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Abstracts 12 

Based on the idea of first producing small-size CLT panels and afterward connecting them using finger joints to make 13 

larger CLT panels, finger-jointed CLT test specimens were fabricated by setting experimental parameters such as the 14 

kind of finger joint (large or normal), the combination of finger joint strength (strong-strong, or weak-weak) and the 15 

number of layers, and ply (3L3P, 5L5P, and 5L7P). Destructive tests subjected to out-of-plane as well as in-plane 16 

bending and shear, and axial compression load were performed. To judge the mechanical performance of the 17 

finger-jointed CLT panels, the lower 5% strength value evaluated from the destructive tests data were used for 18 

comparison with the characteristic strength value of CLT products assigned by the Ministry of Land, Infrastructure, 19 

Transport and Tourism in Japan (MLIT). On the other hand, the lower 50% stiffness value evaluated from the 20 

destructive test data was used for comparison with the design stiffness values proposed by commercial sectors. Most 21 

of the tested finger-jointed CLT groups satisfied the requirements for the characteristic strength values although there 22 

were a few exceptional cases in the weak-weak groups. All of the tested finger jointed CLT groups satisfied the 23 

proposed design stiffness values. 24 

 25 

1. Introduction 26 

1.1 Background 27 

Since the first cross laminated timber (CLT) has been produced in a research project of Graz University of 28 

Technology during 1995 to 1998 (Schickhofer 2013), within about fifteen years afterward, CLT has gradually been 29 

recognized mainly among European countries as a new type of structural panel for floors or/and walls of wooden 30 

medium-rise apartment houses (e.g., Yates and Linegar 2008; Zeng et al. 2009; Bernasconi 2012). At present, CLT 31 

has been confirmed worldwide as a new era’s structural wooden material having great potential (e.g., Brandner et al. 32 

2016).  33 

In Japan, CLT is also gathering large expectations as one of the most innovative structural materials to be used for 34 

pure CLT panel structures or hybrid structures composed of steel frames with CLT infills. As of July 2020, in Japan, 35 

there are 8 CLT production companies of which 3 companies have a potential production capacity of more than 4000 36 

m3 per year as well as abilities of designing, processing and constructing CLT elements or/and buildings on demand 37 

from contractors, and there are already 140 CLT buildings registered in the CLT Association for promoting CLT 38 

materials and constructions (Japan CLT Association 2020). 39 

 40 

1.2 Research Purposes 41 

1.2.1 Aim for producing finger-jointed CLT panels 42 

Except for the Japanese largest CLT company which has sufficient producing facilities for large-size CLT 43 

panels (max. 12m in length and 3m in width), the rest of CLT companies in Japan are still producing relatively 44 
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small-size CLT panels of 4m to 8m in length and 1.2m to 3m in width (Japan CLT Association 2020) using 1 

relatively small-scale production systems, mainly due to the balance among the demand, the supply and facility 2 

costs. If there is a need to produce large CLT panels, following two alternative methods might be possible. One is to 3 

first join small CLT panels in a factory and afterward transport the expanded panels to the construction site. The 4 

other is to first transport small CLT panels to the construction site and afterward join them on-site. To realize these 5 

two alternative ideas, it is necessary to evaluate the mechanical performance of finger-jointed CLT panels 6 

experimentally, although one European company has already tried to confirm this possibility (Brandner 2013) and 7 

CLT panels expanded by the LF joints have been approved as “cross laminated timber (X-Lam) with large finger 8 

joints” in Europe (EN 16351 2015). 9 

Connecting glued laminated timber (GLT) using LF joints in factories has been executed in Germany for 10 

assembling GLT frame corner joints (e.g., Aicher et al. 1997). The authors have also evaluated strength properties 11 

of GLT frame corner joints composed of various LF joints (Komatsu et al. 2001). In the case of finger joints of CLT, 12 

however, as more sophisticated joint combinations and fracture phenomena than those of GLT-GLT are to be 13 

expected (Blaß and Flaig 2015), it was required to execute fundamental destructive tests by setting various 14 

experimental parameters such as the kind of a finger joint, the combination of finger joint strength, and the number 15 

of layers and ply. 16 

 17 

1.2.2 Evaluation policy on the experimental results and the control test data  18 

The most important purpose of this research is to confirm whether the finger-jointed CLT panels could be used as 19 

structural components of CLT buildings. At present in Japan, to use CLT for pure CLT buildings or hybrid buildings 20 

composed of steel frames with CLT infills, all CLT components must show that their mechanical performance is 21 

beyond or at least at the same level of the characteristic values determined in the Notification #1324 issued by the 22 

Ministry of Land, Infrastructure and Tourism of Japan (MLIT 2018). The evaluation method using the non-finger 23 

jointed control specimen is considered as a simple and clearer method in order to relatively know the joint 24 

performance. In this research, however, all experiments except compression tests were executed without preparing 25 

control specimens to evaluate the lower tolerance limit values for comparison with the characteristic values given in 26 

the notification (MLIT 2018). 27 

After all experiments were completed, however, it was found that the company which supplied CLT for this 28 

research had already performed in-plane and out-of-plane bending tests on CLT panels. The test specimens used in 29 

these experiments were not only non-finger-jointed, but were also composed of laminae of the same species, same 30 

size, and same layups as those used in this study and the test conditions were nearly the same. Therefore, it is 31 

supposed that these separate experimental results can be used as the reference data to estimate the apparent strength 32 

and stiffness ratios of the finger-jointed CLT panels subjected to the in-plane and the out-of-plane bending. 33 

 34 

2. Experiments 35 

2.1 Materials  36 

In this research, three different layups of CLT panels shown in Fig.1 were used. These CLT panels were 37 

fabricated in a Japanese CLT production company which holds the production approval according to the JAS-3079 38 

(MAFF 2013). Species of laminae were all Japanese cedar (Cryptomeria japonica D. Don). 39 

Fig.1 JAS definitions of CLT and descriptions of finger-jointed CLT specimens 40 

In the JAS definitions of CLT shown in Fig.1, “n-Layer” means the number of strong or weak axis layers, while 41 

“m-Ply” means the number of laminae composing a CLT panel. The CLT panel used in this experiment was 42 

composed of M60 laminae with MOE of more than 6 kN/mm2 in the outer layer and of M30 laminae with MOE of 43 

more than 3 kN/mm2 in the inner layer as shown in Fig.1, respectively. It is said that the reason why Japanese 44 
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cedar’s MOE is relatively lower is that this species is a fast-growing softwood tree grown in plantations.  1 

The most distinctive feature of the CLT panels used in this research is that all laminae are preliminarily glued to 2 

each other along the narrow edge surfaces (using aqueous vinyl polymer solution isocyanate adhesive: API). The 3 

density of the CLT produced was on average 423 kg/m3 with the standard deviation of 23 kg/m3, and the moisture 4 

content was on average 11.2 % with the standard deviation of 1.1%. This relatively higher density value compared 5 

with solid sawn Japanese cedar (e.g., ρ = 350-380 kg/m3, Anshari et al. 2011) seems to be affected by the additional 6 

weight of glue-lines from both edge-gluing and laminating-gluing using API. 7 

 8 

2.2 Finger joints used for CLT connections 9 

2.2.1 Finger profiles 10 

In this study, NF joint having a 24 mm nominal finger length and LF joint having a 50 mm nominal finger length 11 

were used. The finger-cutting profiles on the CLT specimens were observed which were prepared for determining the 12 

appropriate end-pressure to be described in the next section 2.2.2. The details of these two finger-cutting profiles on 13 

the CLT are shown in Online Resources-1.  14 

 15 

2.2.2 Determination of the appropriate push-in pressure and finger jointing procedure 16 

In Japan, the push-in pressure used in the industrial finger joints has been determined empirically as the stress 17 

value closer to the lower limit stress which could be observed from the push-in experiment using a pair of pre-cured 18 

finger jointed specimens (e.g., Horie and Kurata 1984). In this experiment, the appropriate push-in pressure for CLT 19 

specimen was also determined as 1 N/mm2 following the previous Japanese domestic research (Noda et al. 2013) by 20 

paying attention to the possibilities of the on-site gluing condition (Japan HOWTEC, 1992). The quantity of 1 N/mm2 21 

as the push-in pressure for CLT panels seems to be a relatively high value compared with the approved minimum 22 

value of 0.3 N/mm2 given in the Annex-I6 of the European standard for the CLT (EN 16351 2015).  23 

The details of the determination of the appropriate push-in pressure are given in Online Resource-2. All test 24 

specimens were made at the push-in pressure value of 1 N/mm2 using a temporary finger jointing device shown in 25 

