fracture. Table  1 shows the experimental data 
for GLT beams in Japan [3, 4, 6, 7], and Table  2 shows 
the experimental data for GLT beams in countries other 
than Japan [8–13]. Table 2 uses the values summarized in 
detail by Danielsson [14].

Material properties
Ex, Fs, Ft90, and GIc used in Eqs. (1) and (2) were obtained 
from the density of the wood in the area where a hole was 
provided. Ey, Gxy, and νxy were the same as those in the 
2D-FEA, with Ey = Ex/25, Gxy = Ex/15, and νxy = 0.4. The 

density of the wood in the hole area was set to 522 kg/
m3 for OKAc[4], 458  kg/m3 for PEN [9], 489  kg/m3 for 
HOF [12], and 471  kg/m3 for AIC [13], as shown in 
Tables 1 and 2. OKAa [3], OKAb [3], KAR [6], and HIJ [7] 
are GLT beams composed of heterogeneous grades, and 
the density of the wood in the area where a hole is pro-
vided is not known. Therefore, the density was estimated 
from the grade of the inner layer lamina (D/H = 0.3 at 
H = 150  mm for OKAa [3] and OKAb [3] is the middle 
layer lamina) in the area where the hole is provided. Fig-
ure  4 shows the relationship between the grade L and 

Table 1  (continued)

Test series Tree species Strength class Density B H D D/H M/(QH) QIni QMax

(kg/m3) (mm) (mm) (mm) (kN) (kN)

OKAc [4] Scots pine E105-F345 522 ± 11 105 150 30 0.20 2.33 49.9 61.2

52.3 56.6

50 0.33 2.33 37.1 37.1

45.6 45.6

300 30 0.10 2.33 73.2 82.1

72.4 100.8

60 0.20 2.33 68.0 91.2

73.5 88.0

100 0.33 2.33 67.0 77.3

65.5 87.1

450 90 0.20 2.33 83.2 111.8

75.8 118.6

150 0.33 2.33 80.9 103.0

81.4 98.8

KAR [6] Douglas fir E120-F330 – 120 300 100 0.33 0.67 – 54.9

1.66 – 53.1

2.67 – 52.1

3.67 – 50.8

4.16 – 39.7

4.67 – 52.4

HIJ [7] Scots pine E120-F330 – 120 330 65 0.20 0.91 58.4 97.0

70.6 106.1

64.2 101.4

130 0.39 0.91 53.2 93.4

45.7 82.9

63.6 101.5

165 0.50 0.91 51.8 76.0

38.4 68.8

50.9 83.3

M is the bending moment at the center of the hole, Q is the shear force at the center of the hole, QIni. is the shear force at the center of the hole when the initial 
crack has propagated over the entire beam width, QMax. is the shear force at the center of the hole at failure, E105-F300 and E120-F330 are GLT beams composed of 
heterogeneous glue, and ■represents the yield strength evaluated by the elastic-perfectly plastic model
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Table 2  Experimental data of GLT beams with round holes from outside Japan [14]

Test series Tree species Strength class Density B H D D/H M/(QH) QIni QMax

(kg/m3) (mm) (mm) (mm) (kN) (kN)

BEN [8] Spruce L40 - 90 500 250 0.50 1.20 – 37.5

– 39.2

PEN [9] - L40 458 ± 36 90 500 255 0.51 1.20 – 33.8

250 0.50 2.10 – 31.6

150 0.30 1.20 – 51.3

115 800 300 0.38 2.00 – 89.5

JOH [10] Spruce L40 – 90 500 250 0.50 1.30 25.7 39.5

1.30 33.4 33.4

2.80 35.0 35.0

2.80 31.3 39.9

0.60 28.8 44.6

0.60 38.8 38.8

88 495 125 0.25 2.53 46.9 –

56.4 –

55.2 –

49.2 –

HAL [11] Spruce – 350—550 90 315 150 0.48 2.78 24.5 –

HOF [12] Spruce GL32h 489 120 450 90 0.20 1.50 85.5 85.5

77.0 91.1

51.0 74.6

53.5 85.4

50.2 73.8

120 450 135 0.30 1.50 52.5 59.3

75.0 75.0

69.4 77.2

62.6 62.6

66.7 66.7

66.5 66.5

120 450 180 0.40 1.50 38.9 44.5

45.0 53.4

48.3 50.6

58.7 58.7

120 900 180 0.20 1.50 88.0 119.2

86.1 110.0

90.0 114.2

117.0 144.8

150.7 152.5

120 900 270 0.30 1.50 96.0 115.8

112.0 116.0

90.5 110.9

81.0 102.6
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Table 2  (continued)

