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Research paper

Investigation of the Shear Resistance Performance of
Cross-Laminated Timber Connections

Using Mechanical Connectors
Min-Chyuan Yeh,"”  Yun-Wei Sung,”  Yu-Li Lin"
[ Summary ]

Aluminum alloy connectors were developed and applied to cross-laminated timber (CLT)
connections with fasteners of self-tapping screws (STSs) in this study to investigate the effects of
connector types, and the diameter and number of STSs on the shear resistance performance of CLT
connections. The CLT of heterogeneous-grade construction was made using Cryptomeria japonica
plantation timber mixed with southern pine (Pinus spp.). Effects of the different loading directions
along the wood grain were also considered. Results showed that maximum shear capacities of
CLT connections assembled with T-type and plate-type connectors were 51 and 43%, respectively,
higher than that of a CLT connection with angle bracket connectors. The initial stiffness of the CLT
connections assembled with these 2 types of connectors was also found to be 2.8- and 6.1-times
higher, respectively, than the CLT connection with angle bracket connectors. Both the maximum
shear capacity and the initial stiffness of CLT connections fastened with 6-mm STSs increased 47
and 42%, respectively, as the numbers of STSs applied increased from 18 to 28 during connection
assembly. Increases of 34 and 61% in the maximum shear capacity and initial stiffness, respec-
tively, of CLT connections were found as the numbers of 8-mm STSs applied increased from 12
to 18. It was also found that the shear resistance performance of a Japanese cedar CLT connection
was close to that of a southern pine-mixed CLT connection. A higher maximum shear capacity and
yield shear capacity of a CLT connection were found only in the case fastened with 28 6-mm STSs
when the loading direction was applied perpendicular to the wood grain at the connection instead
of parallel to the wood grain. The average energy dissipation of the CLT connections increased
59% when a connector was assembled with more STSs. Ductility ratios between 2.2 and 8.4 were
obtained when CLT connections were assembled with aluminum alloy connectors using self-
tapping screws, and the most ductile behavior was found for a connection assembled with plate
connectors.

Key words: cross-laminated timber, self-tapping screw, connection, shear resistance.
Yeh MC, Sung YW, Lin YL. 2019. Investigation of the shear resistance performance of cross-lami-
nated timber connections using mechanical connectors. Taiwan J For Sci 34(4):235-62.
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Fig. 1. Configuration of a self-tapping screw.
Table 1. Details of self-tapping screws
Screw Thread Pitch Head Shank Root Outsider
itc
Specification length length diameter diameter diameter diameter
(mm)
(mm) (mm) (mm) (mm) (mm) (mm)
M6.0 X 90/50 89.95 49.56 4.57 11.80 4.20 3.86 6.24
M38.0X 120/80 120.14 79.81 5.21 14.55 591 5.44 8.15
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Fig. 2. Design of flat-type (left) and T-type (right) aluminum alloy connectors (units: mm).
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Fig. 3. Design of L-type aluminum alloy connectors with 18 (left) and 12 (right) 8-mm self-
tapping screws (units: mm).
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Fig. 4. Design of L-type aluminum alloy connectors with 28 (left) and 18 (right) 6-mm self-
tapping screws (units: mm).

Outer layer 10~12 GPa Outer layer 13~17 GPa
8~10 GPa 9 GPa
Inner layer 5~7 GPa Inner layer 5~7 GPa
8~10 GPa 9 GPa
Outer layer 10~12 GPa Outer layer 13~17 GPa

(a) C. japonica

(b) Mixed species
Fig. 5. Basic requirement of heterogeneous-grade composition of a five-layer Cryptomeria
Jjaponica cross-laminated timber (CLT) (a) and mixed-species CLT (b).
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Fig. 6. Configuration of flat-type and T-type connectors for cross-laminated timber (CLT)

assemblies in the shear test.
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Fig. 7. Configuration of L-type connector of cross-laminated timber (CLT) assembly for the
shear test, including parallel to the wood grain (left) and perpendicular to the wood grain

(right) (units: mm).
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Table 2. Shear test matrix of cross-laminated timber (CLT) connections

