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Appendix 1: Results of numerical approach of inverse force displacement curves of

tubular fasteners
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Figure 1: Numerical estimation of inverse of force-displacement curve for 18 mm tubes
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Figure 2: Numerical estimation of inverse of force-displacement curve for 35 mm tubes
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Appendix 2: Results of analytical approach of connection with occurrence of gap
closure due to bending moment
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Figure 3: Moment capacity of connection with four tubes and an edge distance of 3.5 d; b=h; d=18mm;
t=12mm; =0,8.
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Figure 4: x, at maximum capacity of connection with four tubes and an edge distance of 3.5 d; b=h; d=18mm;
t=12mm; p=0,8.
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Figure 5: Moment capacity of connection with four tubes and an edge distance of 3.5 d; b=h; d=35mm;
t=12mm; $=0,8.
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Figure 6: x, at maximum capacity of connection with four tubes and an edge distance of 3.5 d; b=h; d=35mm;
t=12mm; B=0,8.
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Appendix 3: Benchmark C3D8R

The 8-node element C3D8R is able to describe normal and shear strain accurately. To gain insight of
the ability to describe bending strain, a benchmark is made. Figure 7 illustrates the shape and
boundary conditions of the model. Length, height and depth are respectively 150mm, 5mm and
2.5mm. The results are compared to the solution of equation 1.

3
5 P
EI

Figure 7: Benchmark model

First the results with fully integrated 8-node and 20-node elements are compared.

Element Number of elements (Height x Length)
1x6 2x12 4x12 8 x 24

C3D8 0,077 0,248 0,243 0,563
C3D20 0,994 1,000 1,000 1,000

Table 1: Displacement by Abaqus divided by displacements according to equation 1

From Table 1 it can be concluded that the C3D8 element acts too stiff to accurately describe the
deformation. The 20-node element describes the deformation accurately regardless to the number
of elements. The 20-node element requires more calculation time than the 8-node element, which is
problematic when used in models with a large amount of elements.

4 3 4 7 3
x

x 3 x 4 x 7

8® x4 x5 x606

Figure 8: 4-node (2D) and 8-node (2D) elements and their integration points
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Secondly elements with reduced integration are tested. With reduced integration the number of
integration points per element is reduced, resulting in less required calculations. The ideal location of
these Gauss-integration points often leads to more accurate results.

Element Number of elements (Height x Length)
1x6 2x12 4x12 8x24
C3D8R 70,1 1,323 1,063 1,015
C3D20R 0,999 1,000 1,000 1,000

Figure 9 : Displacement by Abaqus divided by displacements according to equation 1

From Figure 9 it appears the 8-node elements tend to behave too flexible when reduced integration
is implemented. An 8 node element has only one integration point and therefore only one strain (or
stress) output value. The 2-dimensional 4-node element of Figure 10 represents similar problems.
The length of the dotted lines in Figure 10 will not change due to pure bending moment in the
elements. This results in zero strain values, zero stress values and zero energy. This specific behavior
due to zero energy modes which can occur in 4-node 2D elements and 8-node 3D elements is called
hourglassing.

4 3 4 7 3
Kj, K_‘

x 1 8e T6
*; *3

- L

Figure 10: 4-node (2D) and 8-node (2D) elements and their Gauss-integration points

Enhanced hourglass control in Abaqus/CAE can be used to solve this particular problem. An
additional stiffness based on the pure stiffness method is implemented to gain reliable results.

Element Number of elements (Height x Length)
1x6 2x12 4x12 8x24
C3D8R 0.992 1.000 1.000 1.000

Figure 11 : Displacement by Abaqus divided by displacements according to equation 1

The accuracy of the 8-node element, C3D8R, with enhanced hourglass control is comparable to the
accuracy the 20-node element. A significant advantage of the 8-node element is the low costs (or
calculation time).
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Appendix 4: Determination of l.y for simplified strain calculation

A simple finite element model is made to determine the value of l.¢ that can be in the simplified
strain calculation discussed in paragraph 7.1.2 of the report. Hook’s law is used, but instead of using
the full length of the beam (l), l.¢ is used to compensate the fact that the beam is not compressed
homogeneously by gap closure. Equation 2 is implemented for the strain calculations. leg is -
determined in this appendix by numerical analyses.

Figure 12 shows the geometry of the finite element model. A rigid surface with height h is
introducing the compressive force in the timber and dvw member. As shown in Figure 12 one side of
the rigid surface is moved for a distance equal to Al. The beam length in the model is taken 10 times
the beam height. The input variable of the finite element analyses is Al and the strain € output is used
to determine lgg.

c Al
= 2
leff
Y
Timber member and
glued dvw sheet
=
Rigid body
£ \
— —>

AL

Figure 12: FEM model for determining l 4
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Figure 13: Strain in dvw and timber (back) with h./h= 0.2 and Al=2.3911E-04 mm
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Figure 14: Strain in timber with h,/h= 0.2 and Al=2.3911E-04 mm

The effective length corresponding to the strain values given in Figure 13 and Figure 14 can be

determined with;

Al

Ede = l
eff .dvw

239117

o= =183.4mm=0.61h
At 1.304-107°

Al

timber
eff timber

9. -
_ 2O s dmm=0.85h

A 9.326-107
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Figure 15: Strain dvw and timber (back) with h./h= 0.3 and Al=1.4980E-04 mm
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Figure 16: Strain timber with h./h=0.3 and Al=1.4980E-04 mm

The effective length corresponding to the strain values given in Figure 15 and Figure 16 can be
determined with;

Al

de_l

eff ;dvw
_1.4980-107

= T —9200.3mm=0.67h
Fidw 7478107

. A
timber leﬂ— Jimber
1.4980-10"

dimpey = ——————=2606.3mm =0.89h
eff stimber 5625 ] 10_7
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Figure 17: Strain dvw and timber (back) with h./h= 0.5 and Al=5.7500E-04 mm
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Figure 18: Strain timber with h/h= 0.5 and Al=5.7500E-04 mm

The effective length corresponding to the strain values given in Figure 17 and Figure 18 can be
determined with;

Al

dvw l
eff ;dvw

575007

g =————=237.0mm =0.79h
A 2.426-107°

Al

Ede = l
eff idvw

575007

g = ——————==255.1mm =0.85h
A 2.254.107

Figure 19 shows that the effective length is approximately constant for the different values of h. that
are implemented in this analysis.
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Figure 19: |4 for different values of h./h
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Appendix 5: Benchmark for cohesive elements

Cohesive elements are used to simulate delamination in finite element analyses. To monitor the
reliability of the simulation, benchmarks are compared to the results of studies made by Per Johan
Gustafsson and Erik Serrano [5]. To control the accuracy of cohesive elements the creep dissipation
due to viscous damping should be a fraction of the total internal energy. An analysis with creep
dissipation less than three percent of the internal energy is defined accurate for this study.

The set-up of Figure 21 is modeled in Abaqus. The glue length L is taken 400 mm and the height of
the glued surface is taken 150 mm (similar to the analyses of Gustafsson and Serrano and the
experiments of Glos and Horstman). Table 2 shows the results of the benchmark (FEA Brandon). The
results are comparable with the results of Gustafsson and Serrano.

Figure 23 shows the determined bond line capacity for different load to grain angles. The grain angle
of the middle beam of Figure 21 is herewith adapted. From the results it can be concluded that the
results of the analyses discussed in this appendix (FEM Brandon) mainly coincide with the FEA results
of Gustafsson and Serrano and the experimental results of Glos and Horstman.

L 50 L 20, 80
V4 7

7 7 7

4—_‘—

plane of symmetry
‘_

Figure 20: Geometry of finite element model; L = 400 mm [5]

.30 ,, 90 30 ,

Adhesive type R/P Epoxi PVAC

Fracture energy (J/m2) 800 1400 1600
Gustafsson and Serrano (kN) 167 214 230
FEA Brandon (kN) 175 232 250
Deviation (%) 4.8 7.8 7.9

Table 2: Comparison of results of two finite element analyses; L = 400 mm
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Figure 21: Total creep dissipation due to viscous damping divided by total internal energy
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Figure 22: Force-displacement curve of benchmark
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Figure 23: Force versus angle to grain direction referred to previously published results [5]
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Appendix 6: Analyses of tube deformation without internal steel plate 35 mm tube

tube diameter {d) 35 mm

displacement at step time = 1.0 (6,0)| 18 mm

edge/end distance 3.5d
timber thickness {timber) 55 mm
dvw thickness (tgw) 18 mm
120 i T
] - 2l
N Y O O O
100 HHHHHAHAEH =
80 T |
—_ 1 1 s FEA without steel
< I :
x N AL l : plate
§ 60 7 AW - _ il A 0 Y == FEA with steel plate
5 7 O O 0
s W ol I 5 5 O G I I L
40 +H—- T Results Leijten
2 e O 0 5 I 1 A Results Monné
20 e . i ,,‘ I [ ] S = e
1‘:2 ‘ I |
1 1
0

0 2 4 6 8 10 12 14 16 18

Displacement (mm)

Figure 24: Tube force per shear plane versus displacement of different analyses and published test results
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ODB: report-bestaand-35mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 14:59:08 West-Europa (zomertijd) 2011
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¥—X Increment 1: Step Time = 2.5000E-03
! Primary Var: S, Mises
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Figure 25: von Mises stress; step time = 0.0025
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Figure 26: von Mises stress; step time = 0.0544
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Figure 27: von Mises stress; step time = 0.1897
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+3.095e-02

ODB: report-bestaand-35mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 14:59:08 West-Europa (zomertijd) 2011

Step: Last
T—X Increment  13: Step Time = 0.6462
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e +00

Figure 28: von Mises stress; step time = 0.6462

5, Mises
(Avg: 75%)
+6.351e+02
+5.822e+02
+5.293e+02
+4,764e+02
+4.234e+02
+3.705e+02
- +3.176e+02
- +2.647e+02
+2.117e+02
+1.588e+02
+1.059e+02
+5.296e+01
+3.691e-02

ODB: report-bestaand-35mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 14:59:08 West-Europa (zomertijd) 2011

