




To calculate the yielding flexural moment capacity and 
rotation angle of the CLT wall, the following approach is 
used. In Japan, in CLT-panel system design practice, in 
order to ensure ductility, the strength of the wall is 
generally determined by the yielding of the tensile 
connections of the CLT wall panel. Minegishi et al. [9] 
proposed a method to calculate the bending moment 
capacity of the CLT wall in the same approach as 
calculating the bending moment of reinforced concrete 
columns. The calculation approach is illustrated in Figure 
5.a. The flexural yielding moment of the wall (My) is 
calculated by Equation (6). The shear strength of the wall 
at flexural yielding (Qy) is calculated by Equation (7) 
using My. The yielding rotational angle of the wall ( ) 
and rotational stiffness (Kθ) is calculated by Equation (8) 
and (9), respectively. The neutral axial distance (xn) is 
calculated using Equation (10) by taking the equilibrium 
of the compressive force of the CLT wall (C), the axial 
force (N), and the tensile yield force (Ty) (Figure 5.a.) 

 
Figure 4: Expected failure modes for one-bolt connection 

 
(a) allowable stress condition 

                    
(b) ultimate state  
Figure 5: Stress condition of CLT wall, based on [9] 
 

  (6) 
  (7) 
  (8) 
  (9) 
  (10) 

Where D and t (mm) are the width and thickness of the 
wall, respectively. h (mm) is the inflection point height, 
and  (mm) is the deformation of the tensile connection. 
d (mm) and xn (mm) are the distance from the tensile 
connection and neutral axis to the compression edge of the 
wall, respectively.  (N/mm2) is the allowable 

compressive strength of the CLT and it is equal to two-
thirds of the compressive strength of CLT. 

3 SINGLE-BOLT CONNECTION TEST 

3.1 MATERIAL PROPERTIES 

Material tests were conducted to get the embedment and 
shear strength of CLT based on the testing procedures 
mentioned in [10]. The tested CLT panels were five-layer 
150 mm thick, made from Japanese cedar with Mx-60-5-
5 (5-ply 5-layer) grade and composition [11]. The average 
CLT density was 400 kg/m3, and the average moisture 
content was 12.0%. Three identical specimens were used 
for each material test, and the results are summarized in 
Table 1. 
 
Table 1: Results of the CLT material tests for single-bolt 
connection specimens 

 

3.2 TEST MATRIX 

In this study, component-level tests on double plate one-
bolt connections were conducted (i.e., two steel plates on 
both sides of the CLT panel were fixed with a HTB). All 
the tested specimens have the same dimensions as shown 
in Figure 6 and were tested under monotonic loading. the 
tested specimens are summarised in Table 2. In order to 
investigate the effect of the embedment length (Ln) on the 
failure mode (as explained in section 2), the experimental 
parameter was the (Ln/Φ) ratio. In addition, to investigate 
the effect of fibre angle (i.e., loading direction) on the 
load-bearing capacity, the outer layer fibre direction (θ) 
was taken as another parameter. A bolt with a diameter of 
Φ=40 mm was installed into the specimens. For each type 
of specimen, three replicates were tested.  

3.3 LOADING SET-UP 

The loading set-up of the tested specimens is shown in 
Figure 7. The CLT panel was fixed on top of two steel 
bases with two threaded rods at each side to prevent out-
of-plane deformation. A single 300 kN jack was used to 
apply a monotonic downward force on the connection’s 
steel bolt, and the loading rate was in the range of 0.15–
0.2 mm/s. The vertical displacement of the bolt was taken 
as the average value of two LVDTs that were attached on 
both sides of the specimen. 