Test series Tree species Strength class Density B H D D/H M/(QH) QIni QMax

(kg/m3) (mm) (mm) (mm) (kN) (kN)

90.9 104.9

108.2 112.1

120 900 360 0.40 1.50 – 81.9

67.5 72.4

84.0 117.3

60.0 85.4

69.0 79.3

65.3 88.8

120 450 135 0.30 5.00 58.5 58.5

70.0 70.0

52.4 68.1

54.8 54.8

54.1 65.6

120 900 270 0.30 5.00 48.0 95.6

50.9 74.1

50.0 93.8

69.2 100.1

57.5 57.5

AIC [13] Spruce GL 32 h 471 ± 38 120 450 180 0.40 5.00 50.0 61.0

63.5 63.5

43.8 44.0

46.7 48.0

46.7 57.5

42.0 48.0

120 900 180 0.20 5.00 107.1 107.1

101.4 101.4

126.4 126.4

90.6 –

120 900 360 0.40 5.00 62.6 82.7

77.2 77.2

68.5 82.7

62.5 –

37.0 77.0

M is the bending moment at the center of the hole, Q is the shear force at the center of the hole, QIni. is the shear force at the center of the hole when the initial crack 
has propagated over the entire beam width, QMax. is the shear force at the center of the hole at failure, and ■ represents the average value of 5 test specimens
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density ρ of the specimens extracted from the existing 
experimental lamina data [15]. The density of the lamina 
was taken as obtained from the least-squares approxima-
tion line in Fig. 4, which is 446 kg/m3 for the inner lam-
ina of OKAa [3] and OKAb [3] with L80, 482 kg/m3 for 
the middle layer lamina of OKAa [3] and OKAb [3] with 
L100, and 464 kg/m3 for the inner lamina of KAR [6] and 
HIJ [7] with L90. BEN [8] and JOH [10] are assumed to 
be equivalent to PEN [9] of the same grade, so 458 kg/m3 
is used. HAL [11] ranges from 350 to 550  kg/m3, so an 
intermediate value of 450 kg/m3 is used.
Ex was obtained from the density ρ of wood using 

Eq. (3) [16]:

(3)Ex

(

N/mm2
)

= 23.536× ρ

(

kg/m3
)

.

Figure 5 shows a comparison of the results of Eq. (3) 
with existing intensity data [17, 18] and previous 
experimental data [3]. Since the lamina grade shows 
the lower limit, using the least-squares approximation 
line in Fig. 4 and Eq. 3 results in a value higher than the 
lamina grade.
Fs was obtained from the density ρ of wood using 

Eq. (4) [19]:

Figure  6 shows a comparison of Eq.  (4) with existing 
intensity data [17, 18] and previous experimental data [3, 
4].
Ft90 was obtained by multiplying Fs by a constant. 

According to the “Standard for Structural Design of Tim-
ber Structures” (Japan) [20], Fs was multiplied by 1/3 
to obtain Ft90, so the constant was set to 1/3. However, 
Ft90 of Japanese larch is low [3], and a load of splitting 
fracture perpendicular to the grain against the density 
has also been confirmed to be lower in Japanese larch 
than in spruce, Japanese cedar, and Douglas fir [21]. 
Therefore, the constant was determined separately for 
Japanese larch. Figure 7 shows a comparison of the cal-
culated values of Ft90 with existing intensity data [17] 
and experimental data from the authors’ previous stud-
ies [3, 4, 22]. Figure  8 shows a schematic diagram of 
the test method used to determine Ft90 in the authors’ 
previous studies [3, 4, 22]. In the studies of beams with 
round holes [3, 4], a specimen height of h = 150 mm was 
used, but in the study of the tension perpendicular to 
the grain strength of the GLT beams of Scots pine [22], 
a specimen height of h = 100 mm was found to be opti-
mal. Although the optimum value of specimen height h 
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for Japanese larch is not known, Fig. 7 shows the experi-
mental values for h = 150 mm [3] and new experimental 
values for h = 100  mm. Since the experimental values 
of h = 100 mm and h = 150 mm for larch are almost the 
same, it was assumed that h = 100 mm and h = 150 mm 
are the optimum values for Ft90. Then, based on the 
results in Fig.  7, the constant multiplied by Fs for Japa-
nese larch was set to 1/4.