Online Resource-3. 26 

 27 

2.3 Bending Tests  28 

2.3.1 Test setups 29 

Fig.2 Setups for the bending test on the finger jointed CLT specimens 30 

Figure 2 shows the setups for the bending test on the finger jointed CLT specimens. These setups were designed 31 

according to the Japanese domestic manual for testing structural wooden materials (Japan HOWTEC 2011). This 32 

domestic manual is said to have been compiled based on an old ISO standard (ISO 13910 2005), which also referred 33 

to the North American standards (ASTM D1990-00 2002; ASTM D2915-03 2003; ASTM D198-05a 2005a; ASTM 34 

D4761-05 2005b) and the European standards (EN 4081995; EN 308 2004). 35 

In Europe, the reference cross-section of a CLT panel is said to be 150 mm × 600 mm (Brandner et al. 36 

2016). While in Japan, as the value of a 300 mm was used for the width of CLT out-of-plane bending test 37 

specimens in the past national-scale research project (FFPRI 2015), the 300 mm for the width of the 38 

out-of-plane CLT bending specimen was also adopted to harmonize with previous national-scale experiments. 39 

As there were not enough finger cutters available for large finger joints (LFJ), 5Layers-7Plys specimens 40 

(d=210mm) could not be prepared in the group of LFJ in this study. Therefore, specimens connected by LFJ were 4 41 

groups, while specimens connected by normal finger joint (NFJ) were always 6 groups. In the case of in-plane 42 

bending test, the depth of beam d was fixed to be a total width of two laminae (d=2×bl =2×120 = 240 mm) to meet 43 

the condition that the maximum specimen length available was about 4m and the span/depth ratio (d/L) should be at 44 
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least 15 (Japan HOWTEC 2011). This in-plane bending specification with beam depth equivalent to two laminae 1 

widths is, by chance, similar to that assigned in the Annex-F of the European CLT standard (EN 16351 2015). Table 2 

1 shows the specification of all test specimens.  3 

Table 1 Specification of the test specimens 4 

 5 

2.3.2 Evaluation of the modulus of rupture (MoR) and modulus of elasticity (MoE) 6 

MoR of finger jointed CLT panel fm and apparent MoE of finger jointed CLT panel Em were evaluated using 7 

Equations (1) and (2), which were defined in the Japanese domestic manual (Japan HOWTEC 2011). 8 

02Z

Fa
f ult

m


 …..(1) 9 

)(48

))(43(

120

12
22

 




I

FFaLa
Em …..(2) (the effect of shear deflection is included) 10 

where 11 

a: Shear span length (mm), refer to Fig.2-(a) and (c) 12 

L: Total span length (mm), refer to Fig.2-(a) and (c) 13 

Fult: Ultimate applied load (N), refer to Fig.2-(a) and (c) 14 

F1: 10% value of Fult (N) 15 

F2: 40% value of Fult (N) 16 

1 : Midspan deflection corresponding to F1 (mm)  17 

2 : Midspan deflection corresponding to F2 (mm)  18 

0Z : Section modulus of CLT panel = bd2/6 (mm3), refer to Fig.2-(a) and (c) 19 

0I : The second moment of area of the CLT panel = bd3/12 (mm4), refer to Fig.2-(a) and (c) 20 

 21 

2.3.3 Characteristic MoR and design MoE of the specimens subjected to the out-of-plane bending 22 

According to the Notification #1324 (MLIT 2018), the characteristic MoR of CLT panel Fb_out subjected to the 23 

out-of-plane bending shall be estimated by Equation (3). 24 

 





















0

2
0

_ 4875.0

E

zAEIE
I

I

I
F

iiiii

A

A
omlboutb 

….(3) 25 

The design MoE of CLT panel Eb_out subjected to the out-of-plane bending shall be estimated by Equation (4) 26 

(Japan HOWTEC & Japan CLT Association 2016). 27 

 
0

2

I

zAEIE
E

iiiii

outb

 
 ….(4) 28 

where, 29 

omlb : The bending strength of the outer ply when calculating the characteristic value in the strong axial 30 

direction, and that of the inner ply closest to the outer ply when calculating the characteristic value in the weak axial 31 

direction. The actual values used in this research were 2N/mm27omlb for the outer ply strong axis (M60) and 32 

2N/mm5.19omlb for the inner ply strong axis (M30), respectively. 33 

iA : Cross section of the ith ply（mm2） 34 
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iE : Modulus of elasticity of the ith ply. ( 0iE for the transversal ply) 1 

0E : Modulus of elasticity of the outer ply when calculating the value in the strong axial direction, and that of the 2 

inner ply closest to the outer ply when calculating the value in the weak axial direction. The actual values used in this 3 

research were 
2

0 kN/mm6E for the outer ply (M60) strong axis, 
2

0 kN/mm3E for inner ply (M30) strong axis, 4 

respectively. 5 

iI : The second moment of area of the ith ply（mm4） 6 

0I : The second moment of area of the CLT panel (mm4)  7 

iz : Distance between the center of gravity of ith ply and the neutral axis of the CLT panel（mm） 8 

d : Height of CLT panel (mm) 9 

b : Width of CLT panel (mm) 10 

0.4875: Composite adjustment factor = 0.75 (adjustment factor based on the lower 5th percentile value) times 0.65 11 

(another adjustment factor) 12 

 13 

2.3.4. Characteristic MoR and design MoE of the specimens subjected to the in-plane bending 14 

The characteristic MoR of CLT panel Fb_in subjected to the in-plane bending shall be estimated by equation (5) 15 

(MLIT 2018). 16 

 












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



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
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E
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A

A

A
F
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A

A
omlbinb

0

0

0

_ 6.0

….(5) 17 

The MoE of CLT panel Eb_in subjected to the in-plane bending shall be estimated by equation (6) (Japan 18 

HOWTEC & Japan CLT Association 2016). 19 

 

0

_
A

AE
E

ii

inb

 
 ….(6) 20 

where, 21 

0.6: Composite adjustment factor = 0.75 (adjustment factor based on the lower 5th percentile value) times 0.8 22 

(another adjustment factor) 23 

 24 

2.4 Shear Test 25 

2.4.1 Setups 26 

Fig.3 Setups for the shear test on the finger jointed CLT specimens 27 

Figure 3 shows the setups for the shear test on the finger jointed CLT specimens. The anti-symmetrical four-point 28 

loading shear test method shown in Figs.3-(a) and (b) is accepted as an alternative for evaluating shear properties of 29 

structural timber beam (Japan HOWTEC 2011). In this test configuration, the zero moment point coincides with the 30 

center of a constantly high shear force region, therefore, there is a high likelihood of shear failure compared with the 31 

three-point loading shear test (ISO 13910 2014; Japan HOWTEC 2011) or the four-point loading shear test (EN 32 

16351 2015), both of which have higher possibility of preceding bending failures. Besides, as the joint part can be 33 

centered in a constantly high shear force region, this method seems to be suitable for evaluating the shear strength of 34 

any kind of joint specimens. 35 

In the case of in-plane shear test, side plane of the specimen was determined to make glue-lines of the 36 

edge-gluing intentionally located as far as possible from the center of the beam depth d which was fixed to the two 37 
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laminae (d=2×bl =240 mm), as shown in Fig.3-(a). While in the case of the out-of-plane shear test, the three-point 1 

loading shear test method shown in Figs.3-(c) and (d), which is recommended in ISO 13910 (2014) and JAS standard 2 

(MAFF 2013) for evaluating shear properties of CLT, was used for getting shear strength without measuring shear 3 

strains.  4 

 5 

2.4.2 Evaluation of the shear strength and the shear rigidity of the specimens subjected to in-plane shear 6 

In Fig.3-(a), forces at loading points and supporting points Fa, Fb, and shear force Q in the constant shear force 7 

region S are given in Equations (7), (8) and (9). 8 

)(2

)2(

Sa

FSa
Fa




     ...(7) 9 

)(2 Sa

FS
Fb




        ...(8) 10 

)( Sa

Fa
FFQ ab




 ….(9) 11 

In the case of evaluating shear strength of beam based on the elementary beam theory, the effect of span/depth 12 

ratio on the shear stress distribution must be taken into consideration (here, span means a distance between loading 13 

point and supporting point). Brandner et al. (2012) pointed out, based on their FEM analyses, that if the span/depth 14 

ratio of timber beam is less than 3, the intensity of shear stress along the depth direction is less than 65% of that given 15 

by the elementary beam theory in which the maximum shear stress is 1.5 time of the average shear stress. Therefore, 16 

in the case of the anti-symmetrical four-point loading specimen used in this research, as the quantities of S/d and a/d 17 

are 1.5 to 2.0 (see Table 1 and Fig.3-a)), the value of the maximum shear stress at the constant shear force zone S will 18 

be less than 65% of that given by the elementary beam theory. Hence, it is assumed that the maximum shear stress at 19 

mid-depth in constant shear force zone S was less than 65%, namely 𝜏𝑆 = 𝜏𝑎𝑣𝑔 × 1.5 × 0.65 = 0.975 × 𝜏𝑎𝑣𝑔 ≈20 