. ) Connector . Screw diameter Screw
Condition Species Joint type
type (mm) number
JI-P-//-4@8-12" C. japonica Flat type Wall to wall o8 12
JI-T-//-08-12 C. japonica T type Wall to wall o8 12
JJ-A-//-26-18 C. japonica L type Wall to wall 06 18
JI-A-//-26-28 C. japonica L type Wall to wall 06 28
JI-A-//-08-12 C. japonica L type Wall to wall 08 12
JJ-A-//-08-18 C. japonica L type Wall to wall 08 18
JI-A- 1 -06-18 C. japonica L type Wall to floor 26 18
JI-A- 1 -06-28 C. japonica L type Wall to floor 26 28
JJ-A- 1 -08-12 C. japonica L type Wall to floor o8 12
JJ-A- 1 -08-18 C. japonica L type Wall to floor o8 18
PJ-A-//-06-18 Mixed species L type Wall to wall 06 18
PJ-A-//-06-28 Mixed species L type Wall to wall 06 28
PJ-A-//-08-12 Mixed species L type Wall to wall o8 12
PJ-A-//-08-18 Mixed species L type Wall to wall o8 18
PJ-A- 1 -06-18 Mixed species L type Wall to floor 06 18
PJ-A- 1. -06-28 Mixed species L type Wall to floor 06 28
PJ-A- 1 -08-12 Mixed species L type Wall to floor o8 12
PJ-A- 1 -08-18 Mixed species L type Wall to floor o8 18

Y11, Cryptomeria japonica CLT; PJ, mixed species CLT; P, flat-type; T, T-type; A, L-type; //, wall to wall; L,

wall to floor.

Pmax
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01|
] Pu 1
0.9 Pmax- \\
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Fig. 8. Estimation of structural characteristic factors of a joint.
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Table 3. Failure mode of cross-laminated timber (CLT) connections subjected to a shear test

(units: %)

CLT failure Self-tapping screw failure Connector failure
Connection Screw
Crushing Lamina ~ Failure Penetration Withdrawal Hole Plate large
type ) Split head ) ) . ~ Fracture
failure  shear mode 6 chear failure failure  deformation deformation

11-A-//-06-18" 100 0 100 100 100 100 100 100 100 0
JJ-A-//-06-28 100 66.67 100 100 100 100 100 100 100 0
JI-A-//-08-12 100 0 100 100 0 100 100 100 100 100
JJ-A-//-08-18 100 0 100 100 0 100 100 100 100 100
JJ-A- 1 -06-18 100 0 100 100 100 100 100 100 100 0
JJ-A- 1 -06-28 100 0 100 100 66.67 100 100 100 100 33.33
JI-A- 1 -08-12 100 0 100 100 0 100 100 100 100 100
JJ-A- 1 -08-18 100 0 100 100 0 100 100 100 100 100
1J-P-//-28-12 100 0 100 Mixed” 0 0 0 100 0 0
JI-T-//-08-12 100 0 100 Mixed 0 0 100 100 0 0
PJ-A-//-06-18 100 0 100 100 100 100 100 100 100 0
PJ-A-//-06-28 100 100 100 100 0 100 100 100 100 0
PJ-A-//-08-12 100 0 100 100 0 100 100 100 100 100
PJ-A-//-08-18 100 66.67 100 100 0 100 100 100 100 100
PJ-A- 1 -06-18 100 0 100 100 100 100 100 100 100 0
PJ-A- 1 -06-28 100 0 100 100 100 100 100 100 100 100
PJ-A-1-08-12 100 0 100 100 0 100 100 100 100 100
PJ-A-1-08-18 100 0 100 100 0 100 100 100 100 100

RN Cryptomeria japonica CLT; PJ, mixed species CLT; P, flat-type; T, T-type; A, L-type; //, wall to wall; L, wall to floor.

? May be classified as a mixture of failure modes III, IV, and 6.
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(c) Wood split along the wood

(f) Lamina shear failure.

Fig. 9. Demonstration of cross-laminated timber (CLT) failure at the CLT connection.
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(d) Mixed failure modes.

(b) Screw head penetration.
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(e) Screw head sheared off.
Fig. 10. Demonstration of failure modes of self-tapping screws at cross-laminated timber
(CLT) connections.
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(a) Screw hole enlarged.

(b) Connector shear fracture.

(c) Connector deformation.