Equation (5) was used to obtain GIc from the density ρ 
of wood [23]:

Figure 9 shows a comparison of the results from Eq. (5) 
with the experimental data from the authors’ previous 
studies [3, 4, 24]. Since Japanese larch has low GIc and Ft90 
values, we decided to use the value obtained by multiply-
ing Eq. (5) by 3/4 as the same reduction for Ft90.

Results and discussion
FE results
(1) Analysis around the hole
The tensile stresses perpendicular to the grain σQ and σM 
and the shear stresses τQ and τM acting around the hole 
obtained from the analysis in Fig. 3 and Additional file 1: 
Fig. S1 are shown in Fig. 10. The stresses when only shear 
force Q acts on the center of the hole are σQ and τQ, and 
the stress levels when only bending moment M acts on the 
hole are σM and τM. The vertical axis represents the stress/
maximum stress, with the maximum value normalized to 
1.0. The horizontal axis represents y/D. The stresses act-
ing on the hole are symmetric or inversely symmetric with 
respect to the center of the hole [4], so only a quarter of the 
hole is shown in Fig. 10. From Fig. 10, it was found that the 

(5)GIc

(

N ·m/m2
)

= 1.07× ρ

(

kg/m3
)

− 162.

stress distribution is different from D/H of 0.6 or more but 
almost the same when D/H is 0.5 or less. This indicates that 
there is a possibility to approximate the stress distribution 
with a simple equation when D/H is 0.5 or less.

Therefore, the coefficients αQ and αM for finding 
Q = αQτ1BH and M = αMτ1BH2 acting when the maxi-
mum values of σQ and σM are almost 1.0  N/mm2 were 
derived from σQ, max and σM, max in Fig. 10. αQ is shown in 
Eq.  (6), and αQ is shown in Eq.  (7). Equations  (6) and (7) 
were obtained by trial and error to make them as simple as 
possible:

σQ and τQ when Q = αQτ1BH and σM and τM when 
M = αMτ1BH2 are shown in Fig. 11. σQ, max is at y ≈ 0.38D 
and σM, max is at y ≈ 0.25D. Additional file  1: Table  S1 
shows the coefficients obtained by regressing the 
stress distribution of σQ, σM, τQ and τM in the range of 
0.2D ≤ y ≤ 0.4D in Fig. 11 with the 5th-order polynomial 
in Eq. (8):

The effect of σ on the splitting fracture of the hole is very 
large, while the effect of τ is very small (since kτ = 1.015–
1.075 in Eq. (17), the effect of shear stress is approximately 
1.5–7.5%). Therefore, it is assumed that the splitting 
fracture of the hole is in the range of 0.25 ≤ y/D ≤ 0.40 
(30° ≤ θ ≤ 53° in Fig.  1) to derive the bearing capacity 
formula.
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3 · (D/H)2 + 2
(D/H ≤ 0.5),

(7)αM =
1.5

D/H
(D/H ≤ 0.5).

(8)σQ, σM , τQ, τM =

5
∑

k=0

ak ·
( y

D

)k
.
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Fig. 7  Relationship between the tensile strength perpendicular to 
the grain Ft90 and density ρ 
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(2) Analysis of the stress distribution in the direction parallel 
to the grain
A part of the stress distributions of σQ, σM, τQ and τM in 
the direction parallel to the grain (x-direction) obtained 
from the analysis of Fig.  3 and Additional file  1: Fig. S2 
is shown in Additional file 1: Fig. S3. The abscissa is x/D, 
and the stress distribution originates around the hole. 
The stress when only shear force Q acts on the center 
of the hole is σQ and τQ, and the stress level when only 
bending moment M acts on the hole is σM and τM. In the 
case of D/H = 0.5, there was a slight deviation, but the 
stress distributions were almost the same. Additionally, 
although not shown in the figure, the stress distribu-
tions were almost the same except when y/D = 0.25 and 
0.40. This indicates that it is possible to approximate the 
stress distribution with a simple equation. Additional 
file  1: Tables S2 and S3 show the coefficients obtained 
by regressing the stress distributions of σQ, σM, τQ and 
τM in the direction parallel to the grain (x-direction) in 
the range of 0.0 ≤ x/D ≤ 0.5 obtained from the analysis 
in Fig. 3 and Additional file 1: Fig. S2 with the 5th-order 
polynomial in Eq. (9):

Figure  12 (A case of D/H = 0.3) shows a part of the 
result of the calculation obtained by Eq.  (9) and Addi-
tional file 1: Tables S2 and S3. The average stress in the 
length x in the direction parallel to the grain can then be 
obtained by Eq.  (10) using the coefficients in Additional 
file 1: Tables S2 and S3:

(9)σQ, σM , τQ, τM =

5
∑

k=0

ak ·
( x

D

)k
.