𝜏𝑎𝑣𝑔  was assumed. Consequently, the shear strength of the specimen fs_in in equation (10-b) is evaluated by 21 

substituting the ultimate applied load 𝐹𝑢𝑙𝑡  into Equation (10-a). 22 

𝜏𝑆 ≈ 𝜏𝑎𝑣𝑔 =
𝑄

𝐴
=

𝑎 ∙ 𝐹

𝐴(𝑎 + 𝑆)
. . . . . . . (10 − 𝑎) 23 

𝑓𝑆_𝑖𝑛 ≈
𝑎 ∙ 𝐹𝑢𝑙𝑡

𝐴 ∙ (𝑎 + 𝑆)
. . . . . . . . . . . . . . . . . (10 − 𝑏) 24 

 25 

where 26 

dbA   : Cross-sectional area of the beam (mm2) 27 

Fult: Ultimate applied load (N) 28 

Shear strain at the mid-depth of the beam is evaluated in Equation (11) using strain values observed by the Rosset 29 

gauge (RG) put on both sides of the FJ line as shown in Fig.3-(a). 30 

𝛾𝑆 = 2𝜀45 − (𝜀0 + 𝜀90)…. (11) 31 

Finally, the shear rigidity of the finger jointed CLT panel GS_in is evaluated in Eq. (12). 32 

𝐺𝑆_𝑖𝑛 =
(𝜏𝑆2−𝜏𝑆1)

(𝛾𝑆2−𝛾𝑆1)
…. (12)  33 

where, 34 

𝜏𝑠1：shear stress estimated as 10% of the maximum shear stress value (N/mm2) 35 

𝜏𝑠2：shear stress estimated as 40% of the maximum shear stress value (N/mm2) 36 

𝛾𝑆1：shear strain measured at 10% of the maximum force 37 

𝛾𝑆2：shear strain measured at 40% of the maximum force 38 

 39 
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2.4.3 Evaluation of the shear strength for the specimens subjected to out-of-plane shear 1 

The shear strength of the finger jointed CLT panel fs_out subjected to the out-of-plane shear force is evaluated in 2 

Equation (13) (ISO 13910 2014; Japan HOWTEC 2011). 3 

A

F
f ult

outs
4

3
_


 ….(13) 4 

where 5 

dbA   : Cross-sectional area of the finger-jointed specimen (mm2) 6 

Fult: Ultimate applied load (N) 7 

 8 

2.4.4 Characteristic shear strength and design shear rigidity of the specimens subjected to the in-plane shear 9 

The characteristic shear strength of CLT panel Fs_in subjected to the in-plane shear force shall be estimated by 10 

equation (14) (MLIT 2018). 11 
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Equation (14) is based on the original proposal by Flaig and Blass (2013). In the third equation in Equation (14), 13 

however, a value of 3/4 that indicates the coefficient of variation associated with the lower 5% strength value was 14 

multiplied by the original third equation proposed by Flaig and Blass (2013). 15 

where, 16 

0__ lamvf : Shear strength of lamina parallel to the grain (2.7 for Japanese cedar) (N/mm2) 17 

90__ lamvf : Shear strength of lamina perpendicular to the grain (8.1 for Japanese cedar) (N/mm2) 18 

torvf _ : Torsional strength of two cross bonded laminae (3.0 for Japanese cedar) (N/mm2) 19 

Rf  : Rolling shear strength of lamina (1.5 for Japanese cedar) (N/mm2) 20 

lamb : Width of the single lamina (mm) 21 

grosst : Width of CLT panel (mm) 22 

nett : Sum of the thickness of transversal layers (mm) 23 

can : Number of glued surfaces in the width direction 24 

m: Minimum number of laminae in the depth direction 25 

The shear rigidity of CLT panel Gs_in subjected to the in-plane shear force shall be given by Equation (15) 26 

common to all types of CLT (Japan HOWTEC & Japan CLT Association 2016). 27 

Gs_in=0.5 kN/mm2  ….(15) 28 

 29 

2.4.5 Characteristic shear strength of the specimens subjected to the out-of-plane shear 30 

The characteristic shear strength of CLT panel Fs_out subjected to the out-of-plane shear force shall be given by 31 

Equation (16) common to all types of CLT (MLIT 2018). 32 

9.0_ outsF ….(16)  (N/mm2) 33 
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2.5 Compression Parallel to the Grain Test 1 

2.5.1 Test set-up 2 

Fig.4 Setup for the compression test on the finger jointed CLT specimens 3 

Figure 4 shows the test setup for the finger-jointed CLT specimens subjected to the compression force. 4 

Experiments were carried out using a specific compression-testing machine having a maximum loading capacity of 5 

2000kN as shown in Fig.4-(b). Apparent compressive deformation was measured using a pair of deformation meters 6 

(CDP-50, 50mm capacity), having a 360mm target length (l) and FJ (finger joint) allocated at the mid-point of the 7 

target length.  8 

 9 

2.5.2 Evaluation of the strength and modulus of elasticity for the specimens subjected to compression force 10 

The compression strength of the finger jointed CLT specimen fc is estimated in equation (17). 11 

A

F
f ult

c  ….(17) 12 

where 13 

dbA  : Cross-sectional area of the finger-jointed specimen (mm2) 14 

Fult: Ultimate applied load (N) 15 

The modulus of elasticity of the finger-jointed CLT panel Ec subjected to axial compression force is evaluated in 16 

equation (18) 17 

)(

)(

12

12

wwA

FFl
Ec




 ….(18) 18 

where, 19 

1F : Compression force estimated as 10% of the maximum compression force (N) 20 

2F : Compression force estimated as 40% of the maximum compression force (N) 21 

1w : Compression deformation measured at 10% of the maximum force (mm) 22 

2w : Compression deformation measured at 40% of the maximum force (mm) 23 

l: Target length (360mm)  24 

dbA   : Cross-sectional area of the finger jointed specimen (mm2) 25 

 26 

2.5.3 Characteristic compression strength and modulus of elasticity 27 

The characteristic compression strength of CLT panel Fc subjected to the axial compression force shall be 28 

estimated by equation (19) (MLIT 2018). 29 
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….(19) 30 

where 31 

omlc : The compression strength of the outer ply when calculating the characteristic value in the strong axial 32 

direction, and that of the inner ply closest to the outer ply when calculating the characteristic value in the weak axial 33 

direction. The actual values used in this research were 
2N/mm6.21omlc for the outer ply strong axis (M60) and 34 

2N/mm6.15omlc for the inner ply strong axis (M30), respectively (N/mm2). 35 

0.75: Adjustment factor based on the lower 5th percentile value 36 

η: “Decreasing factor due to buckling” estimated by equation (20). 37 
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λ: “Effective slenderness ratio” estimated by equation (21) 2 

eff

eff

eff
I

A
L  …..(21) 3 

As the specific compression-testing machine had the pin-jointed loading head and non-rotating lower support 4 

composed of the flat-bar as can be seen in Fig.4-(b), effective buckling length Leff was determined as 70% of the real 5 

column length following the guidance of the standard (AIJ Standard 2006). 6 

Leff : Effective buckling length (=0.7×L=623mm), L=890mm  7 

Aeff: Effective cross-sectional area. In the case of the strong axial direction, the whole area shall be taken. In the 8 

case of the weak axial direction, outer ply shall be neglected (mm2) (MLIT 2018). 9 

Ieff: Effective second moment of area. In the case of the strong axial direction, the whole section shall be taken. In 10 

the case of the weak axial direction, outer ply shall be neglected (mm4) (MLIT 2018). 11 

The modulus of elasticity of CLT panel Ec subjected to the axial compression force shall be estimated by equation 12 

(22) (Japan HOWTEC & Japan CLT Association 2016). 13 

 

0A

AE
E

ii

c

 
 ….(22) 14 

3. Results and Discussion 15 

3.1 Evaluation of the Experimental Data and Comparison with the Estimated Values 16 

Since the main purpose of this study is to confirm whether the finger-jointed CLT panels could be used as the 17 

structural components of CLT buildings, the lower 5% strength values at the 75% confidence level (hereafter denoted 18 

as the lower 5% strength value f_05%) obtained in the destructive experiments are compared with the characteristic 19 

strength values determined in the Notification #1324 (MLIT 2018).  20 

On the other hand, the lower 50% stiffness values at the 75% confidence level (hereafter denoted as the lower 21 