Step: Last
T— X Increment  25: Step Time =  1.000
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 29: von Mises stress; step time = 1.0000
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Appendix 7: Analyses of tube deformation with internal steel plate and 35 mm tube

tube diameter (d) 35 mm
displacement at step time = 1.0 (610} 18 mm
edge/end distance 3.5d
timber thickness (timber) 55 mm
dvw thickness (tow) 18 mm
adhesive PU
bond line thickness 0.2 mm
120 771 ) B A 5
i I T S 0 O O ) 5 1
=41 B B B S
|
80 I T T
_ 1 - == FEA without steel
z ] // - - plate
] 60 1 . f" ] A I G ! w=FEA with steel plate
s / 5
e 1 = 111 11 ]
40 - 0l 0 e 0 s Results Leijten
i 6 Results Monné
20 —f—
11
i ! p—t
o 1
0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Figure 30: Tube force per shear plane versus displacement of different analyses and published test results [1]

3]
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Appendix 7 A: Von Mises tube stresses

S, Mises

(Avg: 75%)
+4,197e+01
+3.847e+01

= +3.497e+01

= +3.148e+01

=i +2.798e+01
+2.448e+01
+2.099¢+01
+1.749e+01

+1.912e-03

0DB: report-model-2-cohesive.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 13:19:04 West-Europa (zomertijd) 2011

Step: Last
X Increment 1: Step Time = 2.5000E-03
Y_ Primary Var: S, Miscs
4 Deformed var: U Deformation Scale Factor: + 1.000e +00

Figure 31: von Mises stress; step time = 0.0025

S, Mises

(Avg: 75%)
+3.418e+02
+3.133e+02
+2.848e+02

+1.994e+02
+1.709e+02
A24e+02
«139e+02
8.546¢+01
5.698e+01
+2.850e+01
+1.867e-02

++ 4+

ODB: report-model-2-cohesive.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 13:19:04 West-Europa (zomertijd) 2011

Step: Last
‘1’—x Increment  7: Step Time = 5.4453E-02
Primary Var: S, Mises
z Deformed var: U Deformation Scale Factor: +1.000e+00

Figure 32: von Mises stress; step time = 0.0544
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S, Mises

(Avg: 75%)
+4.045e+02
+3.708e+02
+3.371e+02
+3.034e+02
+2,696e+02
+2.359e+02
+2.022e+02
+1,685e+02
+1,348e+02
+1.011e+02
+6.743e+01
+3.373e+01
+2.,406e-02

CED

ODB: report-model-2-cohesive.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 13:19:04 West-Europa (zomertijd) 2011

Step: Last
Y—x Increment  10: Step Time = 0.1897
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 33: von Mises stress; step time = 0.1897

S, Mises

(Avg: 75%)
+5.275e+
¥ .8?‘ e+

2
€ 2
+3.956e+02
& e+02
+3.077e+02
+2,637e+02
+2,198e+02
+1,758e+02
+1.319e+02
+8.793e+01
+4.398e+01
+2.839e-02

il ]
+
W
n
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ODB: report-model-2-cohesive,odb Abaqus/Standard Version 6.8-2 Fri Apr 01 13:19:04 West-Europa (zomertijd) 2011

Step: Last
¥—X Increment  15: Step Time = 0.6703
é Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 34: von Mises stress; step time = 0.6462

S, Mises
(Avg: 75%)
+6.234e+02

+3.316e-02

ODB: report-model-2-cohesive.odb Abaqus/Standard Version 6.8-2 Fri Apr O1 13:19:04 West-Europa (zomertijd) 2011

Step: Last
Y——x Increment 21: Step Time = 1.000
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e +00

Figure 35: von Mises stress; step time = 1.0000
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Appendix 7 B: Shear stress parallel to grain in bond line

S, S13

{Avg: 75%)
+1.050e+01
+8.750e+00
+7.000e+00
+5.250e+00
+3.500e+00
+1.750e+00
+0,000e+00
-1.750e+00
-3.500e+400
-5.250e+400
-7.000e+00
-§.750e+00
-1.050e+01

Step time: 0.1256 “Step time: 0.0.3819
Diptacement: 2.2608mm Diplacement: 6.8742mm

Step time: 0.8625 Step time: 1.0000
Diplacement: 7.7625mm Diplacement: 9mm

I e —
0.000025 |
0.00002
0.000015
0.00001

ALLCD/ALLIE

0.000005

0 0.2 0.4 0.6 0.8 1

Step Time

Figure 36: Energy due to creep dissipation divided by total internal energy through time
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Appendix 8:Analyses of tube deformation without internal steel plate 18 mm tube

tube diameter (d) 18 mm

displacement at step time = 1.0 (6,0} [ 9 mm

edge/end distance 3.5d
timber thickness (tymber) 55 mm
dvw thickness (taw) 12 mm
120 T 1T I
0 A
| | | {1
100 ] .
N Y S O —_ o
1 G i o Bt o o /,
== 44,,.,,,,_?97‘3_;‘, ,
LV 0 ™ e I O
| /*‘_.':—"tr T

., B

] | 1
} { ! i l | S | !
/ CEE | =FE analyses
o LB

Leijten's results

Force (kN)

R

0 2 4 6 8 10 12 14 16 18

Displacement (mm})

Figure 37: Tube force per shear plane versus displacement of FEA and published test results [1]

S, Mises
(Avg: 75%)
+2.237e+01
+2,051e+01
+1.864e+01
== +1,678e+01
— +1.492e+01
+1.305e+01
+1.119e+01
+9.323e+00
+7.458e+00
+5.594e+00
+3.730e+00
+1.866e+00
+1.301e-03

QODB: report-bestaand.odb Abaqus/Standard Version 6.8-2 Thu Mar 31 17:46:34 West-Europa (zomertijd) 2011

Step: Last

Increment 1: Step Time = 2.5000E-03

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: + 1.000e+00

]

Figure 38: von Mises stress; step time = 0.0025
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(Avg: 75%)
+3.02%e+02
+2,777e+02
+2.524e+02
+2.272e+02
+2.020e+02
+1.767e+02
+1.515e+02
+1,262e+02
+1.010e+02
+7.575e+01
+5.051e+01
+2.526e+01
+2.,022e-02
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ODB: report-bestaand.odb Abaqus/Standard Version 6.8-2 Thu Mar 31 17:46:34 West-Europa (zomertijd) 2011

Step: Last
Y—X Increment 7: Step Time = 5.4453E-02
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e +00

Figure 39: von Mises stress; step time = 0.0544

S, Mises

(Avg: 75%)
+4,397e+02
+4.031e+02
+3.664e+02
+3.298e+02
+2.931e+02
+2.565e+02
+2.199e+02
+1.832e+02
+1.466e+02
+1.100e +02
+7.332e+01
+3.668e+01
+4,083e-02

ODB: report-bestaand.odb Abaqus/Standard Version 6.8-2 Thu Mar 31 17:46:34 West-Europa (zomertijd) 2011

Step: Last
Y—X Increment 11: Step Time = 0.2858
Primary Var: S, Mises
£ Deformed Var: U Deformation Scale Factor: +1.,000e+00

Figure 40: von Mises stress; step time = 0.2858
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S, Mises

(Avg: 75%)
+4.913e+02
+4.504e+02
+4.094¢e+02
+3.685e+02
+3,275e+02
+2.866e+02
+2,457e+02
+2.047e+02
+1.638e+02
+1.229e+02
+8.192e+01
+4.098e+01
+4.726e-02
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ODB: report-bestaand.odb Abaqus/Standard Version 6.8-2 Thu Mar 31 17:46:34 West-Europa (zomertijd) 2011

Step: Last
‘T—X Increment 13: Step Time = 0.6462
Primary Var: S, Mises

z Deformed Var: U

Deformation Scale Factor: +1.000e +00

Figure 41: von Mises stress; step time = 0.6462

5, Mises

(Avg: 75%)
+5.240e+02
+4.803e+02
+4.367e+02
+3.930e+02
+3.494e+02
+3.057e+02
+2.620e+02
+2.184e+02
+1.747e+02
+1.310e+02
+8.737e+01
+4.371e+01
+4.831e-02

ODB: report-bestaand.odb Abaqus/Standard Version 6.8-2 Thu Mar 31 17:46:34 West-Europa (zomertijd) 2011

Step!: Last
X Increment 30: Step Time = 1,000
Primary Var: S, Mises

z Deformed Var: U

Deformation Scale Factor: +1.000e+00

Figure 42: von Mises stress; step time = 1.0000
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Appendix 9: Analyses of tube deformation with internal steel plate and 18mm tube

tube diameter (d) 18 mm

displacement at step time = 1.0 (6,0)| 9 mm
edge/end distance 3.5d

timber thickness (tymper) 55 mm

dvw thickness (taw) 12 mm
adhesive PU

bond line thickness 0.2 mm

= Results Leijten

Force (kN)

w=== FEA with steel plate

w—— Results Monné

Displacement (mm)

Figure 43: Tube force per shear plane versus displacement of FEA and published test results [1] [3]
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Appendix 9 A: Von Mises tube stresses

S, Mises

(Avg: 75%)
+6.002e+01 =
+5.501e+01

- +2.573e-03

ODB: report-model-2-cohesive-18mm.odb  Abaqus/Standard Version 6.8-2 Fri Apr 01 00:52:41 West-Europa (zomertjd) 2011

Step: Last
—X Increment 1: Step Time = 2.5000E-03
T Primary Var: 5, Mises
z Delformed Var: U Delormation Scale Factor: +1.000e +00

Figure 44: von Mises stress; step time = 0.0025

5, Mises
(Avg: 75%)

+3/001e+02
+2,701e+02

+2.723e-02

ODB: report-model-2-cohesive-18mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 00:52:41 West-Europa (zomertijd) 2011

Step: Last
X Increment, 7: Step Time = 5.4453E-02
1_ Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 45: von Mises stress; step time = 0.0544

S, Mises
(Avg: 75%)
+4.633e+02 2

+3.864e+01
+4.116e-02

0OD8: report-model-2-cohesive-18mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 00:52:4} West-Europa (zomertijd) 2011

Step: Last
1—)( Increment 11: Step Time = 0.2858
Primary Var: 5, Mises
4 Deformed Var: U Deformation Scale Factor: + 1.000e+00

Figure 46: von Mises stress; step time = 0.2858
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§, Mises
(Avg: 75%)
+5.385e+02 =
+4,937e+02
02

+4.787e-02

ODB: report-model-2-cohesive- 18mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 00:52:41 West-Europa (zomertijd) 2011

Step: Last
¥ Increment  13: Step Time = 0.6462
T Primary Var: S, Mises
Deformed Var: U Detormation Scale Factor: +1.000e+00