Fig. 11. Demonstration of failure modes of aluminum connectors at the cross-laminated

timber (CLT) connection.
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Fig. 12. Shear load-displacement relationship of Cryptomeria japonica cross-laminated
timber (CLT) wall-to-wall connections subjected to shear tests.
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Fig. 13. Shear load-displacement relationship of Cryptomeria japonica cross-laminated
timber (CLT) wall-to-floor connections subjected to shear tests.

Table 4. Maximum shear capacity (P,,,) and maximum shear capacity displacement (3,,,,) in
structural performance of cross-laminated timber (CLT) connections subjected to shear tests

. P o (KN) )
Connection type
Max. Min. Average Max. Min. Average

JI-A-//-D6-18 58.60 55.12 56.68+£1.77 52.31 41.58 48.15£5.76
JI-A-//-D6-28 83.60 81.87 82.61+0.89 51.68 46.90 49.54+2.43
JI-A-//-D8-12 63.10 60.38 61.924+1.39 64.83 58.52 61.38+3.19
JI-A-//-08-18 85.21 78.81 82.79+3.48 65.33 55.21 59.36£5.30
JI-A- 1 -06-18 60.27 54.00 57.21+3.14 45.17 37.80 42.43+4.04
JI-A- 1 -06-28 89.83 86.27 87.82+1.82 59.58 51.78 55.11+4.02
JI-A- 1 -08-12 62.16 59.80 60.98+1.18 60.86 56.75 58.304+2.24
JI-A- 1 -08-18 85.81 82.54 83.97+1.67 66.35 57.65 62.64+4.49
1J-P-//-08-12 98.10 84.80 88.521+6.41 49.32 39.76 44.51+4.13
JI-T-//-8-12 97.87 89.30 93.60+3.61 42.59 32.75 36.84+4.59
PJ-A-//-06-18 63.67 57.09 60.94+3.43 46.62 40.05 43.51£3.30
PJ-A-//-06-28 81.76 79.12 80.65+1.37 42.43 36.74 39.95+2091
PJ-A-//-08-12 65.10 64.06 64.59+0.52 58.50 53.33 56.53+2.79
PJ-A-//-08-18 84.77 82.13 83.75+1.42 58.60 56.56 57.27+1.15
PJ-A- 1 -06-18 62.83 59.75 61.31+1.54 47.68 40.48 44.52+3.68
PJ-A- 1 -06-28 98.22 87.65 93.80+5.50 56.31 48.15 51.461+4.29
PJ-A- 1 -08-12 63.91 62.62 63.28+0.65 57.21 55.51 56.51+0.89
PJ-A- 1 -08-18 86.55 81.22 84.07+2.68 53.30 52.29 52.90+0.54

Note: Connection types are explained in the footnotes to Table 3.
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Table S. Shear yield capacity (P,) and shear yield capacity displacement (3,) in structural
performance of cross-laminated timber (CLT) connections subjected to shear tests

. P, (kN) d, (mm)
Connection type z z
Max. Min. Average Max. Min. Average

JI-A-//-96-18 28.00 26.44 27.40+0.84 12.62 10.76 11.85+0.97
JI-A-//-06-28 43.88 42.48 42.97+0.79 11.03 10.44 10.65+0.34
JI-A-//-08-12 28.02 25.51 27.04+1.34 14.82 13.13 14.04+0.85
JI-A-//-08-18 41.05 36.92 39.33£2.15 12.23 10.59 11.42+0.82
JI-A- 1 -06-18 28.29 26.58 27.58+£0.89 10.51 9.58 10.11+0.48
JI-A- 1 -06-28 45.59 44.20 44.76+0.73 15.02 13.07 14.03+0.98
JI-A- 1 -08-12 27.86 25.58 26.86+1.17 16.14 14.15 15.42+1.11
JI-A- 1 -08-18 41.04 37.51 39.39+1.78 16.63 13.30 15.11+1.69
JI-P-//-08-12 51.42 47.19 48.58+1.93 3.25 1.84 2.79+0.66
JJ-T-//-28-12 51.29 49.55 50.4440.76 10.94 7.56 897+1.44
PJ-A-//-06-18 33.72 30.68 32.38+1.55 12.59 10.69 11.64+0.95
PJ-A-//-06-28 45.35 41.13 43.71+2.26 11.88 10.47 11.31+0.74
PJ-A-//-08-12 30.13 30.02 30.07+0.06 14.44 12.48 13.58+1.00
PJ-A-//-08-18 42.96 39.34 41.40+1.86 11.56 9.28 10.62+1.19
PJ-A- 1 -06-18 33.62 31.70 3243+1.04 13.51 11.48 12.72+1.09
PJ-A- | -06-28 52.20 46.064 49.58+2.79 15.88 11.75 13.78£2.06
PJ-A- 1 -08-12 31.08 29.10 29.94+1.03 15.71 12.94 14.49+1.41
PJ-A- 1 -08-18 41.71 38.64 40.48+1.62 11.68 10.67 11.34+0.58