Formulation of the maximum stress acting around the hole
σQ , τQ , σM and τM can be obtained from Eq.  (10) by 
finding the constant length x in the direction parallel to 
the grain in Eq. (2) and from Q and M acting on the hole. 
Then, it is possible to determine the bearing capacity of 
the hole at the time of splitting fracture using Eq. (1) via 
σ = σQ + σM and τ = τQ + τM . However, the left side 
of Eq.  (1) is very time consuming to compute because 
the maximum value needs to be obtained. Therefore, it 
was decided to formulate the maximum value of the left 
side of Eq. (1) and derive a relatively simple equation for 
determining the bearing capacity at the time of splitting 
fracture of a hole. The left side of Eq.  (1) is difficult to 
formulate because it is a compound stress equation and 
therefore cannot be obtained from the maximum values 
of σ  and τ  . Therefore, since the effect of τ on the splitting 
fracture of a hole is very small (since kτ = 1.015 to 1.075 
in Eq. (17), the effect of shear stress is approximately 1.5% 
to 7.5%), and we decided to change the left side of Eq. (1) 
to Eq. (11) and formulate it by expressing the effect of τ in 
terms of the incremental coefficient of stress:

(1) Maximum value of σ around the hole
Since the maximum value of σQ when Q = αQτ1BH 
(τ1 = 1 N/mm2) is 1 N/mm2 and the maximum value of σM 
when M = αMτ1BH2 (τ1 = 1 N/mm2) is 1 N/mm2, the maxi-
mum values of σQ and σM can be obtained using Eqs. (12) 
and (13):

σ = σQ + σM , but σmax = σQ,max + σM,max is not true. 
Therefore, the FE results in Eq.  (9) and Additional file  1: 
Table S2 can be used to obtain the relationship between M/
(QH) and σmax by determining the relationship between M/
(QH) and σ for y = 0.25D to 0.40D, as shown in Additional 
file 1: Fig. S4 (a case of D/H = 0.3). Then, an approximation 

(10)σQ, σM , τQ, τM =

5
∑

k=0

ak

k + 1
·

( x

D

)k
.

(11)
kτ · σmax

Ft90
= max







�

�

σ
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�2

+

�

τ

Fs

�2






.

(12)σQ,max =
3 · (D/H)2 + 2

B ·H
· Q,

(13)σM,max =
D/H

1.5 · B ·H2
·M.
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Fig. 9  Relationship between mode I fracture energy GIc and density 
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formula for σmax (Eq. (14)) using Eqs. (12, 13) was created 
by trial and error to make the formula as simple as possible:

A comparison between the FE results for σmax and the 
calculation results of Eq. (14) is shown in Fig. 13. It was 
confirmed that the results can be estimated with good 
accuracy in the range of M/(QH) = 1–100.

(2) Maximum value of σ  around the hole
Using the FE results in Eq.  (10) and Additional file  1: 
Table S2, we obtained the relationship between x/D and 
σ  for y = 0.25D to 0.40D, as shown in Additional file  1: 
Fig. S5 (a case of D/H = 0.3, M/(QH) = 0.1, 5, 10, 100). 
We obtained the relationship between x/D and σmax for 
each M/(QH). Then, an approximation formula for σmax 
(Eq.  (15)) using Eqs. (12–14) was created by trial and 
error to make the formula as simple as possible:

A comparison between the FE results for σmax and the 
calculation results of Eq. (15) is shown in Fig. 14. (A case 
of D/H = 0.3. All results are shown in Additional file  1: 

(14)σmax = σQ,max + σM,max · kM/Q,

kM/Q =
0.7

Q·H
M ·

H
D + 1

+ 0.3.

(15)σmax = σQ,max · kQ,ms + σM,max · kM/Q · kM,ms,

kQ,ms =
1

1+ 1.8 · x/D
,

kM,ms = 1.6 · kQ,ms − 0.6.

Fig. S6.) It was confirmed that the results can be esti-
mated with good accuracy in the range of M/(QH) = 0.1–
100, although there is a slight shift when x/D is large.