 
Figure 6: Dimensions of the tested specimens (mm) 
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Table 2: Test matrix of the CLT panels 

 

3.4 TEST RESULTS 

The relation between Ln/Φ ratio and the load-bearing 
capacity of the tested specimens and fibre direction angle 
(θ=0° and θ=90°) is shown in Figure 8. All specimens 
with Ln/Φ=1.3 had a shear failure with the lowest load-
carrying capacity. Most of the specimens with Ln/Φ=3.8 
showed ductile embedment failure. For specimens with 
Ln/Φ=2.5, about half of the specimens showed bearing 
failure, and shear failure was observed for the other half. 
A comparison between the experimental results and the 
calculation methods explained in section 2 is shown in 
Figure 8. The calculated values have a similar tendency to 
the experimental values and are generally conservative 
(lower) than experimental values. The failure mechanism 
can be predicted, and the connection can be designed to 
have ductile embedment failure by designing Ln/Φ ratio. 
The load-bearing capacity of a one-bolt connection can be 
roughly estimated by equations (4) and (5). As shown in 
Figure 9, the maximum strength obtained from the tests is 
almost the same regardless of the fibre direction angle (θ). 
It can be said that the influence of (θ) is almost negligible.  
 

 
Figure 7: Loading set-up for single drift pin test 

 
Figure 8: Effect of Ln/Φ ratio on the load-carrying capacity 

 
Figure 9: Effect of loading angle relative to CLT fibre 
direction on the strength of the drift pin 

4 SHEAR WALLS TESTS 

4.1 MATERIAL PROPERTIES 

In order to investigate the structural performance of the 
proposed hybrid structural system, quasi-static cyclic 
loading tests on three different CLT wall-steel beam 
specimens were conducted. 90 mm thick CLT panels 
made from Japanese cedar with Mx-60-3-3 (3-ply 3-layer) 
grade and composition [11] were used for shear wall tests. 
The average CLT density was 393 kg/m3, and the average 
moisture content was 12.2%. Material tests were 
conducted to obtain compression, embedment, and shear 
strength of CLT based on the testing procedures 
mentioned in [10]. Three identical specimens were used 
for each material test, and the results are summarized in  
Table 3. 
 
Table 3: Results of the CLT material tests for CLT wall tests 

 

4.2 TEST MATRIX 

Three CLT wall-steel beam specimens with different 
connections and wall configurations were tested. The 
details of the specimens are shown in Table 4. For all tests, 
90-mm thick, 1000 mm by 2400 mm CLT wall panels 
were used. For the steel beams, two-meter C-section steel 
beams (200 90 8 13.5 in the Japanese Industrial 
Standards (JIS G 3192)) were attached to the top and 
bottom of the wall. One of the specimens contained a 
single CLT wall with the proposed bolt connection (SSB). 
The second specimen consisted of two CLT wall panels 
connected in plain using the proposed joint (SCB). SCB 
wall specimen was tested to investigate the coupled-wall 
behaviour of the proposed joint system. The third 
specimen (SSS) is identical to specimen SSB except for 
the CLT wall-to-beam connections. In the SSS specimen, 
conventional screw connections were used (i.e., steel plate 
fixed to one side of the wall using self-tapping screws). 
The details and dimensions of the connections are shown 
in Figure 9. 9-mm thick steel plate was used for all the 
connections. For the bolt connections, three 20-mm HTBs 
were used, and (Ln/Φ) ratio was chosen as Ln/Φ=3.5 to 
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ensure the targeted embedment failure. For screw 
connections, STS C65 screws with 5.5 kN strength were 
used, according to the Japanese CLT Design Manual [11]. 
The number of screws (9) was chosen so that the load-
bearing capacity of the conventional connection is equal 
to that of the bolt connection. The CLT wall was 
connected to the steel beam using 24-mm HTBs. 

4.3 LOADING SET-UP 

The CLT wall specimens were tested under quasi-static 
cyclic loading with the set-up shown in Figure 11. The 
specimens were loaded by two 200 kN centre-hole jacks 
at each side of the specimen (pull forces were applied). 
The two jacks were connected to the steel beams using 
wire ropes, and a pre-tension force of 10 kN was applied 
to the two wire ropes in order to prevent the twisting of 
the specimen in the out-of-plane direction. No axial load 
was applied to the wall; however, four tie bars were 
attached to the top steel beam as an uplifting constraint. 
each tie bar was pre-stressed with a 5 kN tensile force. 
The lateral load was applied as an incremental cyclic 
loading based on the loading protocol provided in [12]. 
Three cycles for each peak drift were adopted. 
 