50% stiffness value E_50% or G_50%) obtained in the destructive experiments are compared with the design stiffness 22 

values proposed by Japan HOWTEC and Japan CLT Association (2016).  23 

Although the log-normal distribution is assumed in the European standard (EN 14358 2006), f_05% is evaluated by 24 

equation (23) and E_50% or 𝐺_50% by equation (24) according to AIJ Standard (2006) based on the assumption of the 25 

normal distribution (ASTM D2915-03 2003). 26 

𝑓_05% = 𝑋 − 𝐾_05% × S. D. ….(23) 27 

𝐸_50% or 𝐺_50% = 𝑋 − 𝐾_50% × S. D. ….(24) 28 

where,  29 

X: Mean value 30 

S.D.: Sample standard deviation 31 

𝐾_05% = 2.336 in the case of a sample size of six (ASTM D2915-03 2003; AIJ Standard 2006) 32 

𝐾_50%  = 0.297 in the case of a sample size of six (AIJ Standard 2006) 33 

 34 

3.2 Out-of-Plane Bending 35 

Figure 5 shows the load (P) – midspan deflection (δ) relationships and typical failure phenomena observed from 36 
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the out-of-plane bending test.  1 

Figure 5 P-δ relationships and typical failure phenomena of finger jointed CLT specimens  2 

subjected to out-of-plane bending moment. 3 

Table 2 shows the results of the out-of-plane bending test. In Table 2, 𝐹𝑏_𝑜𝑢𝑡  indicates the characteristic MoR of 4 

CLT panel estimated by equation (3) that was given in the Notification #1324 (MLIT 2018) and 𝐸𝑏_𝑜𝑢𝑡 indicates the 5 

design MoE estimated by equation (4) (Japan HOWTEC & Japan CLT Association 2016). On the other hand, 6 

𝑓𝑚_𝑜𝑢𝑡_𝑎𝑣𝑔, 𝑓𝑚_𝑜𝑢𝑡_05% indicate the average strength value and the lower 5% strength value, and 𝐸𝑚_𝑜𝑢𝑡_𝑎𝑣𝑔, 7 

𝐸𝑚_𝑜𝑢𝑡_50% indicate the average stiffness value and the lower 50% stiffness value, all are evaluated from six 8 

experimental data in each specimen group. The specimen groups marked with “*1” represent non-finger-jointed CLT 9 

panels (controls) (ANON 2016). 10 

Table 2 Results of the Out-of-Plane Bending Test 11 

From Fig.5 and Table 2 it can be seen, specimens jointed by LF joint tended to be slightly stronger than those 12 

jointed by NF joint. The ratios fm_out_05% /Fb_out of all finger-jointed specimen groups showed higher values than 1.0. 13 

This indicates that the finger-jointed CLT panels met the requirement for the characteristic out-of-plane bending 14 

strength assigned to the non-finger jointed CLT panels (MLIT 2018). The ratios in the W-W groups, however, 15 

showed higher values of 3.56 to 9.93. There might be two reasons. One reason is that the laminae used in this study 16 

were all edge-glued preliminary in the factory so that the tensile strength of the weak-layer was not zero but having at 17 

least the value close to the strength perpendicular to the grain. Another reason is that the current estimation equation 18 

(3) given by the Notification #1324 assumes all performances in the weak axial direction to be zero. As a result, these 19 

two factors have led to overestimation of characteristic values on the safe side in the case of the W-W group. 20 

From Table 2, for the out-of-plane bending MoE, the difference between the LF joint and the NF joint was not 21 

clear. The ratios Em_out_50%/Eb_out showed reasonable values of 1.03 to 1.27 in the S-S groups. On the other hand, the 22 

ratios in the W-W groups showed higher values of 2.73 to 4.99. These higher ratios are also affected by the two 23 

factors mentioned above. 24 

The apparent strength and stiffness ratios of the strong-strong CLT specimens showed reasonable values of 0.66 25 

to 0.82, and 0.86 to 0.99, respectively. On the other hand, those of the weak-weak CLT specimens showed unusual 26 

values of 0.87 to 1.19, and 1.15 to 1.23, respectively. Strength and stiffness of timber perpendicular to the grain are 27 

inherently “unstable” and “scatter” therefore the common sense found in the usual finger joints parallel to the grain 28 

may not hold. In the case of the out-of-plane bending, it is confirmed that the LF jointed CLT specimens show a 29 

better strength performance than NF jointed CLT specimens. 30 

 31 

3.3 In-Plane Bending  32 

Figure 6 shows the load (P) – midspan deflection (δ) relationships and typical failure phenomena observed from 33 

the in-plane bending test.  34 

Fig.6 P-δ relationships and typical failure phenomena of finger jointed CLT specimens  35 

subjected to in-plane bending moment. 36 

Table 3 shows the results of the in-plane bending test. In Table 3, 𝐹𝑏_𝑖𝑛 indicates the characteristic MoR of CLT 37 

panel estimated by equation (5) that was given in the Notification #1324 (MLIT 2018) and 𝐸𝑏_𝑖𝑛 indicates the 38 

design MoE estimated by equation (6) (Japan HOWTEC & Japan CLT Association 2016). On the other hand, 39 

𝑓𝑚_𝑖𝑛_𝑎𝑣𝑔 , 𝑓𝑚_𝑖𝑛_05%  indicate the average strength value and the lower 5% strength value, and 𝐸𝑚_𝑖𝑛_𝑎𝑣𝑔 , 40 

𝐸𝑚_𝑖𝑛_50% indicate the average stiffness value and the lower 50% stiffness value, all are evaluated from six 41 

experimental data in each specimen group. The specimen groups marked with “*1” represent non-finger-jointed CLT 42 

panels (controls) (ANON 2016). 43 

Table 3 Results of In-Plane Bending Test 44 
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From Fig.6 and Table 3 it can be seen that the differences in the performance between the specimens jointed by 1 

NFJ and those jointed by LFJ are not clear in the case of in-plane bending. The ratio fm_in_05%/Fb_in showed 1.26 to 2 

1.77 except for the case of the 3L3P_NF_W-W group whose CV showed the maximum value of 18.6% among all 3 

specimen groups. These results indicate that the finger-jointed CLT panels met the requirement for the characteristic 4 

in-plane bending strength assigned to the non-finger jointed CLT panels (MLIT 2018) except for one case. It might 5 

be recommended that the 3L3P CLT panel should not be jointed in the weak direction using the normal finger joint. 6 

From Table 3, in the case of in-plane bending, the differences in the MoE between the specimens jointed by LFJ 7 

and those jointed by NFJ were not clear. The ratios Em_in_50% / Eb_in showed 1.29 to 1.62 in the S-S groups, and 2.24 to 8 

2.78 in the W-W groups, respectively. These results seem to be affected by the two factors mentioned in the case of 9 

the out-of-plane bending. The effects of the two factors, however, are smaller in the case of in-plane bending than in 10 

the case of the out-of-plane bending. 11 

The apparent strength ratios of the corresponding CLT specimens showed reasonable values of 0.78 to 0.98 12 

regardless of the joint direction. While in the case of the apparent stiffness ratios, the evaluation results showed that 13 

the effect of finger joints on the elastic stiffness of finger joint CLT panels is smaller than the effect on strength. 14 

 15 

3.4 In-Plane Shear 16 

Figure 7 shows the shear stress (τ) – shear strain (γ) relationships and typical failure phenomena observed from 17 

the in-plane shear test. 18 

Fig.7 τ-γ relationships and typical failure phenomena of finger jointed CLT specimens  19 

subjected to in-plane shear force. 20 

Table 4 shows the results of the in-plane shear test. In Table 4, 𝐹𝑆_𝑖𝑛 indicates the characteristic in-plane shear 21 

strength of the CLT panel estimated by equation (14) that was given in the Notification #1324 (MLIT 2018) and 22 

𝐺𝑆_𝑖𝑛 indicates the design shear rigidity given by equation (15) (Japan HOWTEC & Japan CLT Association 2016). 23 

On the other hand, 𝑓𝑆_𝑖𝑛_𝑎𝑣𝑔, 𝑓𝑆_𝑖𝑛_05% indicate the average strength value and the lower 5% strength value, and 24 

𝐺𝑆_𝑖𝑛_𝑎𝑣𝑔, 𝐺𝑆_𝑖𝑛_50% indicate the average stiffness value and the lower 50% stiffness value, all are evaluated from six 25 

experimental data in each specimen group.  26 

Table 4 Results of In-Plane Shear Test 27 

As the ratio of S/d and a/d of the W-W specimen group was 1.5 as shown in Table1, diagonal force transmissions 28 

between the upper loading block and the lower supporting block were confirmed subject to the assumption that force 29 

will expand to 45 degrees through transversal layers. Therefore, a kind of reduction factor, how much percentage of 30 

applied load contributed to the shear behavior, was multiplied by the observed applied load to evaluate a correct shear 31 

strength and a correct shear rigidity of the W-W specimen group. The values of reduction factors were 76.3% for the 32 