(3) Maximum value of σ  incorporating the effect of shear 
stress around the hole
The effect of the shear stress is determined by Eq.  (16), 
which is the reformulation of Eq. (11) obtained using the 
FE results in Eq. (10) and Additional file 1: Tables S2 and 
S3:

The FE results in Eq. (10) and Additional file 1: Tables 
S2 and S3 were used to obtain the relationship between 
x/D and kτ · σ  for y = 0.25D to 0.40D, as shown in Addi-
tional file 1: Fig. S7 (a case of D/H = 0.3, Fs/Ft90 = 3.0, and 
M/(QH) = 0.1, 5, 10, 100). We obtained the relationship 
between x/D and kτ · σmax for each M/(QH). Then, an 
approximation formula for kτ (Eq.  (17)) was created by 
trial and error to make the formula as simple as possible. 
However, since we judged from Fig. 9 that Fs/Ft90 = 3 to 4, 
we only obtained kτ for the cases of Fs/Ft90 = 3.0, 3.5, and 
4.0:

where A = 1.025 and B = 0.05 for Fs/Ft90 = 3.0. A = 1.02 
and B = 0.035 for Fs/Ft90 = 3.5. A = 1.015 and B = 0.025 for 
Fs/Ft90 = 4.0.

(16)

kτ · σmax = max







�

�

σQ + σM

�2
+

�

τQ + τM

Fs/Ft90

�2






.

(17)kτ = A+ B · e
−0.1· M

QH ,

Fig. 11  Stress around the hole normalized by αQ or αM
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Comparisons between the FE results for kτ σmax and 
the calculation results of Eqs. (12–15) and (17) are shown 
in Fig.  15. (A case of D/H = 0.3, Fs/Ft90 = 3.0. All results 
are shown in Additional file 1: Figs. S8–10.) It was con-
firmed that the results can be estimated with good accu-
racy in the range of M/(QH) = 0.1–100, although there 
is a slight shift when x/D is large. kτ = 1.025 to 1.075 
for Fs/Ft90 = 3.0, kτ = 1.02 to 1.055 for Fs/Ft90 = 3.5, and 
kτ = 1.015 to 1.04 for Fs/Ft90 = 4.0, thereby indicating that 
the effect of shear stress is small.

(4) Maximum value of σ  around the hole in GLT beams 
composed of heterogeneous grades
When a hole is made in the inner lamina of a GLT beam 
composed of heterogeneous grades, the stress acting on 
the hole is smaller than that of a GLT beam composed of 
homogeneous grades [4]. By multiplying the stress acting 
on the hole in the GLT beam composed of homogeneous 
grades by the reduction coefficient in Table 3 [4], as shown 
in Fig. 16, the stress acting on the hole in the inner lamina 
of the GLT beam composed of heterogeneous grades in 
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a Tensile stress perpendicular to the grain
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b Shear stress parallel to the grain
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Fig. 12  Results of the calculations using Eq. (9) and Additional file 1: Tables S2 and S3 for the stress distribution. D/H = 0.3. a Tensile stress 
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JAS [2] can be obtained. The reduction coefficient from 
Table 3 to Eqs. (1–2), (12–15), and (17) can be added, and 
the design equation for splitting fracture of a hole in a GLT 
beam with a round hole is given in Eq. (18):

(18)
kτ .σmax

Ft90 · kvol
≤ 1,

kvol =

(

30

max(0.2D, 30)

)0.14

,

kτ = A+ B · e
−0.1· M

QH ,

σmax = σQ,max · kQ,ms · kQ,comp

+ σM,max · kM/Q · kM,ms · kM,comp,

σQ,max =
3 · (D/H)2 + 2

B ·H
· Q,

σM,max =
D/H

1.5 · B ·H2
·M,

kM/Q =
0.7

Q·H
M ·

H
D + 1

+ 0.3,
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Fig. 13  Comparison of the FEA results (Fig. 16) and calculated values 
(Eq. (14)) for σmax. σmax is the stress when Q = τ1BH and M = τ1BH
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acting
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Fig. 14  Comparison of the FEA results and calculated values 
(Eq. (15)) for σmax . D/H = 0.3. σmax is the stress when Q = τ1BH is 
acting

1

10

100

0.0 0.1 0.2 0.3 0.4 0.5

k τ
σ m

ax
(N

/m
m

2
)

x / D

M/(QH)=0.1

M/(QH)=1

M/(QH)=2

M/(QH)=5

M/(QH)=10

M/(QH)=15

M/(QH)=20

M/(QH)=30

M/(QH)=50

M/(QH)=100

FEA cal. FEA cal. 