Figure 47: von Mises stress; step time = 0.6462

8§, Mises
(Avg: 75%)
+5.951e+02 a

+2.480e+02
+1.984e+02
+1.488e+02
+9.923e+01
- +4.964e+01
+5.3;

OD8: report-model-2-cohesive- 18mm.odb Abaqus/Standard Version 6.8-2 Fri Apr 01 00:52:4) West-Furopa (zomertjd) 2011

Step: Last
T—x Increment  15: Step Time = 1.000
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: + 1.000e+00

Figure 48: von Mises stress; step time = 1.0000
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Appendix 9 B: Shear stress in bond line near tube

S, 513
(Avg: 75%)

+1.050e+01
+8,750e+00
+7.000e+00
+5.,250e+00
+3.500e+00
+1.750e+00
+0.000e+00
-1.750e+00
-3.500e+00
-5.250e+00
-7.000e+00
-8.750e+00
-1.050e+01

Step time: 0.1256
Diplacement: 1.1304mm

Step time: 0.4300
Diplacement: 3.87mm

Step time: 0.8625
Diplacement: 7.7625mm

Step time: 1.0000
Diplacement: 9mm
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Appendix 10: Applied tube parameters for global models and corresponding results

S, Mises

(Avg: 75%)
+2.787e+03
+2.555e¢+03
+2.322e+03
+2.090e+03
+1.858e+03
+1.626e+03
+1,393e+03
+1.161e+03
+9.290e+02

+4.131e-02

Figure 49: von Mises stresses in the deformed tube for global models

A0 = |
1 — i e — tube diameter (mm) 18
SE=—r
30 + T - length (mm) 120
s 3 % modulus of elasticity (N/mm?) 1100000
: A
§ 20 [ T : = 1 wwwResults Leijten . 2 - .
s , l : = S5 N yield stress (N/mm°) plastic strain (-)
I } e FEA global model 1300 0
10 = =
i | : | 1700 0.005
5 o e i o 2t
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Figure 50: Force displacement curve fitted on experimental results and corresponding material properties

tube diameter {mm) 35
g length (mm) 200
: e L modulus of elasticity (N/mm?) | 1100000
L R esults Monné
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4 1400 0.005
0 6 12 18
3 2250 0.05
Displacement (mm)
= . 4500 0.6

Figure 51: Force displacement curve fitted on experimental results and corresponding material properties
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Appendix 11: Benchmark for determining suitable size of cohesive elements

This benchmark is performed to determine the suitability of different cohesive element sizes. Figure
52 shows the finite element model used for this benchmark. The dvw plate (thin member) is
translated 3.5 mm into the negative x-direction. The timber end (right side) is fixed in the x-direction.

Results of different cohesive element sizes of 5 mm, 10 mm and 15 mm are studied. In all three

analyses the element size of the adherents is exactly double the element size of the cohesive

elements. Figure 53 shows that the results are practically similar for the different element sizes.
Figure 54 shows that the energy due to creep dissipation ALLCD exceeds 4% of the total internal
energy ALLIE, indicating that these analyses are not reliable from that point. However the shear
capacity is already reached when the calculation becomes unreliable. The results of the bond line

capacity are therefore reliable.

width of glued surface (mm) 245
height of glued surface (mm) 30
adhesive type PU
glue thickness 0.2

Table 3: Properties of finite element model

; =1
A O i

S, 811
(Avg: 75%)
+3.942e-01
+3.611e-01
+3.280e-01
+2.948e-01
—1 +2.617e-01
- +2.286e-01
+1.954e-01
+1.623e-01
+1.292e-01
+9.607e-02
+6.294e-02
+2.982e-02
-3.311e-03

Y

vy

s, 813
(Avg: 75%)
-1.107e-02
-1.802e-02
-2.497e-02
-3.192e-02
-3.887e-02
-4.582e-02
-5.277e-02
-5.972e-02
-6.667a-02
-7.362e-02
-8.057e-02
-8.752e-02
-9.447e-02

Figure 52: Parallel to grain stress and shear stress parallel to grain in bond line; coh. element size = 5mm;

step time = 0.0025
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Figure 53: Force displacement curve of benchmark with different cohesive element sizes
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Cohesive element size
Smm

e Cohesive element size
10mm

—g— Cohesive element size
15Smm

Displacement {mm)

Cohesive element size
5mm

—ge Cohesive element size
10 mm

== Cohesive element size
15mm

Displacement (mm)

Figure 54: ALLCD/ALLIE of benchmark with different cohesive element sizes
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Appendix 12: Photo report of glue process

Figure 55: Measurement of adherent thickness before gluing

Figure 56: timber member with distance sheets near drill holes

Page | 36



Studies of a redesigned timber connection

) 7Apendices

Figure 57: preparation for gluing

Figure 58: Surface glued by using a comb.
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Figure 59: Screws as clamps

Figure 60: measurement of member thickness after gluing
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Figure 61: Separation of adherents

Figure 62: Separated adherents after four hours of drying time; 100% of surface is glued
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Appendix 13: Photo report of tube assembly

Figure 63 (left): Tube placed over rod that is placed in mold, tempex placed as support

Figure 64 (right): Tape the lower ring to prevent it from falling on the mold

Figure 65 (left): Placement of members to connect on top of the tempex

Figure 66 (right): Placement of upper steel ring
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Figure 67 (left): Placement of upper mold

Figure 68 (right): Placement of upper mold base

Figure 69 (left): Expanding of the tube

Figure 70 (right): Deformed tube end
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Appendix 14: Photo report of tube assembly with portable hydraulic jack

Figure 71: Placement of the tube and upper ring

Figure 72: Placement of lower ring
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Figure 73: Placement of upper mold and (high capacity) threated rod and nut

Figure 74: Placement of foam as distance holder
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Figure 75: Placement of lower mold and nut

L
= B
ol
o] =

Figure 76: Placement portable hydraulic jack
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Figure 77: Placement of nut for fastening the rod to the hydraulic jack

Figure 78: Placement of protection to prevent launching of the rod due to rod failure
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Figure 79: T.J.van de Loo increasing the tensile force up to 85-90kN (for 18mm tubes)

i -
L L gy W‘i .
- e W

Figure 80: Removal of distance foam when hydraulic jack starts to move down
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Figure 81: End of loading process followed by disassembly
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Appendix 15: Results of tests of straight connection

300
r—

., 3000 " 3000 .
. 1600 1600 4 1600 ,
A A
L

E force gauge force gauge —— E

5 o N 5

S hydraulic jack hydraulic jack S

N N

~— =

~ 3300mm & 3000mm
& 3000mm S 3300mm H

Figure 82: Set-up of four point bending test

timber beam height 300 mm
timber beam thickness 60 mm
dvw thickness 12 mm

15 mm

steel thickness

adhesive type

Poly-Urethane (DuoCol)

glue line thickness

0,4mm - 0,5mm
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Appendix 15 A: sample 0-1
Ultimate bending moment 40.374 kNm
Rotation at ultimate load 0.92rad
K 1601 kNm/rad (see comment])
Ki 1835 kNm/rad (see comment)
Ke 5443 kNm/rad (see comment)
Initial gap width (compressed side) Imm<t,<1.5mm
Type of failure tube failure
Comments © Connection was not supported in out-of-plane direction. The timber members were
rotating out of plane, Test is paused and continued with support.

€ €
£ £
= = 100—
c £
) = - } ‘
2 4 b ‘
- o JU
> >
Ll L4
M 3 M
a g T T © t T 1
s 5-100 50 50 100
E 5 L
o o =iy
L e
8 g . i
= €
M ©
2 k]
o y e (- ) . -
Distance rotation point x-direction (mm) Distance rotation point x-direction (mm)

Figure 83: Measured path of rotation point (sample 0-1)

45
40
35
£
é 30
€
o 25
g s ()-1 (N0t OUt-of-plain supported)
E 20 ¥ 0-1paused
g
° % 0-1continued
T 15 u
8 0-1 (out-of-plain supported)
10

0.08

rotation (rad)

Figure 84: Bending moment versus rotation (sample 0-1); red: without out-of-plain support; grey: with out-
of-plain support
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Figure 85: Close-up of initial gap (sample 0-1)

Figure 86: Set-up without out-of-plane support before force initiation (sample 0-1)
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i Y

Figure 88: Failed connection due to tube failure (sample 0-1)
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7Xpendices

Ultimate bending moment 41.059 kNm
Rotation at ultimate load 0.095 rad

K, 2270 kNm/rad

K; 2597 kNm/rad

Ke 7828 kNm/rad

Initial gap width (compressed side) te=Imm
Type of failure tube failure
Comments -
T T
E £
c | e
2 &= ) 2 , i)
% —50 : £ 50
3 | ; 4
M f | M

8. T L} ‘e l Y 1 g. I T c T 1
£ | c
©-100 -50 —50 100 _’Qa -100 - -50 L 50 100
32 |
B 50 5 50
1S S
g — g et
; § :
2 k. —
(=) o

Distance rotation point x-direction (mm)

Distance rotation point x-direction (mm)

Figure 89: Measured path of rotation point (sample 0-2)

45

Bending moment (kNm)

0.06 0.08 01

rotation (rad)

Figure 90: Bending moment versus rotation (sample 0-2)
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Figure 92: Test set-up (sample 0-2)
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Figure 93: Failed connection (sample 0-2)
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Apr; nidices

Ultimate bending moment 40.663 kNm
Rotation at ultimate load 0.130 rad
Ks 2258 kNm/rad
Ki 2695 kNm/rad
Ke 7278 kNm/rad
Initial gap width (compressed side) t=1mm
Type of failure tube failure

Comments

Distance rotation point y-direction (mm)

@.- @

Distance rotation point x-direction (mm)

Figure 94: Measured path of rotation point (sample 0-3)
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Figure 95: Bending moment versus rotation (sample 0-3)
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Figure 97: Negligible friction of out-of-plane support due to teflon sheets (sample 0-3)
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Figure 98: Failed connection (sample 0-3)
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Appendix 16: Results of tests of angled connection

Apendices

s - 3000 P
~ 2850 >
=S . >3
N
R
hydraulic jack
force gauge
3| o
& 8
™
hydraulic jack
AN
\\
Figure 99: Set-up of test of angled connection
timber beam height 300 mm
timber beam thickness 60 mm
dvw thickness 12 mm
15 mm

steel thickness

adhesive type

Poly-Urethane (DuoCol)

glue line thickness

0,4mm - 0,5mm
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Appendix 16 A: sample 90-1