Note: Connection types are explained in the footnotes to Table 3.
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Table 6. Initial stiffness (K) and energy dissipation (E) in the structural performance of
cross-laminated timber (CLT) connections subjected to shear tests

Connection type K (<N mm’) £ (N-mm)

Max. Min. Average Max. Min. Average
1J-A-//-06-18 2.31 2.06 2.16%0.13 2722.32 2237.27 2517.93£251.36
1J-A-//-06-28 3.68 3.58 3.64£0.05 4337.51 3865.80 4128.08 £240.25
1J-A-//-28-12 1.88 1.77 1.84+0.06 3331.18 2961.32 3170.38 +189.60
JJ-A-//-D8-18 3.37 2.92 3.09+0.25 4371.46 3703.52 3931.01+381.51
JJ-A- 1 -06-18 2.72 237 2.53+0.18 2748.95 2264.80 2507.46+242.08
JJ-A- 1 -06-28 3.15 2.86 2.98+0.15 4836.71 4193.55 4485.77+325.58
JJ-A- 1 -08-12 1.85 1.55 1.69+0.15 2894.25 2745.95 2836.88+79.64
JJ-A- 1 -08-18 2.63 2.26 2.444+0.19 4692.31 3598.14 4144.11£547.09
JJ-P-//-08-12 14.22 9.93 11.28£2.01 4643.04 3926.17 4221.73£324.99
JJ-T-//-08-12 5.95 4.41 5.24+0.64 4363.06 3325.74 3806.25+515.48
PJ-A-//-06-18 2.87 2.31 2.62+0.28 2517.11 1872.46 2178.94+323.49
PJ-A-//-06-28 3.67 3.60 3.63+0.04 3403.52 3282.99 3357.90+65.39
PJ-A-//-28-12 2.22 1.96 2.07%0.14 3062.60 2835.45 2914.51+128.35
PJ-A-//-08-18 3.57 331 3.42+0.13 4061.69 3874.94 3945.56+101.35
PJ-A- 1 -06-18 2.62 2.32 2.44+0.16 2584.43 2125.83 2352.08+£229.36
PJ-A- 1 -06-28 3.70 3.13 3.42+0.29 4599.22 4066.73 4331.63£266.26
PJ-A- 1 -08-12 2.09 1.89 1.96 £0.11 2967.10 2777.60 2865.11495.58
PJ-A-_1-08-18 3.48 3.01 3.244+0.23 3834.77 3519.35 3654.63+162.43

Note: Connection types are explained in the footnotes to Table 3.
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Table 7. Ultimate shear capacity (P,) and ultimate shear yield displacement (3,) in the
structural performance of cross-laminated timber (CLT) connections subjected to shear