Table 4: Test matrix of the CLT wall tests 

 
 

 
Figure 10: Details of the steel plates used in the connections 

4.4 INSTRUMENTATION 

The applied lateral load was measured using a centre-hole 
load cell. A typical instrumentation layout for the CLT 
wall tests is shown in Figure 12. LVDT sensors were 
attached to the tested specimens to measure story drift, 

and the story drift angle was calculated by considering the 
story height between the middle of the top and bottom 
beam (i.e., calculated by dividing the lateral load by the 
story height (2600 mm)). Rocking, sliding, shear, and 
bending deformation of the CLT wall panel were also 
measured. LVDT sensors to measure the neutral axis of 
the wall were also attached to the top and bottom of the 
wall. In addition, to calculate the axial forces in the tie 
bars, strain gauges were attached to all the bars. The axial 
force of the tie bar can be calculated as shown in Equation 
(11). The flexural moment in the bottom of the CLT wall 
(MW-B) is then calculated using Equation (12) by 
subtracting the moment caused by the tie bar Mr from the 
moment of the entire system (Mtotal). 

 

 
(a) Schematic diagram of the loading set-up  

 
(b) Photo of the loading set-up  

Figure 11: Loading set-up of shear wall tests 
 
 

 
Figure 12: An example of single wall (SSB) instrumentation 
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Figure 13: Calculation method of the wall moment 

 
  (11) 

 
Where  (mm/mm) is the strain of the tie bar as measured, 
E (N/mm2) is Young’s modulus of the steel bar (2.05 105 
N/mm2), and A (mm) is the cross-sectional area of the tie 
bar (478.8 mm2). 
 

  (12) 
  (13) 
  (14) 
  (15) 

 
Where H (mm) is the story height (2600 mm), N1 and N2 
(kN) are the axial forces in the left and right tie bars, 
respectively. B (m) is the distance between the tie bar and 
the centre of the wall (1.025 m). N (kN) is the axial force 
applied to the wall and is equal to N1+N2. j (m) is the 
distance between the two connections at the bottom of the 
wall (0.8 D (1.2) =0.96 m), as explained in section 2. 

4.5 RESULTS AND DISCUSSION 

4.5.1 Failure characteristics  
Photos of the failed single wall and coupled wall 
specimens (SSB and SCB, respectively) are shown in 
Figure 14. For the SSB specimen, at the bottom tensile 
connection, the outer layer of the wall (i.e., the outer 
lamina) failed in plug shear-out failure at 1% story drift 
angle. After that, a decrease in stiffness was observed; 
however, the load-bearing capacity of the wall continued 
to increase. This increase can be attributed to the effect of 
the compression strut inside the CLT wall, which appears 
as compression stresses at the compression side of the top 
and bottom part of the wall. At 5% story drift, the steel 
beam yielded in flexure (Figure 14.a), and the loading was 
terminated. For the SCB specimen, the outer lamina of the 
CLT wall at the tensile connection had a plug shear-out 
failure at 1.3% story drift. The load-bearing capacity 
continued to increase after the shear failure. At 4.8% story 
drift, the tensile connection in the middle of the wall had 
block shear failure, as shown in  Figure 14.b, and the 
loading was terminated at 5% story drift. For the single 
wall with screw connections specimen (SSS), at 3% story 
drift, the screws of the bottom tensile connection started 
to fracture (2 screws). At 3.7% story drift, a large number 
of screws in the top and bottom tensile connections were 
broken and the test was terminated. 
Although the expected failure type was supposed to be a 
uniform embedment failure, the bolt was tilted to the steel 
plate side of the CLT panel during the experiment. This 

