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Summary
Inspired by traditional woodworking joints, three types of all-timber wall panel edge
connections were designed, manufactured and tested. The three designs had a form of
a finger joint and included the following arrangements: simple rectangular, zigzag and
inverse zigzag. Samples of dimensions of 175 mm wide by 120 mm high by 19 mm deep
were tested to determine the ultimate load resistance, failure mode and joint stiffness.
An analytical model was developed to design samples undergoing ductile bearing
failure; however, it was found that all specimens failed in an undesirable brittle shear
failure mode. Following data analysis, a new connection design was proposed,
combining advantages of all three tested connection types. By decreasing the
interlocking of the connection, it is hoped that the new design would have an adequate
stiffness, yet fail in a preferable ductile mode. Further research in this topic is required
in order to verify the suitability of the proposed solution in mass timber structures.
KEYWORDS: all-timber, edge, connections, mass timber

Introduction
Mass timber is often proposed as an alternative to conventional steel and concrete construction,
and these products have the potential to change our built environment. Mass timber
construction is increasingly being used in multi-storey buildings formed from Cross-Laminated
Timber (CLT) panels (Thistleton, 2018). Reported benefits of mass timber include improved
sustainability, time and ease of construction and aesthetics (Mayo, 2015).
Connections for mass timber elements are predominantly formed from steel screws and plates.
Currently used methods for connecting CLT involve a combination of metal brackets, selftapping screws and bolts (CrossLam, 2016). However, CLT metal connections present several
issues: precision relying on on-site fabrication (FPInnovations, 2013), stress concentration
around the connectors leading to timber splitting (Echavarria, 2007), and potential
vulnerabilities during fire events (Brandon, 2015) (Palma, 2016). An innovation that may resolve
some of these issues is the development of all timber connections, pre-cut into the edges of
structural elements. Such a strategy could allow for integration of connection manufacturing
process within existing framework of the offsite mass timber production using Computer
Numerical Control (CNC) cutting.
This paper presents an investigative study into a protype design for an all timber pre-cut
connection. A design methodology is proposed for an all timber edge connection; several
connection designs were fabricated and subjected to a shear load test. The results were
reviewed in the context of expected failure modes.
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Methodology
Conceptual design
The inspiration for a new connection system was drawn from traditional woodworking joints.
These types of joints rely on cut elements, which match together and provide restraint in a
desired direction without the provision of an adhesive, nails or other bonding methods.
For this study, three connection designs were chosen to test how the change in geometry affects
the failure mechanism, stiffness and ultimate failure load. These are presented in Figure 1
below.

type 1: rectangular notch

type 2: zigzag notch

type 3: inverse zigzag notches

Figure 1: Typology of tested connections

All chosen connections consist of notches cut at the edge of the material that allow for
interlocking with the matching (inverted) pattern in the adjacent element. In these forms, the
connections allow for a shearing resistance in the plane of the panels. Connections 1 and 3
allow for resistance in both upwards and downwards direction, while connection 2 is only able to
resist the movement in one direction.
These three types allowed a study of the fundamental properties of interlocking connections,
determination of the force-displacement response, as well as failure modes of interlocking
timber connections in general; the bearing of timber surfaces and the shear resistance across
interlocking parts.
Due to the manufacturing and testing methodology, the size of specimens was driven by
dimensional constraints. These were imposed by the size of the material, maximum cutting
depth of the CNC router used, as well as testing equipment used. The resulting maximum
dimensions are illustrated in Figure 2. The final specimen size, manufactured and tested, was:
175 mm wide by 120 mm high by 19 mm deep.
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Figure 2: Geometrical constraints of the specimens

Analytical model
Before commencing the experimental part of the research project, an analytical model was
developed. Its main objective was to determine the geometry of each connection type that would
give a ductile failure mode during load testing. Ductile failure is expected to occur when the
bearing resistance of the horizontal notch interface is lower than the shear resistance of the
base of notches. The respective failure planes for each connection types are presented in
Figure 3. The key geometrical variables included number of notches (N); and notch depth (D).

Figure 3: Failure planes of tested designs
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In the creation of the analytical model, the following assumptions were made:
•
•
•
•

Material is solid timber
Material has no defects or discontinuities
Inclined surfaces (including rounded corners) do not contribute to the load resistance
Material is perfectly anisotropic, i.e. strength and elastic properties remain constant
throughout the specimen in a given grain direction
• No manufacturing imperfections
• No eccentricity in the applied load

Timber used in this project was Scots Pine (Pinus Sylvestris). Strength properties of the
material were established with a separate load testing study and are presented in the Table 1.
These values are in a good agreement with data available in literature for this type of wood
(Green, Winandy, & Kretschmann, 1999), with the discrepancy believed to be caused by the
difference in moisture content.
Table 1: Properties of the material used in testing

Property

Measured

Moisture content
[%]

Literature at 12%
moisture content [MPa]

Bearing perpendicular [MPa]

5.08

10.02

4.8

Bearing parallel [MPa]

60.31

9.97

42.4

Shearing [MPa]

6.48

9.42

6.5

Density [kg/m3]

484

8.8

470

Fabrication
Computer Numerical Control (CNC) cutting systems routinely used in CLT fabrication plants
allow timber panels to be cut to specific geometries. It is intended that the fundamental
behaviours investigated here for small solid wood specimens will form a basis for
understanding the behaviour of interlocking connections in structural-size panels. Therefore, in
this project, specimens were manufactured using a CNC router.