Ultimate bending moment 33.052

Rotation at ultimate load 0.067 rad
K¢ 985 kNm/rad
K; 996 kNm/rad
Ke 3822 kNm/rad

Initial gap width (compressed side) te=0Omm
Type of failure timber failure

Comments 10% overlength and only a tube compression of 60 kN applied

Figure 100: Measured path of rotation point (sample 90-1)
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Rotation (rad)

Figure 101: Bending moment versus rotation (sample 90-1)
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Figure 103: Close-up of connection before load initiation (sample 90-1)
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Figure 105: Timber failure of lower beam (sample 90-1)
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Figure 106: Timber failure and bond line failure of upper beam during continuation after first timber fracture
(sample 90-1)
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Appendix 16 B: sample 90-2
Ultimate bending moment 34.006
Rotation at ultimate load 0.099 rad
K 1843 kNm/rad
Ki 2107 kNm/rad
Ke 4073 kNm/rad
Initial gap width (compressed side) ti=1lmm
Type of failure bond line failure
Comments adhesive failed (insufficient amount of glue applied)

Figure 107: Measured path of rotation point (sample 90-2)
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Figure 108: Bending moment versus rotation (sample 90-1)
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Figure 109: Connection before force initiation (sample 90-2)

Figure 110: Close-up of gap before force initiation (sample 90-2)
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Figure 111: Set-up angled connection (sample 90-2)

24 K

Figure 112: Gap after force diminishing; M = 4.6kNm (sample 90-2)
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Figure 114: Connection with a bending moment of 28.6 kNm (sample 90-2)
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Figure 116: Gap closure (sample 90-2)
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Appendix 16 C: sample 90-3
Ultimate bending moment 41.165
Rotation at ultimate load 0.122 rad
K 2649 kNm/rad
K; 3203 kNm/rad
Ke 5408 kNm/rad
Initial gap width (compressed side) t;=0mm
Type of failure tube failure
Comments -

Figure 117: Measured path of rotation point (sample 90-3)
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Figure 118: Bending moment versus rotation {(sample 90-3)
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Figure 119: Connection before force initiation (sample 90-3)

Figure 120: Connection before force initiation (sample 90-3)
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Figure 122: Gap after force diminishing; M = 3.82kNm (sample 90-3)
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Figure 123: Gap; M = 15.3kNm (sample 90-3)

Figure 124: Gap; M = 28.6kNm (sample 90-3)
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:nk ﬁ,

Figure 125: Gap; M = 38.2kNm (sample 90-3)

Figure 126: Failed connection (sample 90-3)
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Appendix 16 D: sample 90-4
Ultimate bending moment 38.863
Rotation at ultimate load 0.111 rad
Ks 1138 kNm/rad
Ki 1366 kNm/rad
Ke 4080 kNm/rad
Initial gap width (compressed side) t;=Omm
Type of failure tube failure
Comments Two tubes are failed. This failure led to the timber failure shown in Figure 130

Figure 127: Measured path of rotation point (sample 90-4)
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Figure 128: Bending moment versus rotation (sample 90-4)
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Figure 129: Connection before force initiation (sample 90-4)
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> F y s
"Failed tubes’

Figure 130: Failed connection (sample 90-4) Timber failed after failure of two tubes
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Figure 131: Failed connection {sample 90-4)
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Appendix 17:Results tube tests

Figure 133: Section of expanded tube with 13% overlength
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Ab;hdkes

Figure 135: Section of expanded tube with 16% overlength
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Figure 136: Set-up dvw tests; measurements executed with 4 LDVT’s and 2 strain gauges

Apendi;:esi
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0 0.02 0.04

Strain (-)
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0.08

= Test AS
= Test Al
e Test A2
e TSt A3

e Tost A4

Figure 137: Stress strain results determined with LVDT’s
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Modulus of elasticity (N/mmz)
sample Width Length Thickness Weight Densit,y Strain gauges BT
(mm) (mm) {mm) (e) (kg/m’)

Al 16.3 64.6 16.3 22.07 1286 20828 16968
A2 16.19 64.62 16.19 21.84 1289 21515 16420
A3 16.09 64.42 16.44 22.19 1302 not applied 14547
A4 16.09 64.61 16.41 22.28 1306 not applied 16668
A5 16.11 64.64 16.58 22.54 1305 not applied 18636
Average 16.16 64.58 16.38 22.18 1298 21172 16648

Table 4: Results of dvw in-plain compression tests

Figure 138: Failed dvw due to compression (sample A1)
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Figure 139: Failed dvw due to compression (sample A2)

Figure 140: Failed dvw due to compression (sample A3)
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Figure 141: Failed dvw due to compression (sample A4)

Figure 142: Failed dvw due to compression (sample A5)
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Appendix 19: Results adhesive tests

Figure 143: Failed adhesive sample with sandpaper for fixation (sample R6)

Figure 144: Test set-up for tensile tests of adhesive
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— Width [ Thickness | Modulus of ezlasicity Poisson-factor v Shear modzulus Ultimate Tensilez Strength
(mm) (mm) (N/mm’) () (N/mm’) (N/mm’)
R1 26.15 4.2 348.04 0.43 121.69 6.56
R2 26.18 4.08 483.00 0.39 173.74 8.54
R3 26.16 4.08 405.55 0.41 143.81 9.19
R4 26.22 4.13 342.51 0.44 118.93 8.27
RS 26.16 4.06 434.22 0.49 145.71 8.63
R6 26.16 4.6 371.55 0.37 135.6 5.08
Average| 26.17 4.19 397.48 0.42 139.91 7.711

Table 5: Results of adhesive tensile tests

Figure 145: Adhesive failed due to tension (sample R1)
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Figure 147: Adhesive failed due to tension (sample R3)
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Figure 148: Adhesive failed due to tension (sample R4)

’ ..-." i —

Al

Figure 149: Adhesive failed due to tension (sample R5)
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Figure 150: Adhesive failed due to tension (sample R6)
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Appendix 20: Analyses of tube deformation with rounded steel plate and 35 mm tube

tube diameter (d) 35 mm

displacement at step time = 1.0 (§,0)| 18 mm

edge/end distance 3.5d
timber thickness (timber) 55 mm
dvw thickness (taw) 18 mm
100 I T —7— v s e poem
I — - L;l, I

s FEA; r=0 (no rounding)

z
= === FEA; r=1 mm
3
S "FEA; r=2 mm
(V5

s FEA; r=3 mm

== Results Leijten

= Results Monné

¥
T
B S S— — - —] i A— SR— —
——

0 2 4 6 8 10 12 14 16 18

Displacement (mm)

Figure 151: Force-displacement graphs per shear plane with different radii of rounded edge; d=35mm

Appendix 20 A: Rounding radius =1 mm

S, Mises

(Avg: 75%)
+3.002e+03
+4.,150e+02

OOB: report-R1lmm.odb Abaqus/Standard Version 6.8-2 Sun Apr 03 14:28;25 West-Europa (zomertijd) 2011

Step: Last
T—X Increment 9: Step Time = 0.1256
Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 152: von Mises stress; step time = 0.1256; r=1 mm
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8, Mises

(Avg: 75%)
+4.196e+03
+6.300e+02
+5.775e+02
+5.250e+02
+4,725e¢+02
+4.200e +02
+3.675e+02
+3.150e +02
+2.625e+02
+2.100e+02

+2.374¢-02
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ODB: report-Rlmm.odb Abaqus/Standard Version 6.8-2 Sun Apr 03 14:28:25 West-Europa (zomertijd) 2011

Step: Last
— X Ingement 13: Step Time = 0.4840
T Primary Var: S, Mises
z Delormed Var: U Deforrnation Scale Factor: +1.000e+00

Figure 153: von Mises stress; step time = 0.4840; r=1mm

S, Mises
(Avg: 75%)
+5.109e+03

+2.535e-02

ODB: report-Rimm.odb Abaqus/Standard Version 6.8-2 Sun Apr 03 14:28:25 West-Europa (zomertijd) 2011

Step: Last
“—X Increment  17: Step Time = 0.7096
Prmary Var: S, Mises
z Deforrmed Var: U Deformation Scale Factor: +1.000e+00

Figure 154: von Mises stress; step time = 0.7096; r=1mm

S, Mises
{Avg: 75%)
+4.682e+03

+2.902¢-02

OOB: report-R1mm.odb Abaqus/Standard Version 6.8-2 Sun Apr 03 14:28:25 West-Europa (zomertijd) 2011

Step: Last
X Increment 23: Step Time = 1.000
I—_ Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e +00

Figure 155: von Mises stress; step time = 1.000; r=1mm

Page | 89



Studies of a redesigned timber connection
Apendices

Appendix 20 B: Rounding radius = 2 mm

S, Mises

(Avg: 75%)
+3.574e+03
+4.150e+02
+3.804e +02
+3.458e+02
+3.113e+02

+3.460e+01
+2.036e-02

OD8: report-R2mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 14:01:16 West-Europa (zomertijd) 2011

Step: Last
Y——x Increment 11: Step Time = 0.1448
| Primary Var: §, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e +00

Figure 156: von Mises stress; step time = 0.1448; r=2mm

S, Mises
(Avg: 759%)
+3.884e+03

+4.667e+02
+4,200e+02
+3.733e+02
+3.267e+02
+2.800e+02
+2.333e+02
+1.867e+02
+1.400e+02
+9.335e+01
+4.669e¢+01
+2.399e-02

OD8: report-R2mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 14:01:16 West-Europa (zomertijd) 2011

Step: Last
Y——X Increment  14: Step Time = 0.4872
I Primary Var: S, Mises
z Detormed Var: U Deformation Scale Factor: +1.000e+00

Figure 157: von Mises stress; step time = 0.4872; r=2mm

§, Miges

(Avg: 759%)
+3.641e+03
+6.200e +02
+5.683e+02
+5.167e+02
+4.650e+02
+4.133e+02
+3.617e+02
+3.100e +02
+2.583e+02
+2.067e+02

- +5.169e+01
. +2.516¢-02

ODB: report-R2mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 14:01:16 West-Europa (zomertijd) 2011

Step: Last
X Increment  18: Step Time = 0.7247
I_ Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 158: von Mises stress; step time = 0.7247; r=2mm
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S, Mises
(Avg: 75%)

ODB: report-R2mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 14:01:16 West-Europa (zomertijd) 2011