failure mode was not considered in the design of the 
connections. In Europe, to calculate the load-bearing 
capacity of one-bolt connections for ductile failure the 
European yield model (EYM) is used. Using EYM the 
strength and failure mode of the connection are mainly 
governed by the bolt diameter to CLT panel’s thickness 
ratio (Φ/t). When the EYM was applied to the connection 
used in this test, it was found that the expected failure is 
bolt-yielding failure (mode 2, Φ/t= 0.22), as shown in 
Figure 15. The ductile failure strength of the proposed 
joint was calculated based on the EYM equations 
provided in [13] and was compared to the experimental 
results. In order to apply the EYM to CLT, the average 
embedment strength across the width of the CLT panel 
was used, instead of lamella-by-lamella calculation. The 
values of the embedment strength of CLT provided in 
section 4.1 were used. 
 
 

 
(a) SSB specimen 

 

 
(b) SCB specimen 
 

Figure 14: Failure characteristics of the tested specimens 
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Figure 15: Failure modes based on the EYM [13] 

 

4.5.2 Load-deformation response 
The shear force-story drift curve for the SSB specimen is 
shown in Figure 16. The difference between maximum 
strength in the positive and negative direction was within 
8%. When compared to calculation values based on 
uniform embedment failure (as explained in section 2), 
the experimental maximum strength (Pmax) was 38% 
smaller. However, when compared to strength derived 
from the EYM, the experimental maximum strength was 
18% larger. The EYM model can predict the load-bearing 
capacity of the proposed joint system with an acceptable 
accuracy. In addition to that, it was found that high shear 
strength per wall (τ=0.84 MPa) can be achieved, 
compared to 0.15 MPa for the wall with a conventional 
tensile bolt connection. This value (0.15 MPa) is 
calculated based on the standard strength of the CLT wall 
used in the simplified design method that is provided in 
the Japanese CLT Design Manual [11].  
 

 
Figure 16: Shear force-story drift curve for SSB wall specimen  

 
The shear force-story drift curve for the SSS specimen is 
shown in Figure 17. The maximum strength in the positive 
direction was 23% higher than that for the negative 
direction. Although the screw connection was designed to 
have a similar strength capacity to the bolt connection, the 
maximum strength of the SSS specimen was 32% smaller. 
The shear force-story drift curve for the SCB specimen is 
shown in Figure 18. The difference between maximum 

strength in the positive and negative direction was also 
within 8%. When compared to the single wall specimen 
(SSB), the maximum strength of the SCB specimen was 
only two times larger (198%). Therefore, each wall 
behaved as a separate wall and the proposed connections 
need to be improved to ensure the single-panel rocking 
behaviour. 
The bilinear curves and the characteristic values (i.e., 
initial stiffness (K), yield strength (Py), ultimate strength 
(Pu), and ductility (μ)) of the tested specimens were 
calculated based on the standard method described in the 
Japanese CLT Design Manual [11]. This method is based 
on the method proposed by Yasumura [14] for framed 
shear walls subjected to lateral load and is illustrated in 
Figure 19. The characteristic values of the tested 
specimens are summarised in Table 5. As a general 
tendency, for all the characteristic values, the single wall 
with screws connections specimen (SSS) had smaller 
values than the single wall with bolted connections 
specimen (SSB), as shown in Figure 20.a. The SSS 
specimen had a 60% smaller initial stiffness than the SSB 
specimen. When compared to the single wall specimen 
(SSB), the characteristic values of the coupled wall 
specimen (SCB) were almost two times larger on average. 
The initial stiffness of the SCB specimen was only 25% 
larger than the SSB specimen. 
 