3L3P_W-W group, 71.6% for the 5L5P_W-W group, and 79.7% for the 5L7P_W-W group. The details, how the 33 

reduction factors were derived, are shown in the Online Resource-4. 34 

From Fig. 7 and Table 4, the differences in the performance between the specimens jointed by NFJ and those 35 

jointed by LFJ are not clear. The ratio fs_in_05% / Fs_in showed 1.1 to 2.2 except for the case of 3L3P_NF_W-W group 36 

whose CV showed 23.8%. The ratio GS_ in_50% / GS_in showed 1.03 to 1.56 except for the case of 3L3P_NF_W-W 37 

group whose CV showed 36.0%. These results indicate that the in-plane shear performance of finger-jointed CLT 38 

panel almost, except for one case, met the requirement for the non-bonded CLT panel assigned by the Notification 39 

#1342 as well as proposed by the commercial sectors. Therefore, it might be recommended that the 3L3P CLT panel 40 

should not be jointed in the weak direction using the normal finger joint. 41 

As there are many difficulties to obtain a pure in-plane shear strength of full-scale CLT panel, various ideas on 42 

the testing methods for evaluating the in-plane shear performance of CLT panels have been proposed (Bosl 2002; 43 

Bogensperger et al. 2007; Jöbstl et al. 2008; Andreolli et al. 2012; Gagnon et al. 2014; Brander et al. 2015; 44 
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Nakashima et al. 2019). In any case, each test method has advantages and disadvantages, and the weak axis 1 

performance unique to CLT is complicated, so that the method successful in lumber or glulam may not work well in 2 

CLT. Further studies are needed to establish a rational evaluation method for the full-scale in-plane shear strength of 3 

CLT. 4 

 5 

3.5 Out-of-Plane Shear 6 

Figure 8 shows load (P) – deflection (δ) relationships and typical failure phenomena observed from the 7 

out-of-plane shear test. 8 

Fig.8 P-δ relationships and typical failure phenomena of finger jointed CLT specimens  9 

subjected to out-of-plane shear force. 10 

 11 

Table 5 shows the results of the out-of-plane shear test. In Table 5, 𝐹𝑆_𝑜𝑢𝑡  indicates the characteristic 12 

out-of-plane shear strength of the CLT panel estimated by equation (16) that was given in the Notification #1324 13 

(MLIT 2018). On the other hand, 𝑓𝑆_𝑜𝑢𝑡_𝑎𝑣𝑔, 𝑓𝑆_𝑜𝑢𝑡_05% indicate the average value and lower 5% strength value 14 

evaluated from six experimental data in each specimen group. 15 

Table 5 Results of Out-of-Plane Shear 16 

In the three-point loading shear test recommended by ISO 13910 (2014) and JAS standard (MAFF 2013), the 17 

failure mode was affected by the balance between maximum bending stress and maximum shear stress depending on 18 

the geometrical and mechanical factors of the specimen. As the consequence, it was quite difficult to obtain pure 19 

shear failure by this test method. Most failure initiated from “bending failure” at finger joint, afterward rolling shear 20 

failure was observed in some cases. In the case of a 3L3P specimen, the percentage of bending failure was 100%. In 21 

the case of 5L5P specimen, only 5L5P_LF_S-S showed rolling shear failure (in total, bending failure mode was 22 

95.8%), and in the case of 5L7P specimen, two 5L7P_NF_S-S and one 5L7P_NF_W-W showed rolling shear failure 23 

(in total, bending failure mode was 75%). It may be said from these results that the testing method for evaluating 24 

out-of-plane shear strength should be changed to a more appropriate method in which pure shear failure can always 25 

be obtained.  26 

In ISO 13910 (2014), it is described that “some specimens may fail in modes other than shear, e.g. in bending or 27 

compression perpendicular to the grain. However, all test results shall be used to evaluate shear strength properties”. 28 

It is supposed that the JAS standard (MAFF 2013) is accepting the spirit of the ISO standard (ISO 13910 2014). 29 

Hence, if we obey the suggestion of the ISO by ignoring failure modes, from the ratios 𝑓𝑆_𝑜𝑢𝑡_05%/𝐹𝑆_𝑜𝑢𝑡 shown in 30 

Table 5, it may be said that the NF joint should not be used for expanding CLT panels in weak-weak direction, and 31 

for expanding CLT panels in strong-strong direction, both NF and LF joints might be possible to use. 32 

 33 

3.6 Compression 34 

Figure 9 shows the load (P) – deformation (v) relationships and typical failure phenomena observed from the 35 

compression test.  36 

Fig.9 P-v relationships and typical failure phenomena of finger jointed CLT specimens  37 

subjected to compression force. 38 

Table 6 shows the results of the compression test. In Table 6, 𝐹𝐶  indicates the characteristic compressive strength 39 

of CLT panel estimated by equation (19) that was given in the Notification #1324 (MLIT 2018) and 𝐸𝐶  indicates 40 

the design modulus of elasticity estimated by equation (22) (Japan HOWTEC & Japan CLT Association 2016). On 41 

the other hand, 𝑓𝐶_𝑎𝑣𝑔, 𝑓𝐶_05% indicate the average strength value and the lower 5% strength value, and 𝐸𝐶_𝑎𝑣𝑔, 42 

𝐸𝐶_50%  indicate the average stiffness value and the lower 50% stiffness value, all are evaluated from six 43 

experimental data in each specimen group. The specimen groups marked with “*2” represent non-finger-jointed CLT 44 
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panels (controls). 1 

Table 6 Results of Axial Compression Test 2 

From Table 6, the ratio fc_05% /Fc showed 1.38 to 2.06 for the S-S group and 2.26 to 4.88 for the W-W group, 3 

respectively. These results indicate that the finger-jointed CLT panels met the requirement for the characteristic axial 4 

compressive strength assigned to the non-finger jointed CLT panels (MLIT 2018). The slightly lower values in the 5 

S-S group were supposed to be caused mainly by a conservative assumption that transversal Young’s modulus was 6 

assumed to be zero. While higher values in 3L3P_W-W groups were caused by the severe assumption that 7 

contributions from outer plies had to be ignored so that the effective slenderness ratio λ became larger than the reality. 8 

The ratio Ec-50% /Ec-CLT showed 1.17 to 1.81 for the S-S group and 2.14 to 2.53 for the W-W group, respectively. 9 

These results seem to be reasonable. In the cases of modulus of elasticity, nearly the same reasons as described in the 10 

case of strength will be held, although their effect on the stiffness was relatively smaller compared with the case of 11 

strength. 12 

Among all destructive tests executed in this research, only axially loaded CLT panels showed nonlinear behaviors 13 

in the load-deformation curves as can be seen from Fig. 9. These phenomena are mainly caused by sophisticated 14 

buckling deformations of CLT panel initiated by peeling along the glue-lines of each ply or penetration of 15 

finger-tip(s) into finger-valley(s). 16 

The strength and stiffness ratios of the axial compression specimens showed reasonable values of 0.74 to 0.80, 17 

and 0.88 to 0.96, respectively. Among the three different control tests, this compression test was the only real control 18 

one because the test specimens belonged to the same product as that of the specimens used in these research 19 

experiments. Hence, joint efficiencies obtained from the compression test will be the most reliable values. 20 

 21 

4. Conclusion 22 

In this study, mechanical performances of finger-jointed CLT panels were evaluated based on the Japanese 23 

domestic testing standard according to the evaluation policy described in section 1.2.2. The findings obtained are 24 

summarized as follows: 25 

 The appropriate push-in pressure value commonly used for producing finger-jointed CLT specimens was 26 

decided to be 1 N/mm2, considering the possibility of the on-site finger jointing condition. 27 

 Except for the following two cases, most finger-jointed CLT specimens met the strength requirements for 28 

the non-finger jointed CLT products assigned by MLIT of Japan. 29 

 The lower 5% strength value of the 3L3P_NF_W-W group subjected to the in-plane bending load could not 30 

satisfy the assigned characteristic strength value. 31 

 The lower 5% strength value of all W-W groups subjected to the out-of-plane shear load could not satisfy 32 

the assigned characteristic strength value. These issues are supposed to be caused partly by the inappropriate 33 

testing method in which 100% of the 3L3P group, 95.8% of the 5L5P group, and 75% of the 5L7P group 34 

failed by “bending”. 35 

 The apparent strength ratio of finger jointed CLT panels subjected to the out-of-plane and in-plane bending 36 

showed a reasonable range of values in the case of strong-strong groups. While in the case of the weak-weak 37 

group, it was variable due to the inherent inferior performance of transversal layers involved in the CLT 38 

panel. 39 

 Axially loaded CLT panels only showed nonlinear behavior in the load-deformation curves, while the rest of 40 

all specimens showed almost linear load-deflection curve up to the maximum load and just after they failed 41 

in brittle fracture mode. 42 

 The strength and stiffness ratios of finger-jointed CLT panels subjected to the axial compression load 43 

showed reasonable values of 0.74 to 0.80, and 0.88 to 0.96, respectively.  44 
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 All specimens satisfied the proposed design stiffness values. These results do not always imply the excellent 1 

stiffness of finger-jointed CLT panels, but they may be partly caused by the excessively safe-side 2 

assumption that Young’s modulus of the transversal laminae in CLT had to be assumed to be zero in the 3 

design equations. 4 
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Table 1 Specification of the test specimens 