Step: Last
X Increment  22: Step Time = 1.000
I_ Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 159: von Mises stress; step time = 1.000; r=2mm

Appendix 20 C: Rounding radius =3 mm

§, Mises
(Avg: 75%)
+2,491e+03

ODB: report-R3mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 13:21:31 West-Europa (zomertjd) 2011

Step: Last
¥ X Incrernent L 1: Step Time = 0.1448
4 Primary Var: S, Mises
z Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 160: von Mises stress; step time = 0.1448; r=3mm

S, Mises

(Avg: 75%)
+2.224e+03

+1.400e+02
+9.335e+01
+4,669e+01
+2.382¢-02

ODB: report-R3mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 13:21:31 West-Europa (zomertijd) 201 1

Step: Last
X Tncrement  14: Step Time = 0.4872
r Primary Var: S, Mises
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 161: von Mises stress; step time = 0.4872; r=3mm
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S, Mises
(Avg: 75%)

+3.377e+03
L +6.200e+02

1]
++
F i
i
(=
@
®
+
o
N

+2.510e-02

=

008: report-R3mm.odb  Abagus/Standard Version 6.8-2 Sun Apr 03 13:21:31 West-Europa {zomertijd) 2011

Step: Last

Increment  17: Step Time = 0.7076

Primary Var: S, Mises

Deformed Var: U Delformation Scale Factor: +1.000e+00

Figure 162: von Mises stress; step time = 0.7076; r=3mm

S, Mises
(Avg: 75%)

=

+2.226e+03
+6.800e+02
+6.233e+02
+5.667e+02

+1. 02
+5.669e+01
+2.760e-02

ODB: report-R3mm.odb  Abaqus/Standard Version 6.8-2 Sun Apr 03 13:21:31 West-Europa (zomertijd) 2011

Step: Last

Inaement  22: Step Time = 1.000

Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 163: von Mises stress; step time = 1.000; r=3mm
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Appendix 21: Parallel to grain shear distribution in bond line (RP-adhesive)

5,513

(Avg: 75%)
+4.000e+00
+3.333e+00
+2.667e+00
+2.000e+00
+1.333e+00
+6.667e-01
+3.576e-07
-6.667e-01
-1.333e+00
-2.000e+00
-2.667e+00
-3.333e+00
-4.000e+00

Tube force per shear plane

tiimber b h

(mm)| — |(mm)|({mm)

30 kN

93 | 8 | 600 | 600

”
”

800 | 800

60 kN

90 kN

Bond line failed at 77.9 kN
tube force per shear plane

Bond line failed at 87.0 kN
tube force per shear plane

71 | 8 {1000 | 1000

~

63 | 8 (1200 (1200

~
-~

”
~
,/
/~
~
~
.
-

Table 6: Bond line shear stress distribution parallel to grain; arm length=15b; t4,,=18mm; d=35mm;

Resorcenol Phenol adhesive
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S, 813

(Avg: 75%)
+4.000e+00
+3.333e+00
+2.667e+00
+2.000e+00
+1.333e+00
+6.667e-01
+3.576e-07
-6.667e-01
-1.333e+00
-2.000e+00
-2,667e+00
-3.333e+00
-4.000e+00

Tube force per shear plane

timber b

(mm) (mm)|(mm})

30 kN

60 kN

90 kN

2 | 500

245

2 | 600

245

Table 7: Bond line shear stress distribution parallel to grain; arm length=15b; t4,,=18mm; d=35mm;

Resorceno! Phenol adhesive

Tube force per shear plane
b | h
Ham) 30 kN 60 kN 90 kN
(mm) (mm)|{mm)
68 | 4 | 600 | 500
78 | 4 | 700 | 500
95 | 4 | 800 | 500

Table 8: Bond line shear stress distribution parallel to grain; arm length=15b; t4,,=18mm; d=35mm;

Resorcenol Phenol adhesive
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5,813

(Avg: 75%)
+4.000e+00
+3.333e+00
+2.667e+00
+2.000e+00
+1.333e+00
+6.667e-01
+3.576e-07
-6.667e-01
-1,333e+00
-2.000e+00
-2,667e+00
-3.333e+00
-4.000e+00

Tube force per shear plane

timber
(mm)

(mm)|(mm])

30 kN

60 kN

90 kN

7
/ 88 6
“,

600

500

Bond line failed at 89.2 kN
tube force per shear plane

v
P
“/

101 | 4

700

500

Table 9: Bond line shear stress distribution parallel to grain; arm length=15b; t4,.,=18mm; d=35mm;

Resorcenol Phenol adhesive
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Appendix 22: Numerical predictions of experiments of angled connection

Apenaices

Material/Member Criterion

timber compression parallel to grain g<-42
[9] N/mm?

S, S11l

(Avg: 75%)
+4,200e+01
+3.500e+01

-2.800e+01
-3.500c¢+01
-4.200e+01

o>42

2 timber tension parallel to grain [9]
N/mm?

timber compression perpendicular to
g<-3.6

3 | grain [9Error! Reference source not
N/mm?

found.]

s, 822
(Avg: 75%)
+1.600e+00
+1.167¢+00
1

-3.167e¢+00
-3.600e +00
-4.118e+00

EENNEAESTA B E ST ENABE

o
E
EE
=8
13

1
il
10 11 4 O

timber tension perpendicular to grain g>1.6

S, 822

(Avg: 759%)

+1.619e+00

+1.600e+00

+6.803e-01

~2.393e-01
.159e+00

4
[9] N/mm?
-9.436e+00
. €>0.07 )
5 dvw failure Not occuring
. . Given by ]
6 bond line failure Not occuring
Abaqus
6>89mm
7 first tube failure (d=18 mm) [3]

Table 10: Different criteria visualized
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Figure 164: Numerically predicted M-¢ curve of angled connection

Figure 165: Numerically determined paths of rotation point
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Appendix 23: Numerical bond line predictions of angled connection

PU-adhesive (DuoCol)
Thickness = 0.45mm
shear stress parallel (N/mm?) shear stress perpendicular (N/mm?®) tensile stress (N/mm?)
s, 513 s, 523 S, 533
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+9.400e+00 +1.800e+00 +5.600e+00
+7.833e+00 +1.500e+00 +4.667e+00
. +6.267e¢+00 +1.200e+00 +3.733e+00
Bending +4,700e +00 +9.000e-01 +2.800e+00
moment +3.133e+00 +6.000e-01 +1.867e+00
+1.567e¢+00 +3.000e-01 +9.333e-01
+0.000e+00 -1.788e-07 +3.576e-07
-1.567e+00 -3.000e-01 -9.333e-01
-3.133e+00 -6.000e-01 -1.867e+00
-4.700e+00 -9.000e-01 -2.800e+00
-6.267e+00 -1.200e+00 -3.733e+00
-7.833e+00 -1.500e+00 -4.667e+00
-9.400e+00 -1.800e+00 -5.600e+00
o --
- - i
max
tube
cap.:
39.8
kNm

Table 11: Bond line stress distribution angled connection; t;mpe,=60mm; tyw=12mm; d=18mm; PU-adhesive
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A_pgndices

PU-adhesive (DuoCol)
Thickness = 0.2mm

shear stress parallel (N/mm?) shear stress perpendicular (N/mm?’) tensile stress (N/mm?’)
5,813 S, 23 S, S33
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+1.050e+01 +1.800e+00 +5.600e+00
+8.750e+00 +1.500e+00 +4.667e+00
" +7.000e+00 +1,200e+00 +3.733e+00
Bending +5.250e+00 +9,000e-01 +2.800e +00
moment +3.5006 +00 +6.0006-01 +1.867e+00
+1.750e+00 +3.000e-01 +9.333e-01
+0.000e+00 -1.788e-07 +3.576e-07
-1.750e+00 -3.000e-01 -9.333e-01
-3.500e+00 -6.000e-01 -1.867e+00
-5.250e+00 -9.000e-01 -2.800e+00
-7.000e+00 -1.200e+00 -3.733e+00
-8.750e+00 -1.500e+00 -4,667e+00
-1.050e+01 -1,800e+00 -5.600e+00

15 kNm

30 kNm

max
tube
cap.:
39.8
kNm

e
sy

Table 12: Bond line stress distribution angled connection; t;pe,=60mm; t4.=12mm; d=18mm; PU-adhesive
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Appendix 24: Numerical predictions of experiments of straight connection

Material/Member Criterion
S, 811
(Avgt 75%)
200e+01
- e
timber *%{3:‘8{
+1. +
i 7.000e+00
compressnon' 0 <-42 N/mm? -:70:. :+ o
parallel to grain -1/300e 01
(9] 3558581
-4,200e+01
-4,203e+01
timber tension
2| parallel to grain | o >42 N/mm? Not occuring
(9]
timber
compression
perpendicular to .
. 0 <-3.6 N/mm? Not occuring
grain [SError!
Reference source
not found.]
S, 522
(Avg: 75%)
30iees
+ 1. e
timber tension $1.167¢+00 |
+g.333b-01
erpendicular to ICazeol
R o> 1.6 N/mm? —?.ggiéaal;a
i -1 +
grain -1.433e+00
-1.867e+00
[9] -2.300e+00
-2.733e+00
-3.167¢+00
-3.600e+00
2 L
. €>0.07 i
5 dvw failure Not occuring
6| bond line failure | Given by Abaqus Not occuring
first tube failure 5> 8.9mm
(d=18 mm) [3]

Table 13: Different criteria visualized
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Appendix 25: Numerical bond line predictions of straight connection

PU-adhesive (DuoCol)
Thickness = 0.45mm

shear stress parallel (N/mm?)

shear stress perpendicular (N/mm?)

tensile stress (N/mm°)

S, 513 S, 523 S, 833
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+9,400e+00 +1.800e+00 +5.600e+00
+7.833e+00 +1.500e +00 +4.667e+00
) +6.267e+00 +1.200e+00 +3.733e+00
Bending +4,700e+00 +9.000e-01 +2.800e+00
- +3.133e+00 +6.000e-01 +1.867e+00
+1,567e+00 +3.000e-01 +9.333e-01
+0.000e+00 -1.788e-07 +3,576e-07
-1.567e+00 -3.000e-01 -9.333e-01
-3.133e+00 -6.000e-01 -1.867e+00
-4,700e+00 -9.000e-01 -2.800e+00
-6.267e+00 -1.200e+00 -3.733e+00
-7.833e+00 -1.500e+00 -4.667¢+00
-9.400e+00 -1.800e+00 -5.600e +00