 
Figure 17: Shear force-story drift curve for SSS wall specimen 

 

 
Figure 18: Shear force-story drift curve for SCB wall specimen 
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Figure 19: Calculation method of bilinear of test load-
deformation curves, as derived from [11] 

 

Table 5: Summary of the characteristic values for specimens 

 
 

 
(a) bolts single wall (SSB) vs. screws single wall (SSS) 

 
(b) single wall (SSB) vs. coupled wall (SCB) 
 
Figure 20: Comparison of the characteristic values for the 
tested wall specimens 

4.5.3 Performance of the proposed joint system 
In this section, the performance of the proposed 
connection, as observed in the single wall specimen 

(SSB), is discussed. The contribution ratios of the 
different deformation components for the CLT wall panel 
at each peak drift in the positive direction are illustrated 
in Figure 21. In Figure 21,  the contribution of the 
connection to the total deformation, and the bending and 
shear deformation of the wall panel are compared to the 
story drift. Deformation at the connection (rocking and 
sliding) was larger than the deformation of the CLT panel 
and was dominant from the small to ultimate story drift 
angle.  Rocking deformation had the largest share with a 
55.1% ratio on average, compared to the summation of the 
four components. The sliding deformation ratio was 
32.5% on average. The CLT panel bending, and shear 
deformation ratio was 2.8% and 9.6%, respectively. It was 
found that the major component in the overall 
deformation of the wall is the rocking deformation, which 
represents the vertical deformation of the steel 
connection.  This dominant rocking deformation was 
further investigated by looking into the relation between 
the moment at the bottom of the wall and the rocking 
angle of the wall, as shown in Figure 22.  
In Figure 22, for experimental values, the rocking angle 
was taken as the value of the vertical LVDT sensors 
attached to the connection (δ3 in Figure 12), and the 
flexural moment at the bottom of the wall (MW-B) was 
calculated using the calculation method explained in 
section 4.4 (using Equation ((12)). To draw the 
calculation values curve, the rocking angle was calculated 
by the calculation method introduced in section 2 (using 
Equation (8)). Wall moment (MW-B) was also calculated 
by the calculation method introduced in section 2. The 
calculated maximum moment was 16% smaller than the 
experimental result. The same tendency between 
calculation and experimental results was also found for 
the overall wall shear force-story drift. It was found that 
the introduced calculation method can be used to predict 
the structural behaviour of the proposed connection. 

 

 
 

Figure 21: Deformation components of single wall specimen 
(SSB) compared to the story drift (in positive direction) 
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Figure 22: Moment-rocking deformation curve of (SSB) wall 

5 CONCLUSIONS 
In this paper, a novel steel joint system for CLT-steel 
hybrid structures in seismic regions was proposed. 
The connections used in this joint system consist of 
steel bolts and a steel plate and works under bi-
directional loading condition. One-bolt connection 
tests were conducted to investigate the effect of 
loading direction. Also, full-scale CLT wall-steel 
beam cyclic tests were conducted to investigate the 
structural performance of the hybrid structural system. 
The findings of this research are as follows: 

1. Simple and easy-to-install bolted connection that can 
utilize the actual strength of CLT was developed.  

2. Based on the one-bolt connection tests, it was found 
that maximum strength can be predicted, and the 
connection can be designed to have ductile 
embedment failure with the considerable selection of 
the embedment length over bolt diameter ratio (i.e., 
Ln/Φ larger than 3.2). Also, for CLT panels with a one-
bolt connection, the effect of loading direction on the 
ultimate strength was not significant (within 16% ) 

3. For CLT walls tests, the wall with the proposed joint 
system showed higher average shear strength of 0.83 
MPa, compared to 0.15 MPa of conventional tensile 
bolt connection. The wall also showed ductile 
behaviour and did not fail until a large story drift angle 
of 5% (the story drift angle at steel beam yielding). 
Regarding the coupled wall test, the two walls 
behaved as separate single walls and the strength was 
about twice the single wall. Further improvements are 
required to secure the single-panel rocking behaviour. 

4. In the wall-beam system, the deformation of the 
proposed connection was dominant (i.e., rocking 
55.1% and sliding 32.5% of the wall lateral 
deformation). The proposed calculation method can be 
used to predict the performance of the joint system.  

For future consideration, improvements of the proposed 
connection to ensure CLT embedment failure is needed. 
Also, further considerations to improve the rocking 
behaviour of the coupled walls are desirable.  
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