Notch testing
The testing procedure was based on BS EN 26891:1991, with the loading procedure as shown in
Figure 4. The estimated failure load Fest was established from the analytical model.
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Figure 4: Loading procedure as per BS EN 26891:1991

The specimens were loaded to failure using Instron 600LX. For the simplicity of testing setup,
specimens consisted of three elements, with the middle element being immobilised by a top
plate and the side elements being pushed upwards with the bottom plate. The schematic of the
testing setup is presented in Figure 5.

Figure 5: Schematic of the testing setup
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For each design type, two specimens were tested. Load displacement data was collected for all
specimens, audio-visual observations were made, and the specimens were photographed at 10 s
intervals during loading.
The images were used for Digital Image Correlation (DIC) analysis and to measure joint
displacement. This is a more appropriate method than using the loading head displacement, as
the total displacement is the sum of joint slip and axial deformation of the material.

Results
Analytical model
To facilitate for manufacturing ease, it was decided that the number of notches in manufactured
specimens was N=2 (‘active’ notches contributing to the resistance).

Load, N

Figure 6 presents a 2-D plot of the failure load for three connection types as a function of notch
depth (D) for number of notches N=2. At low values of D, the failure is governed by the bearing
of timber surfaces, and therefore the compressive strength of the timber. The strength in this
mode increases with D. At higher values of D, the notch is expected to undergo brittle failure in
shear. In these regions, the failure load does not increase with D, as the area of the shear
failure plane is independent of depth of notch. Same analysis was undertaken for the remaining
two connection design types.
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Figure 6: Results of analytical study for all connection types and N=2
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To test the validity of the analytical model, while still inducing a ductile failure in the specimens,
the final geometrical properties used for manufacturing represent sloping part of the graph.
Values close to the transition of the failure mode were chosen.
The geometrical properties and the predicted failure load for each connection type are
presented in Table 2.
Table 2: Geometric properties and estimated failure load of three connections

Connection

Number of notches [-]

Depth of notch [mm]

Failure load [N]

Type 1

2

4

4,925

Type 2

2

5

8,208

Type 3

2

5

4,104

Fabrication
Connections types 1 and 2 are 2-dimensional cut-outs from the solid material and presented no
difficulty in manufacturing.
Type 3 connection is a 3-dimensional shape and could not be carved in a single run of a CNC
router. For this design, part of the cutting path was obstructed by the material to remain, hence
it was necessary to flip the material mid-cut to reveal the other side of the sample. This
resulted in inaccuracies in type 3 specimens, that required re-adjustment with hand tools to
ensure that the elements fitted together.

Notch testing
Type 1 specimens failed in a brittle manner with a clear shearing failure in parallel-to-grain
direction. Type 2 exhibited a similar failure mode; however, the shearing was more rapid and
resulted in pieces of specimen becoming completely detached from the bulk of the material
(Figure 7).
Type 3 specimens exhibited a shear failure, however the reduction in loadbearing capacity was
not as abrupt, as the load path shifted to the inversed notches on the flip side of the connections.
The shear failure occurred not at a base of notches, as in type 1 and 2 designs, but was at an
angle to the plane of interface between the elements (Figure 7). After the initial reduction in
loadbearing capacity occurred at approximately 2-3 mm total displacement (shear failure), the
capacity steadily declined until the test was manually interrupted at 10 mm total displacement.
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A significant spreading of the connection was observed post shear failure, with the movement
along the slope of the inversed notch pattern.

type 1 shear failure through two
notches at the base

type 2 shear failure with complete
separation of two notches at the
base

type 3 shear failure with tapered
failure in respect to the plane of the
base of notches

Figure 7: Failure planes of all design types

The load-displacement diagrams for all specimens tested are presented in Figures 8 and 9.
Note the difference in vertical and horizontal axes’ range.
Types 1 and 2
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Figure 8: Load-deflection data (types 1 and 2)
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Type 3
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Figure 9: Load-deflection data (type 3)

Figures 10, 11 and 12 show a DIC output for type 1 specimen, with a joint displacement indicated
in the bottommost image. Note that a conventional displacement sensor would measure a
variety of displacements, depending on where it was mounted and at what point it was
measuring the displacement. Using the DIC, the displacement immediately across the joint can
be isolated, but shear displacement of both the central and outer pieces can be clearly seen. If
the displacement was measured between the centre of the central piece and the centre of the
outer pieces, this would lead to an increase of approximately 50% in the measured
displacement, and a corresponding reduction in measured stiffness. Such a measurement
would not be repeatable for different specimen geometries. This measurement method
between the base and tip of the notches can be replicated for other geometries.