15 kNm

30 kNm

max
tube
cap.:
44.9
kNm

Table 14: Bond line stress distribution straight connection; tympe.,=60mm; t4.,=12mm; d=18mm; PU-adhesive
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PU-adhesive (DuoCol)
Thickness = 0.2mm

shear stress parallel (N/mm?)

shear stress perpendicular (N/mmz)

tensile stress [N/mmz)

S, 513 s, 523 s, 533
(Avg: 75%) (Avg: 75%) (Avg: 75%0)
+1.050e+01 +1.800e+00 +5.600e+00
+8.750e+00 +1.500e+00 +4.667e+00
) +7.000e+00 +1.200e+00 +3.733e+00
Bending +5.250e+00 +9.000e-01 +2.800e+00
moment +3.500e +00 +6.000e-01 +1.867e+00
+1.750e+00 +3.000e-01 +9.333e-01
+0.000e+00 -1.788e-07 +3.576e-07
-1.750e+00 -3.000e-01 -9,333e-01
-3.500e+00 -6.000e-01 -1.867e+00
-5.250e+00 -9.000e-01 -2.800e+00
-7.000e+00 -1.200e+00 -3.733e+00
-8.750e+00 -1.500e+00 -4.667e+00
-1.050e+01 -1.800e+00 -5.600e+00
o - - -
o n n n
max
tube
cap.:
44.9
kNm

Table 15: Bond line stress distribution straight connection; tinpe,=60mm; t4,..=15mm; d=35mm; PU-adhesive
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Appendix 26: Numerical bond line predictions of angled connection with RP-

adhesive
RP-adhesive
Thickness = unknown
shear stress paraltel (N/mm?’) shear stress perpendicular (N/mm?) tensile stress (N/mm?)
S,S13 S, S23 S, S23
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+3.900e+00 +1.800e+00 +2.300e+00
+3.250e+00 +1.500e+00 +1.917e+00
. +2.600e+00 +1.200e+00 +1.533e+00
Bending +1.950e+00 +9.000e-01 +1,150e+00
moment +1.300e+00 +6.000e-01 +7.667e-01
+6.500e-01 +3.000e-01 +3.833e-01
+3.576e-07 -1.788e-07 +0.000e+00
-6.500e-01 -3.000e-01 -3.833e-01
-1.300e+00 -6.000e-01 -7.667e-01
-1.950e+00 -9.000e-01 -1.150e+00
-2.600e +00 -1.200e+00 -1.533e+00
-3.250e+00 -1.500e+00 -1.917e+00
-3.900e+00 -1.800e+00 -2.300e+00
o i-
o - -
max
cap.:
36.1
kNm

Table 16: Bond line stress distribution angled connection; tympe,=60mm; t4.,=12mm; d=18mm
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50

e 31) RP -aclh2sive

90 PU-adhesive
L

3

Bendin moment (kNm)

3

~1

0] 0.05 0.1 0.15

Rotation (rad)

|

Figure 166: M- curve angled connection; t;mbe,=60mm; ty.=12mm; d=18mm
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Appendix 27: Numerical bond line predictions of straight connection with RP-
adhesive

RP-adhesive
Thickness = unknown

shear stress parallel (N/mmz) shear stress perpendicular (N/mm?) tensile stress (N/mmz)
5,513 S, 523 S, S23
(Avg: 75%) (Avg: 75%) (Avg: 75%)
+3.900e +00 +1.800e+00 +2,300e+00
+3,250e+00 +1.500e+00 +1.917e+00
. +2.600e+00 +1.200e+00 +1.533e+00
Bending +1.950e+00 +9.000e-01 +1.150e+00
moment +1,300e+00 +6.000e-01 +7.667e-01
o +6.500e-01 +3.000e-01 +3,833e-01
+3.576e-07 -1.788e-07 +0.000e+00
-6.500e-01 -3.000e-01 -3.833e-01
-1.300e+00 -6.000e-01 -7.667e-01
-1.950e+00 -9.000e-01 -1.150e+00
-2.600e +00 -1.200e+00 -1.533e+00
-3.250e+00 -1.500e+00 -1.917e+00
-3.900e +00 -1.800e+00 -2.300e+00
o - -
o - -
max
cap.:
41.9
kNm

Table 17: Bond line stress distribution straight connection; t;impe,=60mm; t4.=12mm; d=18mm
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e
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0 0.05 0.1 0.15

Rotation {rad)

Figure 167: M- curve straight connection; ty,pe,=60mm; t4,..,=12mm; d=18mm
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Appendix 28: Data and material properties of bond line tests at Lund University

storage duration

Relative |Temperature
humidity (%) (°C) Timber Dvw
Store room 65 20 >6months | 1month
Testing room 40 25 4-10days | 4-10days

Table 18: Environment properties of the store room and the testing room
North European Spruce

Spruce is the most common wood species used in the Netherlands. Therefore it is useful to choose
spruce for the adherent in this research. The average density of the tested spruce is 456 kg/m?>.

Densified Veneer Wood

Densified veneer wood is a plywood of beech veneers, compressed under high temperatures and is
available in different densities. The in-plane strength of the product used in these tests is around 110
N/mm?. Crosswise layed densified veneer has a relatively homogeneous behavior and dependent on
the density the material can behave ductile.

Product Average density (kg/m’)

Lignostone 1300 1331

Adhesives

In these tests two different adhesives are used with different thicknesses. To accomplish a bond with
a high capacity, the adherents should be stronger than the adhesive and the adhesive should behave
in a ductile manner. For structural purposes it is recommended to use a 2-component thermosetting
adhesive.

Glue type Product

2-component Epoxy |WEVO spezialharz EP 32 S with WEVO-harter B 22 TS

2-component PU DuoCol Frencken B.V. Weert

To set the glue line thickness and the size of the glued surface, PTFE distance-sheets of 0.1 mm
thickness are used. Dependent on the viscosity of the glue and the amount of pressure on the drying
samples, there will be a small volume of glue between the distance sheets and the adherents. Asa
result the glue line thickness will be bigger than the total thickness of the distance-sheets. The glue
dried in the testing room.
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Average glue

Sheet thickness| line thickness
Glue type (mm) (mm)
PU 0.1 0.23
PU 0.3 0.44
PU 0.5 0.72
Epoxy 0.1 0.16
Epoxy 0.3 0.38
Epoxy 0.5 0.58

Table 19: Distance-sheets thicknesses compared with glue line thicknesses
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Appendix 29: Average results of bond line shear tests at Lund University
The deformation measured in the tests includes the deformation of the steel specimen holders and
the deformation of the adherents.

Figure 168: Shear tests set-up.

Shear tests average results (parallel to the timber grain)

Separation-sheet [Actuator speed |Drying time, t Glue thickness, Strength, f Fracture energy, |Initial stiffness, K
Typeiof adhesive tickness {mm) (mm/min) (days) Numberoftests | g (N/mm2) Ge (N/mm3)
t<2 3 0.21 5.80 1829 79
0.1 01 2<t<4 6 0.23 8.68 3644 323
t>4 2 0.24 10.20 1858 329
t<2 2 unknown 8.12 2642 7
Poly-urethane 03 03 2t<a 10 044 8.61 5237 110
t<2 4 0.74 7.14 5882 32
0.5 04 2<t<4 4 0.73 7.52 6074 91
>4 4 0.72 9.24 4939 125
0.1 0.1 - 10 0.16 14.09 3135 379110
Epoxy 0.3 0.1 s 10 0.4 17.16 3985 32528
0.5 0.1 - 10 0.58 15.70 2793 541

Table 20: Average results and properties of shear tests
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= PU; d=0.5mm; t>4 days

=—PU; d=0.5mm; 2 days<t<4 days

Stress (N/mm2)

s PJ; d=0.5mm; t<2 days

Displacement (mm)

Figure 169: Mean results of shear tests with PU-based adhesive and distance-sheet thickness of 0.1mm and
drying time, t

10

R R R

m= P|J; d=0.3mm; t<2 days

Stress (N/mm2)
wv

=P U; d=0.3mm); 2 days<t<4 days

0 0.2 0.4 0.6 08 1 1.2 14 16 1.8

Displacement (mm)

Figure 170: Mean results of shear tests with PU-based adhesive and a distance-sheet thickness of 0.3mm and
a drying time, t
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12

10

o]

= PU; d=0.1mm; t>4 days

Stress (N/mm2)
(2]

w—PU; d=0.1mm; 2 days<t<4 days

= PU; d=0.1mm; t<2 days

0 0.2 04 0.6 0.8 1 1.2

Displacement (mm)

Figure 171: Mean results of shear tests with PU-based adhesive and distance-sheet thickness, d, of 0.5mm
and drying time, t

—EPX; d=0.1mm

Stress (N/mm2)

s EPX; d=0.3mm

s EPX; d=0.5mm

Displacement (mm)

Figure 172: Mean results of shear tests with epoxy-based adhesive and distance-sheet thickness, d
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g “ PU; d=0.1mm; t<2 days
€ w pUJ; d=0.1mm; 2 days<t<4 days
EE: 6 4 s PU; d=0.1mm; t>4 days
ﬁ w2 PU; d=0.3mm; t<2 days
% 4 = Py; d=0.3mm; 2 days<t<4 days
ws PU; d=0.5mm; t<2 days
2 s PU; d=0.5mm); 2 days<t<4 days
w— PU; d=0.5mm; t>4 days
0+
0 0.5 1 1.5 2 25 3 3.5

Displacement (mm)

Figure 173: Mean results of shear tests with PU-based adhesive and distance-sheet thicknesses, d, and drying

time, t
18 I 7 he 1 oy T
=== e
16
LR iSSSSS=SSSS=SSSS :
s 10 i s EPX; d=0.5mm
i S +— —
5 8 ==E======= EPX; d=0.1mm
a ® : —— — PU; d=0.5mm; t>4 days
4 - = 3 ——]
T : PU; d=0.1mm; t>4 days
2 SE== : -
4 S o s === e S S e e
0 0.5 1 15 2 2.5
Displacement (mm)

Figure 174: Mean results of shear tests with PU-based and epoxy-based adhesives and distance-sheet
thickness, d, and drying time, t
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Appendix 30: Average results of bond line tensile tests at Lund University

The thickness of the timber and dvw pieces of the samples is equal to three millimeters. The
deformation measured in the test includes the deformation of the timber and the dvw. The strain of
the timber is expected to be significantly larger than the strain of the glue. Because of the large
scatter in the modulus of elasticity perpendicutar to the timber grain, it would be inaccurate to
eliminate the strain of the timber the same way it is done with the shear tests. The modulus of
elasticity of the glue will be estimated with additional tests. With this E-modulus, it is possible to
compare the stiffness of different glue line thicknesses.