Kinds of Test 

d b e a S L 

Depth Width Extra length Shear span 

Length of 

constant 

moment or 

shear 

Total span 

(mm) 

Out-of-Plane Bending 30×Plies 300 d 6d 6d S+2a 

In-Plane Bending 240 30×Plies 200 1200 1200 S+2a 

Out-of-Plane Shear 30×Plies 240 d 3d - 2a 

In-plane Shear 240 30×Plies 
S-S:2.5d 

W-W:3.25d 

S-S:2d 

W-W:1.5d 
a S+2a 

Axial Compression 200 30×Plies - - - 890 

 

 

  

Table Click here to access/download;Table;Komatsu_HARW-20-00039_Tables.docx

https://www.editorialmanager.com/harw/download.aspx?id=75975&guid=6eb32ed7-8304-4dff-90ea-0f7106e5db08&scheme=1
https://www.editorialmanager.com/harw/download.aspx?id=75975&guid=6eb32ed7-8304-4dff-90ea-0f7106e5db08&scheme=1


 

Table 2 Results of out-of-plane bending test 

Specimen 

Group name 

Modulus of rupture (MoR) Modulus of elasticity (MoE) 

#1324 Experiment  
𝑓𝑚_𝑜𝑢𝑡_05%

𝐹𝑏_𝑜𝑢𝑡
 

Design Experiment  
𝐸𝑚_𝑜𝑢𝑡_50%

𝐸𝑏_𝑜𝑢𝑡
 𝐹𝑏_𝑜𝑢𝑡 𝑓𝑚_𝑜𝑢𝑡_𝑎𝑣𝑔 𝑓𝑚_𝑜𝑢𝑡_05% CV 𝐸𝑏_𝑜𝑢𝑡 𝐸𝑚_𝑜𝑢𝑡_𝑎𝑣𝑔 𝐸𝑚_𝑜𝑢𝑡_50% CV 

N/mm2 % kN/mm2 % 

S
tr

o
n
g
 -

 S
tr

o
n
g
 

3L3P_LF_S-S 12.68 25.23 18.63 11.2 1.47 5.78 5.97 5.93 2.3 1.03 

3L3P_NF_S-S 12.68 23.30 13.33 18.3 1.05 5.78 6.13 6.02 5.8 1.04 

5L5P_LF_S-S 10.37 21.89 17.26 9.1 1.66 4.73 6.07 6.02 2.5 1.27 

5L5P_NF_S-S 10.37 17.63 11.26 15.5 1.09 4.73 5.52 5.44 4.9 1.15 

5L5P_S_ctl*1 10.37 26.60 19.78 11.0 1.91 4.73 6.14 6.03 5.9 1.28 

5L7P_NF_S-S 12.15 20.27 13.69 13.9 1.13 5.54 5.91 5.89 1.2 1.06 

5L7P_S_ctl*1 12.15 26.45 21.50 8.0 1.77 5.54 6.89 6.84 2.3 1.24 

W
ea

k
 -

 W
ea

k
 

3L3P_LF_W-W 0.35 4.87 3.49 12.1 9.93 0.11 0.50 0.49 7.7 4.44 

3L3P_NF_W-W 0.35 5.04 3.42 13.8 9.72 0.11 0.59 0.55 21.2 4.99 

5L5P_LF_W-W 1.98 12.16 7.97 14.7 4.03 0.62 1.81 1.76 9.2 2.82 

5L5P_NF_W-W 1.98 9.70 7.05 11.7 3.56 0.62 1.75 1.70 8.8 2.73 

5L5P_W_ctl*1 1.98 11.11 7.63 13.4 3.86 0.62 1.47 1.45 4.1 2.33 

5L7P_NF_W-W 0.72 6.63 3.81 18.2 5.28 0.23 0.86 0.85 3.7 3.75 

5L7P_W_ctl*1 0.72 5.57 3.82 13.5 5.30 0.23 0.75 0.74 4.0 3.26 

Apparent strength ratio 

(5L5P_LF_S-S)/(5L5P_S_ctl) = 0.82 

Apparent stiffness 

ratio 

(5L5P_LF_S-S)/(5L5P_S_ctl) = 0.99 

(5L5P_NF_S-S)/(5L5P_S_ctl) = 0.66 (5L5P_NF_S-S)/(5L5P_S_ctl) = 0.90 

(5L7P_NF_S-S)/(5L7P_S_ctl) = 0.77 (5L7P_NF_S-S)/(5L7P_S_ctl) = 0.86 

(5L5P_LF_W-W)/(5L5P_W_ctl) = 1.01 (5L5P_LF_W-W)/(5L5P_W_ctl) =  1.23 

(5L5P_NF_W-W)/(5L5P_W_ctl) = 0.87 (5L5P_NF_W-W)/(5L5P_W_ctl) = 1.19 

(5L7P_NF_W-W)/(5L7P_W_ctl) = 1.19 (5L7P_NF_W-W)/(5L7P_W_ctl) = 1.15 

 *1: Control CLT panel specimens without finger joints (ANON 2016) 

  



 

Table 3 Results of in-plane bending test 

Specimen  

Group Name 

Modulus of rupture (MoR) Modulus of elasticity (MoE) 

#1324 Experiment 
𝑓𝑚_𝑖𝑛_05%

𝐹𝑏_𝑖𝑛
 

Design Experiment 
𝐸𝑚_𝑖𝑛_50%

𝐸𝑏_𝑖𝑛
 𝐹𝑏_𝑖𝑛 𝑓𝑚_𝑖𝑛_𝑎𝑣𝑔 𝑓𝑚_𝑜𝑢𝑡_05% CV 𝐸𝑏_𝑖𝑛 𝐸𝑚_𝑖𝑛_𝑎𝑣𝑔 𝐸𝑚_𝑖𝑛_50% CV 

N/mm2 % kN/mm2 % 

S
tr

o
n
g
 -

 S
tr

o
n
g
 

3L3P_LF_S-S 10.80 18.38 13.62 11.1 1.26 4.00 5.55 5.39 10.0 1.35 

3L3P_NF_S-S 10.80 21.32 14.95 12.8 1.38 4.00 5.65 5.58 4.6 1.39 

5L5P_LF_S-S 8.10 17.64 14.34 8.0 1.77 3.00 4.77 4.73 2.5 1.58 

5L5P_NF_S-S 8.10 16.75 12.46 11.0 1.54 3.00 4.90 4.85 3.3 1.62 

5L5P_S_ctl*1 8.10 18.50 12.71 13.4 1.57 3.00 4.67 4.60 4.8 1.53 

5L7P_NF_S-S 10.41 17.46 13.69 9.2 1.31 3.86 5.02 4.97 3.5 1.29 

5L7P_S_ctl*1 10.41 22.48 18.33 7.9 1.76 3.86 5.34 5.27 4.5 1.37 

W
ea

k
 -

 W
ea

k
 

3L3P_LF_W-W 5.40 10.82 8.16 10.5 1.51 1.00 2.72 2.61 13.2 2.61 

3L3P_NF_W-W 5.40 8.26 4.67 18.6 0.87 1.00 2.35 2.24 15.7 2.24 

5L5P_LF_W-W 6.48 13.65 11.36 7.2 1.75 1.20 3.20 3.14 6.4 2.62 

5L5P_NF_W-W 6.48 13.43 10.15 10.4 1.57 1.20 3.30 3.23 7.5 2.69 

5L5P_W_ctl*1 6.48 13.92 10.24 11.3 1.58 1.20 2.72 2.69 3.5 2.24 

5L7P_NF_W-W 4.63 8.36 7.12 6.3 1.54 0.86 2.42 2.38 5.5 2.78 

5L7P_W_ctl*1 4.63 9.95 7.26 11.6 1.57 0.86 1.93 1.90 5.8 2.22 

Apparent strength ratio 

(5L5P_LF_S-S)/(5L5P_S_ctl) = 0.95 

Apparent stiffness 

ratio 

(5L5P_LF_S-S)/(5L5P_S_ctl) = 1.02 

(5L5P_NF_S-S)/(5L5P_S_ctl) = 0.91 (5L5P_NF_S-S)/(5L5P_S_ctl) = 1.05 

(5L7P_NF_S-S)/(5L7P_S_ctl) = 0.78 (5L7P_NF_S-S)/(5L7P_S_ctl) = 0.94 

(5L5P_LF_W-W)/(5L5P_W_ctl) =  0.98 (5L5P_LF_W-W)/(5L5P_W_ctl) =  1.18 

(5L5P_NF_W-W)/(5L5P_W_ctl) = 0.97 (5L5P_NF_W-W)/(5L5P_W_ctl) = 1.21 

(5L7P_NF_W-W)/(5L7P_W_ctl) = 0.84 (5L7P_NF_W-W)/(5L7P_W_ctl) = 1.25 

 *1: Control CLT panel specimens without finger joints (ANON 2016) 