tests
Connection type P, (k) 5, (mm)
Max. Min. Average Max. Min. Average

JJ-A-//-D6-18 52.54 48.82 50.73+1.86 25.55 21.16 23.57+£2.22
JI-A-//-096-28 75.51 72.31 74.38+1.79 21.06 19.67 20.44+0.70
JI-A-//-08-12 54.93 52.77 53.98+1.10 30.58 28.02 29.39+1.29
JI-A-//-08-18 74.79 69.33 72.60+2.88 25.09 21.83 23.55+1.64
JI-A- 1 -06-18 53.60 49.23 51.62+2.21 20.91 19.72 20.47+0.65
JI-A- 1 -06-28 81.94 77.94 79.80+2.01 28.02 24.73 26.84+1.83
JI-A- 1 -08-12 54.53 52.31 53.57+1.14 33.78 29.52 31.88+2.16
JI-A- 1 -08-18 76.55 71.92 74.55+2.38 33.27 27.34 30.64£3.02
1J-P-//-08-12 84.16 74.80 77.42+4.50 7.59 592 6.961+0.78
JI-T-//-08-12 88.96 81.62 85.02+3.10 20.17 14.08 16.45+2.61
PJ-A-//-06-18 57.51 52.16 55.33+2.81 22.54 19.65 21.21+1.46
PJ-A-//-06-28 75.67 72.82 74.06+1.46 20.88 19.83 20.40+0.53
PJ-A-//-08-12 56.68 56.31 56.47+0.19 28.95 25.38 27.31%1.80
PJ-A-//-08-18 74.99 71.69 73.61+£1.71 22.64 20.08 21.53+1.31
PJ-A- 1 -06-18 57.42 54.97 56.29+1.23 24.35 21.01 23.12+1.84
PJ-A- | -06-28 90.07 81.11 85.76+4.49 28.78 21.89 25.29+3.44
PJ-A- 1 -08-12 57.03 54.99 56.21+1.07 30.22 26.33 28.79+2.14
PJ-A- 1 -08-18 76.81 71.42 74.06+2.70 23.72 22.10 2291+0.81

Note: Connection types are explained in the footnotes to Table 3.
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Table 8. Ductility factor (n) and structural characteristics factor (D,) in structural
performance of cross-laminated timber (CLT) connections subjected to double-shear tests

Connection type H D,
Max. Min. Average Max. Min. Average

JJ-A-//-06-18 2.67 2.53 2.61+0.07 0.50 0.48 0.49+0.01
JJ-A-//-06-28 324 3.19 3.21%£0.02 043 043 0.43£0.00
JJ-A-//-08-12 2.68 2.29 2.50%£0.20 0.53 0.48 0.50%0.03
JJ-A-//-08-18 2.83 2.75 2.80+0.04 0.47 0.46 0.47£0.00
JJ-A- 1 -06-18 3.10 2.72 2.87%+0.20 0.48 0.44 0.46£0.02
JJ-A- 1 -06-28 2.80 2.40 2.60+0.20 0.51 0.47 0.49£0.02
JJ-A-1-08-12 2.28 2.08 2.17£0.11 0.56 0.53 0.55+0.02
JJ-A- 1 -08-18 2.46 2.16 2.31%0.15 0.55 0.51 0.53+0.02
1J-P-//-28-12 9.82 7.41 8.41+1.02 0.27 0.23 0.25+0.02
JJ-T-//-28-12 3.69 2.80 3.25+0.38 0.47 0.40 0.43£0.03
PJ-A-//-06-18 2.54 2.19 2.35%£0.18 0.54 0.49 0.52£0.02
PJ-A-//-06-28 2.86 2.58 2.73£0.14 0.49 0.46 0.47£0.02
PJ-A-//-28-12 2.48 2.33 2.3940.08 0.52 0.50 0.51%0.01
PJ-A-//-08-18 3.19 2.80 3.00£0.20 0.47 0.43 0.45+0.02
PJ-A- 1 -06-18 2.38 2.21 2.314+0.09 0.54 0.52 0.53£0.01
PJ-A-1 -06-28 2.94 227 2.53+0.36 0.53 0.45 0.50+0.04
PJ-A- 1 -08-12 2.55 2.11 2.284+0.23 0.56 0.49 0.53£0.03
PJ-A- 1 -08-18 2.76 2.58 2.66+0.09 0.49 0.47 0.48£0.01

Note: Connection types are explained in the footnotes to Table 3.

100 -

80 - )
~ f‘_‘ G
£ 01 & : e
5 40 2 + H
ps 1 o 2
20 - N & >

)
L type Flat type T type

Fig. 14. Comparison of maximum shear
capacities of cross-laminated timber
(CLT) connections among aluminum alloy
connector types.
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Fig. 15. Comparison of shear yield
capacities of cross-laminated timber
(CLT) connections among aluminum alloy
connector types.
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Fig. 16. Comparison of initial stiffness of
cross-laminated timber (CLT) connections
among aluminum alloy connector types.
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Fig. 17. Comparison of maximum shear capacities of both Cryptomeria japonica cross-
laminated timber (CLT) and mixed-species CLT connections with different numbers of self-
tapping screws.