Figure 175: Tensile tests set-up.

Tensile tests average results

. Separation-sheet |Actuator speed Glue thickness, |Strength, d Fracture energy, |Initial stiffness, K
Typealiadiesii !ic:ness(mm) (mm/min)p NumhErareit d_g (mm) (mm)g‘ -+ Gc(J/mZ)rgy {N/mm3) '

0.1 0.2 S 0.26 5.19 1734 72

Poly-urethane 0.3 0.2 5 0.47 5.2 1059 59
0.5 0.2 5 0.66 8.05 1466 111

0.1 0.2 5 0.2 5.03 991 78

Epoxy 03 0.2 5 0.38 5.35 1049 94

0.5 0.2 4 0.6 496 867 59

Table 21 Average results and properties of tensile tests
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Figure 176 Mean results of tensile tests with PU-based adhesive and distance-sheet thickness, d
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Figure 177: Mean results of tensile tests with epoxy-based adhesive and distance-sheet thickness, d
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Figure 178: Mean results of tensile tests with PU-based and epoxy-based adhesive and distance-sheet
thickness, d
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Appendix 31: Detailed results of bond line shear tests at Lund University

Poly-urethane; d=0,1 mm
Used for the estimation of: Percentage of bond surface failed:
Angel of anual |Fracture Initial Glue L Interaction Interaction
. Strength | days of . Initial Fracture "
rings to loaded | energy (N/mm2) stiffness devi thickness stiffhess Strength g Notes| Timber timber- Adhesive dvw-
Sample surface (°) (J/m2) (N/mm3) vine (mm) L adhesive | adhesive | Dvw
PU1-1 unknown 1633 5.48 88 1 0.21 yes yes yes 100
PU2-1 85 1988 6.73 1 0.2 no yes _yes 1 100
PU3-1 0 3967 12.39 307 2 0.25 yes yes yes 30 70
PU4-1 10 1876 10.05 361 5 0.28 yes yes yes 100
PUS-1 20 1839 | 10.34 297 5 0.21 yes yes yes 50 50
PU6-1 55 192 3 0.24 yes no no 2 |unknown| unknown Junknown| unknown |unknown
PU7-1 30 2876 8.66 198 3 0.19 yes ves yes 40 60
PUS-1 5 4.75 217 3 0.28 yes ves yes 4 50 50
PUS-1 0 3642 9.19 848 3 unknown yes yes yes 100
PU10-1 5 4091 8.39 175 3 unknown yes yes yes 100
testS unknown 1867 5.19 70 1 0.22 _yes yes yes 100
Notes
1 Timber part contacted steel holder of dvw part at the beginning
2 X 60* adhesive failed
3 X 60* adhesive between steel holders, but this glue failed short after start of the test
4 Glue line thickness not uniform. Goes from 0,21 mm up to 0,35 mm
* X 60is afast drying adhesive, used to attach the samples to the steel holders
l 8
|
\
~
=
=
=
2 —PU2-1
@
=
—
n s £S5
—PU; d=0.1mm; t<2 days
0 0.2 0.4 0.6 08 1 1.2

Displacement (mm}

Figure 179: Results of shear tests with PU-based adhesive. d=0.1 mm; t<2 days
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0.6 0.8

Displacement fmm)

1

1.2
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P )3-1
—PUb-1
—PU7-1
PU8-1
e PU9 -1
~PU10-1

—Pl; d=0.1mm; 2 days<t<4 days

Figure 180: Results of shear tests with PU-based adhesive. d=0.1 mm; 2<t<4 days
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= PU; d=0.1mm; t>4 days

Figure 181: Results of shear tests with PU-based adhesive. d=0.1 mm; t>4 days
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Poly-urethane; d=0,3 mm
Used for the estimation of: Percentage of bond surface failed:
Angelofanial | Fracture Strength Initial days of Gl Initial Fracture Interaction Interaction
. n n nteractiol
Sample | rings to loaded | energy stiffness X thickness , Strength Notes| Timber | . Adh Dvw
d tiff t w-adhe:
surface (9) (1/m2) (N/mm2) (N/mm3) rying {mm) stiffness energy imber-adhesive dv: sive
PU1-3 10 69 2 0.35 es no no 1 20 80
PU2-3 unknown 2 0.45 no no no 2 - - - - -
PU3-3 5 3981 6.08 104 2 0.48 es yes yes 3 100
PU4-3 45 8587 11.99 107 2 0.49 yes yes yes 3 100
PU5-3 20 6272 10.34 128 2 0.51 yes yes yes 100
PU6-3 unknown 3698 7.73 110 3 0.35 yes yes yes 25 75
PU7-3 45 4235 6.94 151 3 0.54 __yes yes yes 4 100
PUS8-3 30 4133 8.56 79 3 0.37 yes yes yes 95 5
PUS-3 | close to center 9.59 105 3 unknown yes yes no 3 S & = < =
PU10-3 unknown 5755 7.64 136 3 unknown yes yes yes 100
test4 unknown 3365 5.60 8 1 unknown yes yes yes 100
test7 unknown 3118 4.53 7 1 unknown yes yes yes 100
Notes
1 X 60* adhesive failed
2 test failed completely
3 X 60* adhesive between steel holders, but this glue failed short after start of the test
4 Glue line thickness is large
5 Timber failed due to tension perpendicular to the grain caused by the bending moment
* X 60is a fast drying adhesive, used to attach the samples to the steel holders
6
5
~
- 4
=
.. 3
= e @S T 4
%)
o
| £, —test 7
| &
= PU; d=0.3mm; t<2 days
1 1
|
|
0
0 0.5 1 15 2 2.5

Displacement (mm}

Figure 182: Results of shear tests with PU-based adhesive. d=0.3 mm; t<2 days
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e PU4-3

s P 5-3

s PUG-3

Stress (N/mm2)

—PU7-3
s PUB-3
——PU9-3

=== PU10-3

= PU; d=0.3mm; 2 days<t<4 days

Displacement (mm)

Figure 183: Results of shear tests with PU-based adhesive. d=0.3 mm; 2<t<4 days
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Poly-urethane; d=0,5mm
Used for the estimation of: Percen of bond surface failed:
Angel of anual |Fracture Initial Glue Interaction
Sample [rings to loaded | energy 3:;::::) stiffness ?T:;:S’ thickness stl:f‘if::lss Strength F:ﬁ;ym Notes| Timber timber- Adhesive| d\'{:‘:’:ﬁ :i:e Dvw
surface (°) {3/m2) (N/mm3) {mm) adhesive
PUL-5 50 4915 6.75 27 1 0.69 yes yes yes 100
PU2-S 30 9507 | 9.02 33 1 0.79 yes yes | yes 100
PU3-5 5 7562 8.75 59 2 0.72 yes yes yes 50 40 10
PU4-5 5 88 2 0.76 yes no no 1 Junknown| unknown |unknown| unknown |unknown|
PUS-5 0 110 2 0.7 _yes no no 1 100
PU7-5 0 4585 6.29 107 3 0.69 yes yes yes 55 45
PU8-5 |close tocenter| 4540 7.62 161 4 0.76 es yes yes 2 100
PU6-5 unknown 5038 8.92 154 4 0.68 S yes yes 3 100
PU9-5 5 5241 7.74 68 4 |unknown} yes yes yes 50 50
PU10-5 40 12.67 119 4 unknown yes yes no 4 - - - - -
test 3 10 1297 6.51 10 1 |unknown] yes yes yes 100
test & 7807 6.28 57 1 |unknownj yes yes yes 100
Notes
1 Due to differences of shear deformation in adhesive, the steel holders rotated
z X 60* adhesive between steel holders, but this glue failed short after start of the test
3 Rubber bands failed to hold the steel parts parallel to each other
4 Timber failed due to tension perpendicular to the grain caused by the bending moment

* X 60is a fast drying adhesive, used to attach the samples to the steel holders

Figure 184: Rotated steel parts

=
o

Stress (N/mm2)
O P N W Db YN oW

0] 0.5 1 15 2 2.5 3 3.5

Displacement (mm}

Figure 185: Results of shear tests with PU-based adhesive. d=0.5 mm; t<2 days

——test 3
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Page | 123



Studies of a redesigned timber connection

Apendiceg

10
9
' 8 —PU3-5
3 7
E 6 e PU)4-5
I
| g 4 —— PU5-5
! @3
1 2 e PU7-5
1
0 —PJ; d=0.5mm; 2 days<t<4

0 0.5 1 15 2 2.5 days

Displacement (mm}

Figure 186: Results of shear tests with PU-based adhesive. d=0.5 mm; 2<t<4 days
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Figure 187: Results of shear tests with PU-based adhesive. d=0.5 mm; t>4 days
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Epoxy; d=0,1 mm
_Used for the estimation of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue Interaction Interaction
p th f ractu;
Sample | ringstoloaded | energy (S;;::‘z) stiffness ?Y:: thickness “::fr::l” Strength F.n iy Notes | Timber timber-  |[Adhesi: dvw- Dvw
surface (°) {3/m2) (N/mm3) ving {mm) erey adhesive adhesive
EPX1-1 15 3 0.12 no no no 1 1_00
EPX2-1 unknown 9.37 3 0.13 no no no i 100
EPX3-1 30 1884234 2 unknown| vyes no no V] 70 20 10
EPX4-1 30 5894 2 unknown| yes no no 2 100
EPX5-1 35 14.16 762 2 0.16 yes yes no 3 20 70 10
EPX6-1 a5 3135 12.68 468 2 unknown|  yes yes yes 100
EPX7-1 40 2 unknownf  no no no 1 70 30
EPX8-1 10 16.82 2 0.21 no yes no 4 80 15 5
EPX9-1 0 2 unknown no no no 5
EPX10-1 75 2175 15.43 4192 2 unknown| yes yes yes 6 50 50
Notes
1 Much X 60* adhesive between steel holders
2 X 60* adhesive failed first
3 X 60* adhesive failed during the softening proces
4 X 60* adhesive between steel holders, but this glue failed short after start of the test
5 Timber failed due to tension perpendicular to the grain caused by the bending moment
6 Rubber bands failed to hold the steel parts parallel to each other at the end of the softening
* X 60is a fast drying adhesive, used to attach the samples to the steel holders
! 25
|
| 20
. e EPX3-1
o~
o
g 15 ——EPX4-1
| e
| = — EPX5-1
2 10 |
@
= —FPX6-1 ‘
vy
s EPX9-1
5
| ———EPX10-1
\
0 —FEPX; d=0.1mm
0 0.2 0.4 0.6 0.8 1
‘ Displacement (mm}