  



 

Table 4 Results of in-plane shear 

Specimen Group 

Name 

In-plane shear strength In-plane shear rigidity 

#1324 Experiment 

𝑓𝑆_𝑖𝑛_05%
𝐹𝑆_𝑖𝑛

 

Design Experiment 
𝐺𝑆_𝑖𝑛_50%
𝐺𝑆_𝑖𝑛

 𝐹𝑆_𝑖𝑛  𝑓𝑆_𝑖𝑛_𝑎𝑣𝑔 𝑓𝑆_𝑖𝑛_05% CV 𝐺𝑆_𝑖𝑛 𝐺𝑆_𝑖𝑛_𝑎𝑣𝑔  𝐺𝑆_𝑖𝑛_50% CV 

N/mm2 % kN/mm2 % 

S
tr

o
n
g
 -

 S
tr

o
n
g
 

3L3P_LF_S-S 1.92 4.16 3.47 7.1 1.81 0.50 0.55 0.53 12.4 1.05 

3L3P_NF_S-S 1.92 4.29 3.04 12.5 1.58 0.50 0.53 0.51 7.6 1.03 

5L5P_LF_S-S 2.30 4.50 3.83 6.3 1.66 0.50 0.62 0.59 14.1 1.18 

5L5P_NF_S-S 2.30 4.24 3.54 7.0 1.54 0.50 0.56 0.55 8.7 1.09 

5L7P_NF_S-S 1.65 4.24 3.66 5.9 2.22 0.50 0.65 0.62 13.0 1.25 

W
ea

k
 -

 W
ea

k
 

3L3P_LF_W-W 1.92 3.13 2.31 11.2 1.20 0.50 0.63 0.59 19.5 1.19 

3L3P_NF_W-W 1.92 2.81 1.25 23.8 0.65 0.50 0.42 0.38 36.0 0.75 

5L5PP_LF_W-W 2.30 3.00 2.55 6.5 1.10 0.50 0.54 0.53 8.0 1.05 

5L5P_NF_W-W 2.30 3.31 2.86 5.8 1.24 0.50 0.60 0.57 16.7 1.14 

5L7P_NF_W-W 1.65 2.69 2.43 4.1 1.48 0.50 0.81 0.78 11.5 1.56 

 

  



 

 

Table 5 Results of out-of-plane shear 

Specimen Group Name 

Out-of-plane shear strength 

#1324 Experiment 

𝑓𝑆_𝑜𝑢𝑡_05%
𝐹𝑆_𝑜𝑢𝑡

 𝐹𝑆_𝑜𝑢𝑡  𝑓𝑆_𝑜𝑢𝑡_𝑎𝑣𝑔  𝑓𝑆_𝑜𝑢𝑡_05% CV 

N/mm2 % 

S
tr

o
n
g
 -

 S
tr

o
n
g
 

3L3P_LF_S-S 0.90 2.33 1.68 11.9 1.87 

3L3P_NF_S-S 0.90 2.29 1.88 7.7 2.09 

5L5P_LF_S-S 0.90 1.79 1.02 18.6 1.13 

5L5P_NF_S-S 0.90 1.76 1.46 7.3 1.62 

5L7P_NF_S-S 0.90 1.69 1.41 7.2 1.56 

W
ea

k
 -

 W
ea

k
 

3L3P_LF_W-W 0.90 0.69 0.46 14.2 0.52 

3L3P_NF_W-W 0.90 0.88 0.63 12.4 0.70 

5L5PP_LF_W-W 0.90 1.06 0.85 8.5 0.94 

5L5P_NF_W-W 0.90 1.02 0.81 8.6 0.90 

5L7P_NF_W-W 0.90 0.60 0.45 10.5 0.50 

 

 

 

  



 

Table 6 Results of axial compression test 

Specimen Group 

Name 

Axial compressive strength Axial compressive elasticity 

#1324 Experiment 
𝑓𝐶_05%
𝐹𝐶

 

Design Experiment 
𝐸𝐶_50%
𝐸𝐶

 𝐹𝐶  𝑓𝐶_𝑎𝑣𝑔 𝑓𝐶_05% CV 𝐸𝐶  𝐸𝐶_𝑎𝑣𝑔 𝐸𝐶_50% CV 

N/mm2 % kN/mm2 % 
S

tr
o
n
g
 -

 S
tr

o
n
g
 

3L3P_LF_S-S 10.80 17.99 14.90 7.3 1.38 4.00 4.94 4.84 6.7 1.21 

3L3P_NF_S-S 10.80 18.10 16.70 3.3 1.55 4.00 4.78 4.66 8.0 1.17 

3L3P_S_ctl*2 10.80 24.23 21.38 5.0 1.98 4.00 5.43 5.22 13.0 1.31 

5L5P_LF_S-S 8.10 18.12 11.94 14.6 1.47 3.00 4.66 4.59 4.7 1.53 

5L5P_NF_S-S 8.10 18.10 16.71 3.3 2.06 3.00 4.78 4.66 8.0 1.55 

5L7P_NF_S-S 10.41 20.93 17.94 6.1 1.72 3.00 5.52 5.43 5.0 1.81 

W
ea

k
 -

 W
ea

k
 

3L3P_LF_W-W 2.26 10.51 7.85 6.4 3.47 1.00 2.68 2.53 20.0 2.53 

3L3P_NF_W-W 2.26 10.95 9.37 6.6 4.14 1.00 2.55 2.41 19.5 2.41 

3L3P_W_ctl*2 2.26 13.71 11.06 8.3 4.88 1.00 2.80 2.72 10.1 2.72 

5L5P_LF_W-W 4.68 13.45 11.76 3.9 2.51 1.20 2.62 2.56 7.3 2.14 

5L5P_NF_W-W 4.68 11.81 10.59 1.1 2.26 1.20 2.65 2.57 9.6 2.14 

5L7P_NF_W-W 3.34 8.25 7.95 8.2 2.38 0.86 1.93 1.89 7.1 2.21 

Real  

strength ratio 

(3L3P_LF_S-S)/(3L3P_S_ctl) = 0.74 

Real 

 stiffness ratio 

(3L3P_LF_S-S)/(3L3P_S_ctl) = 0.91 

(3L3P_NF_S-S)/(3L3P_S_ctl) = 0.75 (3L3P_NF_S-S)/(3L3P_S_ctl) = 0.88 

(3L3P_LF_W-W)/(3L3P_W_ctl) = 0.77 (3L3P_LF_W-W)/(3L3P_W_ctl) = 0.96 

(3L3P_NF_W-W)/(3L3P_W_ctl) = 0.80 (3L3P_NF_W-W)/(3L3P_W_ctl) = 0.91 
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Fig.1 JAS definitions of CLT and descriptions of finger jointed CLT specimens 

  

Layer 

and 

Ply 

Strength Combinations of Finger Jointed CLT Panels 

Strong-Strong 

S-S 

Weak-Weak 

W-W 

3L3P 

(3Layers 

-3Plies) 

  

5L5P 

(5Layers 

-5Plies) 

  

5L7P 

(5Layers 

-7Plies) 

  

Figure Click here to access/download;Figure;Figures
Page_revised.docx
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Fig.2 Set-ups for the bending test on the finger jointed CLT specimens 

 

  

  

(a) Definition of out-of-plane bending test (b) Photo 

  

(c) Definition of in-plane bending test (d) Photo 
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Fig.3 Setups for the shear test on the finger jointed CLT specimens. 