601 12 screws 18 screws @ 28 screws
50
40 — — ] ]
z
< 30
e
(=9}
o | = 2 = o sy
i S E < oN | & & & T 2
207 [F|2 =& % % S|2 a|< b8 I
—| N —— = =) S| — —— — —
104 |F+ Hl H 1 Hl+H | H + +
N [ele]
=4 P g% N “ S 3|2 m ¢
BN ' ~ = S| = ' ol
o181 ISIEA N o~ AT 2l o o

08 108 J--06  1-1-06  PI/-08 PI-L-@8 PI-/-06 PI-1-06
Fig. 18. Comparison of shear yield capacities of both Cryptomeria japonica cross-laminated
timber (CLT) and mixed-species CLT connections with different numbers of self-tapping
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Fig. 19. Comparison of the initial stiffness of both Cryptomeria japonica cross-laminated
timber (CLT) and mixed-species CLT connections with different numbers of self-tapping

SCrews.
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Fig. 20. Comparison of the maximum shear capacities of cross-laminated timber (CLT)
connections between 6- and 8-mm self-tapping screw fasteners.
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Fig. 21. Comparison of the shear yield capacities of cross-laminated timber (CLT)
connections between 6- and 8-mm self-tapping screw fasteners.
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Table 9. Tukey’s multiple comparison of energy dissipation among cross-laminated timber

(CLT) connection types

Connection type

Energy dissipation (kN-mm) Statistics

JJ-A- 1 -06-28” 4485.77+325.58
PJ-A- | -06-28 4331.63+266.26
JJ-P-//-8-12 4221.73+324.99
JJ-A-1 -08-18 4144.11+547.09
JJ-A-//-406-28 4128.08 £240.25
PJ-A-//-08-18 3945.56+101.35
JJ-A-//-08-18 3931.01+381.51
JI-T-//-08-12 3806.25+515.48
PJ-A- 1 -08-18 3654.63 +162.43
PJ-A-//-06-28 3357.90+65.39

JJ-A-//-08-12 3170.38+189.60
PJ-A-//-@8-12 2914.51+128.35
PJ-A- 1 -@8-12 2865.11+95.58

JJ-A-1 -08-12 2836.88+79.64

JJ-A-//-06-18 2517.934+251.36
JJ-A- 1 -06-18 2507.46+242.08
PJ-A- 1 -06-18 2352.08+229.36
PJ-A-//-06-18 2178.94+323.49

" English letters indicate results of Tukey’s multiple comparison at a significant level of p < 0.05,A>B>C>D

>E>F>G>H.

* JJ, Japanese cedar CLT; PJ, mixed species CLT; A, L-type angle bracket; P, plate-type connector; T, T-type

connector; |, loading perpendicular to the wood grain; //, loading parallel to the wood grain.
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Table 10. Tukey’s multiple comparison of
ductility factor among cross-laminated
timber (CLT) connection types

Connection type Ductility factor Statistics
JJ-P-//-08-12 8.414+1.02 A
JJ-T-//-08-12 3.25+0.38 B
JJ-A-//-06-28 3.21£0.02 B
PJ-A-//-28-18 3.00£0.20 BC
JJ-A- 1 -06-18 2.87+0.20 BC
JJ-A-//-08-18 2.80+0.04 BC
PJ-A-//-06-28 2.73+0.14 BC
PJ-A- 1 -08-18 2.66£0.09 BC
JJ-A-//-06-18 2.61£0.07 BC
JJ-A- 1 -06-28 2.60+0.20 BC
PJ-A- 1 -06-28 2.53+0.36 BC
JJ-A-//-08-12 2.50+0.20 BC
PJ-A-//-08-12 2.394+0.08 BC
PJ-A-//-06-18 2.35+0.18 BC
JJ-A- 1 -08-18 2.31x0.15 BC
PJ-A- 1 -06-18 2.31+0.09 BC
PJ-A- 1 -08-12 2.28+0.23 BC
JJ-A-1-08-12 2.17£0.11 C

" English letters indicate results of Tukey’s multiple
comparison at a significant level of p < 0.05: A >
B>C.

? JJ, Japanese cedar CLT; PJ, mixed-species CLT;
A, L-type angle bracket; P, plate-type connector; T,
T-type connector; |, loading perpendicular to the
wood grain; //, loading parallel to the wood grain.
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