Figure 188: Results of shear tests with epoxy-based adhesive. d=0.1 mm
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Apendices
Epoxy; d=0,3 mm
Used for the estimation of: Percentage of bond surface failed:
Ange! of anual | Fracture Initial Glue Interaction linteraction
¢ h Initial ractu h
Sample [ringstoloaded| energy (s'\:;:‘r:‘z) stiffness c:’ay?nof thickness stl:f::s Strength Fene 5 Notes | Timber timber- {Adhesi dvw- Dvw
surface (°) | (1/m2) (v/emm3)| V8 | (mm) | 8y adhesive adhesive
EPX1-3 0 3 0.34 no no no 1 100
EPX2-3 |close to center 3 0.38 no no no 1 100
EPX3-3 80 218 2 0 £ no no 2
EPX4-3 0 2 0.47 no no no 3 100
EPX5-3 10 2756 16.16 512 3 0.47 yes es _yes 10 90
EPX6-3 | unknown 3503 19.88 | 138012 3 0 yes yes yes 4 50 50
EPX7-3 90 4215 18.68 85421 3 0.4 yes yes yes 100
£PX8-3 | unknown 13.22 272 3 0.68 yes yes no 4 100
EPX9-3 40 5467 17.89 2750 3 0 yes yes yes 100
EPX10-3 0 511 2 0 yes no no 2 K n| unk n k nki 1 {unk
Notes
1 Preparation failed
2 Timber failed due to tension perpendicular to the grain caused by the bending moment |
3 Rubber bands failed to hold the steel parts parallel to each other
4 Test ended little bit early
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Figure 189: Results of shear tests with epoxy-based adhesive. d=0.3 mm
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Studies of a redesigned timber connection

Apendices
Epoxy; d=0,5 mm
Used for the estimation of: —Percentage of bond sufece faled
Angel of anual | Fracture Initial Glue :
Sample |ringsto loaded| energy (S':;:‘:::) stiffness ?v?:f thickness s:;;::lss Strength F::ute Notes | Timber % T‘“‘ﬁl‘m‘ Adh A'm.'fdcf Dvw
surface (%) | {4/m2) (N/mm3)| V| mm) ik i i
EPX1-5 30 3 0.57 no no no 1
EPX2-5 5 3 0.58 _no no no 1
EPX3-5 45 17.23 669 2 0.56 yes yes | no 2 unknown| unknown unknown| unknown [unknown
EPX4-S 30 3332 13.07 505 2 0.63 yes yes yes 35 100 i
EPXS-5 0 272 | 1771 | 873 2 0.49 s yes yes | 5 100
EPX6-5 unknown 2 0.68 no no no 1
EPX7-5 45 2143 15.38 381 2 0.44 yes yes yes | 50 50
EPX8-5 | unknown 625 2 0.6 yes no no | 1 100
EPX9-5 25 2 Q no _no no 4
EPX10-5 unknown 3226 15.09 278 2 0 yes yes yes 100
Notes
1 Much X 60* adhesive between steel holders §
2 X 60* adhesive between steel holders, but this glue failed short after start of the test
3 Much X 60* adhesive between steel holders, but it does not seem to effect the results.
4 Timber failed due to tension perpendicular to the grain caused by the bending moment
S Brittle failure: softening part of curve is influenced by the elastic deformation of the set up
“X 60is a fast drying adhesive, used to attach the samples to the steel holders
20 ‘
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£ ——EPX3 5
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e : ! =3 ! 1 }
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C 0.2 04 o€ 0.8 1 1.2 14
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Figure 190: Results of shear tests with epoxy-based adhesive. d=0.5 mm
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Apendices

Appendix 32: Detailed results of bond line tensile tests at Lund University
PU; d=0,1 mm

—Used fotiha estmationiot: ; Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue o Interaction| interaction
Sti th d f Initial Fi /
Sample | rings to loaded | energy (N;'::':z) stiffness day:: thickness sli:;::lss Strength ::urg Notes | Timber | timber- |Adhesive| dvw- Dvw
surface (°) | (3/m2) N/mm3)| V8 | (mm) [P == adhesive adhesive
PUL-1T 0 5 0.22 no no no 1 100 ‘
PU2-1T § 1327 4.72 72 5 0.26 yes 13 100
PU3-1T 5 1447 4.23 5 0.26 no yes S 100
PU4-1T unknown 2429 6.62 72 S 0.27 'S yes S 90 1_(_)
PU5-1T 5 S 0.31 no no no ¥ 70 10 20
Notes
| 1 ijssure of 9kN on the specimen before starting the test ]

| 2 [x60*adhesive partly failed |
* X 60is a fast drying adhesive, used to attach the samples to the steel holders
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Figure 191: Results of tensile tests with poly-urethane based adhesive. d=0.1 mm

Page | 133



Studies of a redesigned timber connection

Apendicesi

Page | 134



Studies of a redesigned timber connection

Apendices
PU; d=0,3mm
Used for the estimation of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue l Interaction
Sample | rings to loaded | energy (Sr:;e:;t:) stiffness ddaV?:I thickness ’:::::; Strength F:':"’f Notes | Timber | timber- |Adhesi dvw- Dvw
surface (9) | (1/m2) (Nfrmm3)| V8 | () , e adhesive adhesive
PUL-3T 5 952 4.44 59 5 0.47 S yes es 20 10
PU2-3T 0 1167 5.97 8 S 0.44 yes | yes s 100
PU3-3T 5 s 0.54 no no no 1 80 20
PU4-3T 8] 5 0.86 no no no 2
PUS-3T 0 5 0.43 no no no 1
Notes
T X 60* adhesive partly failed ]
2 Pressure of 6kN on the specimen before starting the test I
*X 60is a fast drying adhesive, used to attach the samples to the steel holders
7
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- s 1 1.-37
c 3
- w— P} 2-3T
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— U 4=0.3mmM
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¢] 0.2 04 0.6 0.8 1 1.2 14 1.6
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Figure 192: Results of tensile tests with poly-urethane based adhesive. d=0.3 mm
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Apendices
PU; d=0,5mm
Used for the estimation of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue Interaction Interaction
¢ . e
sample | rings toloaded | energy (s’:r/::'ﬁ; stiffness (;ay?no thickness stl:;;::l“ Strength F::u" Notes | Timber | timber- |Adhesive| dvw- Dvw
surface (°) (J/m2) {N/mm3) SIies {mm) i 8y adhesive adhesive
PUL-5T 25 1194 6.18 144 5 0.63 _yes yes yes 100
PU2-5T 5 5 0.66 no | no no 1 100
PU3-ST 0 1739 | 7.40 78 5 0.64 yes yes %0 10
PU4-5T 0 5.00 S 0.63 no yes no 2 100
PUS-5T 25 S 0.76 no no no 1 100
Notes
| 1 |High Pressure on the specimen before starting the test I
l 2 ILVDT not properly installed. Only strength is measured —I
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Apendices
Epoxy; d=0,1 mm
Used for the ion of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue Interaction i
Sample | rings to loaded | energy (S':;:‘f::) stiffness ‘:ay::' thickness ’:i';:::‘ Strength Fer::t’ure Notes | Timber | timber- [Adhesi dvw- Dvw
surface () | (1/m2) v/mm3)| TV (mm) = Er adhesive adhesive
EPX1-1T 5 579 2.92 48 Z 0.17 yes yes yes 100
EPX2-1T 10 812 3.08 59 2 0.1 es yes yes 1 80 20
EPX3-1T 0 1240 8.02 142 2 0.18 S yes yes 15 85
EPX4-1T 0 937 6.58 86 2 0.37 yes yes yes 100
EPX5-1T 5 1387 4.53 54 2 0.18 yes yes yes 50
Notes
1 |x 60* partly failed ]
*X 60is a fast drying adhesive, used to attach the samples to the steel holders
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Figure 194: Results of tensile tests with epoxy-based adhesive. d=0.1 mm
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Apendices
Epoxy; d=0,3 mm
Used for the estimation of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue 1 Interaction Interaction
Sample | ringstoloaded | energy (Sr:r/er::t:) stiffness iﬂ::f thickness “I::::; Strength F:':um Notes | Timber | timber- |Adhesive dvw- Dvw
surface () | (1/m2) v/mm3)| V8 | (mm) ey adhesive adhesive
EPX1-37 0 1681 6.43 82 2 0.35 yes es yes 100
EPX2-3T 0 727 4.83 57 2 0.34 yes yes yes 100
EPX3-3T 10 1306 5.11 s7 2 0.39 yes yes yes 1 70 0
EPX4-3T 0 3.97 2 0.4 no es no 2 100
EPXS-3T 5 482 6.42 179 2 0.44 yes yes yes 100
Notes
l 1 |Pressure of 4kN on the specimen before starting the test
’j 2 ILVDT's not installed correctly. Only the strength is measured
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Figure 195: Results of tensile tests with epoxy-based adhesive. d=0.3 mm
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Apendices
Epoxy; d=0,5 mm
Used for the estimation of: Percentage of bond surface failed:
Angel of anual | Fracture Initial Glue Interaction Interaction
. St th d f fnitial Fracture
Sample | rings toloaded | energy (N;::\z) stiffness day?no thickness stllf:ess Strength e Notes | Timber | timber- [Adhesive| dvw- Dvw
suface (?) | (/m2) n/mm3)| CY'"8 | (mm) gy adhesive adhesive
EPX1-5T 5 867 4.55 59 2 0.53 yes yes yes 100
EPX2-5T 0 5.51 2 0.81 no yes no 1 100
EPX3-ST 0 2 0.92 no no no 2 100
EPX4-5T 5 4.83 2 0.42 no yes no 1 100
Notes
| 1 [LVDT's not installed correctly. Only the strength is measured |
2 —|X 60" adhesive failed at the start |
* X 601s a fast drying adhesive, used to attach the samples to the steel holders
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Figure 196: Results of tensile tests with epoxy-based adhesive. d=0.5 mm
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