Figure 10: DIC output: overlaid on the image of the specimen
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Figure 11: DIC output: in perspective

Figure 12: DIC output: bottom view

The DIC input was not collected successfully for all specimens due to interruptions in the image
capturing process. Obtained values of slip displacement and slip modulus for successfully
recorded specimens are presented in Table 3 and Figure 13. For type 3 connections, the slip
modulus represents the initial elastic part of the loading path until 2 mm total displacement, as
per Figure 9.
Table 3: Summary of shear test results and joint displacement analysis

Sample type
type 1
type 2
type 3

Specimen

Displacement [mm]

Failure
load [kN]

Error
[±mm]

1A
1B
2A
2B
3A
3B

0.81
DIC not available
DIC not available
1.02
0.71
0.49

12.5
20.7
4.89
5.54

0.2
0.3
0.3
0.1

Slip modulus [N/mm2]
Min
Max
277.4
458.7
350.9
643.3
113.6
238.7
210.1
317.8

Figure 13: Joint slip modulus for samples with successful DIC analysis
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Discussion
Comparison between analytical model and test results
All specimens tested failed in a brittle failure mode and the recorded failure load varied from
predicted by as much as 200% - see Table 4.
Table 4: Comparison between predicted and observed behaviour for all design types

Type
1
2
3

Method

Failure load
(ambient) [N]

Failure mode

Max shearing
stress [MPa]

Predicted

4,925

Bearing

6.5

Observed

13,470

Shearing

8.9

Predicted

8,208

Bearing

6.5

Observed

20,250

Shearing

8

Predicted

4,104

Bearing

6.5

Observed

5,220

Shearing

9

The discrepancy between the failure mode and load between the analytical model and tests is
believed to be due to the model not accounting for the stress concentration at the base of the
notches, resulting in Mode II failure.

Comparison between connection types
Connection type 2 achieved the highest load-bearing capacity for a given specimen size;
however, the failure was very abrupt and resulted in a complete separation of a portion of the
material. Connection type 3 had a relatively low load-bearing capacity, however its failure was
much more ductile than for other design types. Connection type 1 exhibited an intermediate
strength between connections 2 and 3, with the failure mode being brittle, but not as abrupt as
type 2 design.
In terms of ease of manufacturing, only design type 3 presented difficulties. Ultimately, the
difficulties impacted negatively the achieved precision, which affected the resultant strength of
the connection, thus undermining the effective CNC fabrication. On the other hand, it was the
only design type that showcased a partially ductile behaviour in the second stage of loading (310 mm of total displacement).
None of the three designs satisfied the objectives of the project. However, based on the analysis
of tests results, a new reiterated connection design is proposed that is hoped to combine the
benefits of all types and alleviate the issues with undesirable structural behaviour.
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Reiterated connection design
Based on the comparison between tested connection designs, it was decided that the reiterated
design should have a 2-dimensional shape for ease of manufacturing and should not include
heavily interlocking, horizontal bearing surfaces. Joint stiffness of connections tested in this
project was found to be higher than in commonly used connections in mass timber structures
(D'Arenzo, Casagrande, Reynolds, & Fosetti, 2019), hence a portion of the stiffness can be
sacrificed for an increased ductility.
The reiterated connection design is presented in Figure 14.

Figure 14: Proposed connection design for future testing.
The geometry is determined based on experimental results on three connection designs

Testing of design type 3 specimens showed that during the ductile part of loading (i.e. at
deflections exceeding 3 mm), the side elements spread outwards when sliding along the slope of
the notches. If such connection would be used in a structure, lateral restraint would be provided
by neighbouring elements (floor, ceiling and adjacent walls). However, it is preferable to design
a connection able to withstand the spreading behaviour without relying on other elements within
an assembly.
To address the following issue, and drawing inspiration from another traditional woodworking
joint, a bow-tie key element was proposed (Figure 15).

Figure 15: Reiterated connection design, including a bow-tie key element
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The bow-tie key element would prove a restraint to the outward movement by resistance in
tension. Furthermore, a connection including a key element could potentially resist other load
configurations, such as bending or shearing in other planes.

Conclusion
Three all timber edge connections using interlocking notches between adjacent pieces have
been designed, fabricated, and load tested using solid timber.
All specimens underwent a brittle shear failure at the base of the notch, even in cases in which a
limiting stress analysis would suggest a compressive bearing failure along the notch edge. This
is undesirable; brittle behaviour in structures gives sudden failure, and does not allow for
redistribution of the load through alternative load paths. The discrepancy between the analytical
model and experimental results was primarily caused by the inability of the model to represent
the stress concentration at the base of the notch. A fracture mechanical analysis of this Mode II
fracture would be considered as a further development.
Based on the experimental results, a reiterated design was proposed. The new design sacrifices
some stiffness for a more ductile behaviour by not relying on strong interlocking of the
elements. The results showed that ductile behaviour can be mobilised on the inclined portions
of the notches. Therefore, in the new design all interaction surfaces are inclined or vertical to
eliminate undesirable brittle failure and potentially enable resistance in loading arrangement
not investigated in this project.
Such connections could eventually be used in mass timber systems such as CLT. The layered
structure of CLT would introduce substantial complexity into the behaviour of the interlocking
joints, and particularly into the Mode II fracture which has driven the failure of these
connections.
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