 

 

  

  

(a) Definition of in-plane shear test (b) Photo 

  

(c) Definition of out-of-plane shear test (d) Photo 
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(a) Definition of test set-up (b) Photo 

Fig.4 Setup for the compression test on the finger jointed CLT specimens. 
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a) Tear-off failure at fingers (3L3P_LF_W-W) 

 

b) Typical bending failure (5L7P_NF_S-S) 

Fig.5 P-δ relationships and typical failure phenomenae of finger jointed CLT specimens  

subjected to out-of-plane bending moment. 
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a) Tear-off failure at finger (3L3P_LF_W-W) 

 

b) Tear-off failure at finger (5L7P_NF_S-S) 

Fig.6 P-δ relationships and typical failure phenomenae of finger jointed CLT specimens  

subjected to in-plane bending moment. 
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a)Torsional failure mode (5L7P_NF_W-W) 

 

b)Shear failure mode (3L3P_NF_S-S) 

Fig.7 τ-γ relationships and typical failure phenomenae of finger jointed CLT specimens  

subjected to in-plane shear force. 
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a)Bending with rolling shear failre (5L7P_NF_S-S) 

 

b)Bending failure (5L5P_NF_W-W) 

Fig.8 P-δ relationships and typical failure phenomenae of finger jointed CLT specimens  

subjected to out-of-plane shear force. 
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a)Buckling failre of 

finger joint 

(5L7P_NF_S-S) 

b)Buckling failure 

of CLT 

(3L3P_LF_W-W) 

c) Wrinkles due to 

compressive failure 

(3L3P_S_ctl) 

d) Buckling deformation 

(3L3P_W_ctl) 

Fig.9 P-v relationships and typical failure phenomenae of finger jointed CLT specimens  

subjected to compression force. 
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Observed profiles of CLT cut by two different finger cutters (unit in mm and degree) 

 

We measured the finger-cutting profiles mainly on the central part of photographic images shown 

below by using image-editing software. The sample numbers observed were 18 for each finger type. 

 

 

 Large Finger: LF 

 (nominal finger length: 50mm) 

Normal Finger: NF 

 (nominal finger length: 24mm) 

Photo 

image 

  

 l bb bt p θ l bb bt p θ 

Mean 50.98 1.51 2.27 11.96 4.59 24.33 0.87 1.59 5.95 4.10 

s.d 0.259 0.089 0.188 0.119 0.157 0.165 0.074 0.153 0.060 0.207 

CV(%) 0.5 5.9 8.3 1.0 3.4 0.7 8.5 9.6 1.0 5.0 

Definition of 

finger 

profile 

 

l : Length of finger 

bb : Bottom width of finger 

bt : Top width of finger 

p : Finger pitch 

θ : Scarf angle (calculated ) 
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Determination of the appropriate push-in pressure 

In Japan, the push-in pressure given to the industrial use finger joint has been determined 

empirically. The Fig.1-(a) to (d) explain how the push-in pressure was determined. 

 

 
(a) Half specimen 

 
(c) Push-in test on the pre-

cured finger jointed 
specimen for getting stress-

deformation curve 

 

(d) Image of stress-deformation curve and 

determination of lower limit stress 
 

 (b) Glue pasting 

Fig.1 Procedure for determining the appropriate push-in pressure of finger joint 

 

At first, a push-in test was executed on a pair of the pre-cured finger jointed specimen. Next, we 

visually determined the lower limit stress σ_lower and the upper limit stress σ_upper within the linear 

portion of measured stress-deformation curve. Finally, an appropriate push-in pressure was determined 

from the stress closer to the lower limit stress. The reason why stress closer to the lower limit value 

was selected was that when the stress was excessively large, some damage might occur at valley part 

of finger cut timber, and conversely, if the stress was too low, there might be a risk of insufficient 

clamping pressure to the adhesion surface. In addition, considering the manufacturing process having 

large cross section or/and on-site finger jointing cases, it was often difficult to apply higher pressure, 

consequently stress closer to the lower limit value of the linear stress-deformation portion has been 

practically adopted as an appropriate push-in pressure, especially in the case of on-site finger joint. In 

this study, standing on the same principle mentioned above, the appropriate push-in pressure for 

manufacturing finger jointed CLT-CLT specimens was determined through the push-in tests using 
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CLT blocks whose dimension is 150 mm ×150 mm× 275 mm. The push-in tests were carried out on 

both the large finger joint and the normal finger joint by mixing the curing agent with the resorcinol 

resin adhesive for simulating the actual adhesion condition. The amount of pasted adhesive was 

250g/m2 for the total adhesion area. The push-in tests were done on the universal testing machine with 

a test speed of 2mm/min. Replications of specimens with the same combination of finger joint were 

six. 

Figs. ２ -(a) to (d) show stress (σ)-deformation (v) relationships of pre-cured finger jointed 

specimens and the estimated lower limit stress as the appropriate push-in pressure value.  

 

(a) LF_W-W (b) LF_S-S (c) NF_W-W (d) NF_S-S 

Fig.2 Stress-deformation relationships of pre-cured finger jointed CLT-CLT specimen 

 

From these experimental results, by paying attentions to the possibilities of the on-site finger jointing 

condition, we decided that 1 N/mm2 was the appropriate value as the push-in pressure which was to be used 

commonly for producing all finger jointed CLT-CLT specimens to be used in this study. 
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Finger cutting and specimen production 

Finger cutting was performed using an existing finger cutting machine equipped with a function 

capable of cutting 50 mm large fingers to be used in this study and large size test specimens with a 

width of 1 m. Figs. 1- (a) and (b) show situations in which a 1 m wide laterally glued ply is cut using 

a 50 mm finger cutter. 

  

       (a) Viewed from lateral side                  (b) Viewed from specimen side 

Fig. 1 Finger cutting situation 

 

 

Fig.2 Prototype finger jointing device 

 

Finger joining was executed, with on-site jointing in mind, using simply made temporary pressing 

device shown in Fig. 2. The temporary pressing device was equipped with two oil jacks (RIKEN D5-

500VC) with a maximum compression force of 500kN, and can be finger-jointed with a maximum 

compression force of 1000kN. Fig. 3 shows a situation in which a few test specimens are jointed at 

one time by the temporary pressing device. 
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図３ Fig.3 Situation of jointing a few test specimens in the prototype device 
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Derivations of the reduction factors of the shear force 
in the case of the S = a = 1.5d anti-symmetrical four-point bending shear test 

 

Figure 1 shows the bending moment and shear force diagrams of the anti-symmetrical four-point 

loading shear test specimen. 

 

 
Fig.1 B.M.D. and S.F.D. of the anti-symmetrical four-point loading shear test specimen. 

 

In the Japanese domestic testing manual (Japan HOWTEC, 2011), S=a=3d is recommended for 

the GLT and the structural solid sawn timber. In the case of finger jointed CLT panels, however, 

transversal layers do not resist against bending moment, therefore, the possibility of preceding bending 

failure becomes higher than GLT or solid-sawn timber, especially in the case of weak-weak finger 

jointed CLT specimens. After simulations of bending failure and shear failure as the function of S/d 

or/and a/d, we got a foresight that by making S/d = a/d = 1.5, the possibility of bending failure might 

be avoided. Hence, the in-plane shear tests on the all CLT specimens finger jointed in weak-weak 

direction were done by setting S/d = a/d = 1.5.  

New fact, however, that due to “too close” distance between upper loading plate and lower 

supporting plate, diagonal force transmissions were confirmed in Weak-Weak finger jointed specimen 
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as shown in Fig.2 by assuming that the compressive force perpendicular to the grain shall expand 

within 45 degrees opened region through the transversal layers. 

 

Fig.2 Diagonal force transmission regions (colored parts) in the case of S/d = a/d = 1.5 

 

From the relationship of 1.5d = x + d + D/2, the value x was determined numerically in each 

layup, thus the gloss contact area A0, diagonal force transmitted area A1 and the effective contact 

area Aef ൌA0-A1, and the reduction factor of the shear forceφare calculated as follows; 

 

1ሻ 3P3L_W-W 

𝐴଴ ൌ 186 ൈ 90 ൌ 16740𝑚𝑚ଶ 

𝐴ଵ ൌ ሺ66 ൈ 30ሻ ൈ 2 ൌ 3960𝑚𝑚ଶ 

𝐴௘௙ ൌ 𝐴଴ െ 𝐴ଵ ൌ 12780𝑚𝑚ଶ 

𝜙 ൌ
𝐴௘௙
𝐴଴

ൌ
12780
16740

ൌ 0.763 

 

2ሻ 5P5L_W-W 

𝐴଴ ൌ 186 ൈ 150 ൌ 27900𝑚𝑚ଶ 

𝐴ଵ ൌ ሺ66 ൈ 30ሻ ൈ 4 ൌ 7920𝑚𝑚ଶ 

𝐴௘௙ ൌ 𝐴଴ െ 𝐴ଵ ൌ 19980𝑚𝑚ଶ 

𝜙 ൌ
𝐴௘௙
𝐴଴

ൌ
19980
27900

ൌ 0.716 

 
 
 

3ሻ 5L7P_W-W 

 

𝐴଴ ൌ 186 ൈ 210 ൌ 39060𝑚𝑚ଶ 

𝐴ଵ ൌ ሺ66 ൈ 30ሻ ൈ 4 ൌ 7920𝑚𝑚ଶ 

𝐴௘௙ ൌ 𝐴଴ െ 𝐴ଵ ൌ 31140𝑚𝑚ଶ 

𝜙 ൌ
𝐴௘௙
𝐴଴

ൌ
31140
39060

ൌ 0.797 

 
 