Fig. 15  Comparison of the FEA results and calculated values (Eq. (15, 
17)) for kτ σmax . D/H = 0.3, Fs/Ft90 = 3.0. kτ σmax is the stress when 
Q = τ1BH is acting

Table 3  Stress reduction factor for GLT beams composed of 
heterogeneous grade [4]

Strength grade kM,comp kQ,comp

E170-F495 0.72 0.95

E150-F435 0.71 0.95

E135-F375 0.73 0.95

E120-F330 0.74 0.95

E105-F300 0.74 0.95

E95-F270 0.72 0.95

E85-F255 0.69 0.94

E75-F240 0.65 0.94

E65-F225 0.60 0.93

E55-F200 0.53 0.91
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kQ,ms =
1

1+ 1.8 · x/D
,

x =
ams

1+ ams
D

,

ams =
2

π
·
GIc

F2
t90

·

√

√

√

√

2 · Ex · Ey
√

Ex
Ey

·
Ex

2·Gxy
− νxy ·

Ex
Ey

,

where D/H ≤ 0.5. A = 1.025 and B = 0.05 for Fs/Ft90 = 3.0. 
A = 1.02 and B = 0.035 for Fs/Ft90 = 3.5. A = 1.015 and 
B = 0.025 for Fs/Ft90 = 4.0. kQ, comp and kM, comp are 1.0 for 
GLT composed of homogeneous grade, and Table 3 gives 
the results for GLT composed of heterogeneous grade 
[4].

kM,ms = 1.6 · kQ,ms − 0.6,
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a Tensile stress distribution perpendicular to the grain
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b Shear stress parallel to the grain
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Validation of the formulas
Ex, Ey, Gxy, Fs, Ft90 and GIc were obtained from the den-
sity ρ of the existing experimental data [3, 4, 6–12] in 
Tables  1 and 2, and the splitting fracture load of GLT 
beams with a round hole was calculated from Eq. (18). 
A comparison of the experimental values of the initial 
crack load and maximum load with the calculated val-
ues of the splitting fracture load is shown in Fig. 17. The 
calculated values were compared with the experimental 
values of the GLT beams from Japan (Table 1), and for 
the initial crack load of the experimental values, OKAc 
[4] and HIJ [7] were approximately the same as the cal-
culated values, but OKAa [3] and OKAb [3] were lower 
than the calculated values. For the maximum load of 
the experimental values, KAR [7] was approximately 
the same as the calculated value, but OKAa [3], OKAb 
[3], OKAc [4], and HIJ [7] were lower than the calcu-
lated values. The experimental and calculated values of 
GLT beams from countries other than Japan (Table  2) 
were compared, and the experimental values were 
approximately the same as the calculated values at the 
maximum load except for HOF [12]. However, some 
of the calculated values were slightly higher than the 
experimental values for the initial crack load. For HOF 
[12], the calculated value was higher, but the reason for 
this is not known.

For reference, we compared the calculated values 
of Eq.  (18) with that of the existing design code for 
the experimental data shown in Tables  1 and 2. The 
existing design codes are the design method of the 

"end-notched beam analogy method" in Limträhandbok 
[5], the design method in DIN EN 1995-1-1/NA [25] 
and Limträhandbok [26], and the Weibull-based design 
proposal by Aicher and Höfflin [27]. The values of Fs 
and Ft90 used in the calculation of the existing design 
code are the same as those used in Fig.  17. Figure  18 
shows a comparison of the calculated values. The cal-
culated value of the existing design code is about 2.5 to 
3.0 times higher than the calculated value of Eq. (18).

Conclusion
The tensile stresses perpendicular to the grain and 
shear stresses acting on the hole when a shear force 
or bending moment was applied to a GLT beam with a 
round hole are determined by FEA, and these stresses 
were formulated. Only the maximum stress acting on 
the hole was formulated, and a formula for calculat-
ing the splitting fracture capacity was proposed. Then, 
the validity of the proposed formula was verified using 
existing experimental data for GLT beams in Japan and 
outside Japan. As a result, it was confirmed that the 
proposed equation can estimate the fracture load for 
GLT beams of JAS [2] with a smaller value and that the 
proposed equation can estimate the fracture load for 
GLT beams from outside Japan with some accuracy 
except for a few cases. Since Fs used in the practical 
design will be lower than Fs used in this calculation, the 
proposed equation may have the potential to be used in 
the design of GLT beams of JAS [2] with a round hole.
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