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Abstract Post-disaster field studies widely suggest that historical timber structures
are seismically resistant, and a growing number of experimental studies support this
observation. The joints between structural members, which are the major energy
dissipation mechanism within the structure, play a crucial role in the overall
robustness and the way that a structure handles the seismic demand. Joints mostly
fail when the timber members are still in the elastic range, therefore a thorough
understanding of their behaviour under various loading schemes is of utmost
importance to gain deeper insight about the overall structural performance of timber
structures. This paper summarizes the findings from a series of testing carried out
on dovetail joints, which is one of the most common traditional carpentry joints,
during the 5th COST FP 1101 Training School, held in University of Minho,
Portugal. Within this framework, a dovetail joint (with and without dowel) was
tested under compression and tension. The experimentally obtained load-bearing
capacity of the joints was then compared to the capacity values calculated using
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analytical models, and the failure modes were further discussed. The results showed
that the experimentally obtained capacity values can be successfully reproduced by
analytical models for dovetail joints without dowel. On the other hand, the capacity
of a dovetail joint with dowel under compression or tension is always underesti-
mated by analytical models.
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Introduction

Around the world, there is a variety of traditional/vernacular timber architecture that
is widely considered as seismically resistant based on post-disaster field recon-
naissance studies throughout centuries. Although there are cases where poor per-
formance of timber buildings has been reported, mainly due to (1) aging, material
degradation and bio-deterioration in timber, (2) lack of maintenance, (3) structural
alterations that follow changes in the function of a building and (4) cumulative
structural damage due to successive earthquakes as well as (5) disproportionately
heavy roofs and (6) failure in the masonry sections of masonry-timber hybrid
buildings which triggers an overall structural collapse, the performance of timber
structure has mostly been found sufficient to bear seismic demand in areas where
they are built. Thanks to the significant amount of static and dynamic experimental
work in the last decades, both in the laboratory and on-site, this observation is no
longer anecdotal [e.g. 1-3]. The testing efforts as well as in situ observations
confirmed that timber structures’ seismic performance is governed to a large extent
by the joints. Joints are the weakest points within the structure, and they mostly fail
when the timber members are still in the elastic range. Furthermore, they are the
major energy dissipation mechanism within the structure; therefore they play a
crucial role in overall robustness and the way that a structure handles the seismic
demand.

Carpentry joints occupy an important place among most widely used connec-
tions in traditional timber buildings. Most studies regarding semi-rigid carpentry
joints use testing and modelling tools to determine performance under axial or
flexural loading and how the behaviour can be improved via different reinforcement
techniques. Most studies regarding dovetail joints focus on rounded dovetail joints
[e.g. 4-6]. A few remaining studies on lap dovetail connections include [7], where
the authors carried out cyclic tests on log walls built by this type of joints to assess
the in-plane response. In [8], authors test a frame with lap dovetail joints
(inverted-trapezoid sectioned dovetail mortise-tenon joints, as authors name it) and
discuss failure modes and obtained force-displacement relationships. The impact of
geometrical features on mechanical behaviour was investigated using finite element
models [e.g. 9] or experimentally [e.g. 10].

This paper summarizes the findings from testing of lap dovetail joints (with and
without dowel) under compression and tension. It then discusses the observed
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Fig. 1 Dovetail joints with and without dowel

Table 1 Test results (one sample per configuration)

Compression (kN) Tension (kN)
Dovetail without dowel 17.51 4.74
Dovetail with dowel 51.64 13.9

failure mechanisms and compares the obtained capacity values to those calculated
using models proposed in the relevant codes.

Tests

The tests described here were carried out on dovetail connections, which is among
the most common traditional carpentry joints, during the 5th COST FP 1101
Training School that was held in University of Minho in Guimardes, Portugal,
between the 11th and 14th of May 2015. The joints with and without dowel were
tested under compression and tension (Fig. 1).

Dovetails used in this study for testing purposes were made of Scotch Pine
(Pinus sylvestris) and Maritime Pine (Pinus pinaster) and the dowels were made of
Massaranduba (Manilkara spp., tropical wood, assumed to be D60). The capacity
values obtained at the end of tests under tension and compression are given in
Table 1.

Calculations

Although there is no guideline in the Eurocode 5 [12] on how to design carpentry
joints, calculations made here follow the Eurocode 5 (and Johansen’s equations)
philosophy: to every possible failure mode of the dovetail joint matches a failing
load, and the minimum of all failing loads corresponds to the capacity of the
connection. Material properties used in calculations for Scotch Pine and Maritime
Pine were taken as mean values for Lodgepole Pine, which is the pine species with
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Table 2 Scotch pine or maritime properties [11]

Prmean (kg/m’) fy.m (MPa) fe.00.m (MPa) fLo0.m (MPa)
410 6.1 4.2 2

the lowest mean mechanical properties (Table 2) according to [11]. Maritime pine
and Scotch pine properties are not fully available, therefore choosing the species of
the same family exhibiting the lowest mean mechanical properties leads to con-
servative but still realistic results. Mean properties are preferred in calculations
because design values and characteristic values are too conservative and probably
do not reflect real properties of the wood samples tested here.

Possible Failure Modes

(a) Failure of the dowel (in tension and compression; Fig. 2)

The capacity of the dowel can be estimated using Johansen’s equations (in single
shear, timber-to-timber connection, EC5 equations given in Sect. 8.6), provided
that the value of characteristic yield moment (M, ;) is adapted to timber dowel.
This method was proposed and successfully used by authors of [13], who adapted
Johansen’s equations to account for design of all-wood connections (namely,
plywood flitch plates and oak peg). Since a plastic hinge cannot develop with wood
pegs, the adapted yield moment was defined as the moment for which rapid loss of
load resistance was observed (since with wood dowels a ductile behaviour is not
likely to occur). Since pegs were not tested in the present research, this adapted
yield moment My ;.\ is evaluated through theory of material strength under plastic
behaviour, but using a low value (i.e. 70 MPa) for “yield” strength (to take into
account the rather brittle behaviour of bended wood dowels), as defined in (1).

(e) (f)

Fig. 2 Failure mode 1—fastener in single shear—according to Johansen [EC5, Sect. 8]
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Fig. 3 Failure mode 2—
splitting

\\Q
For cylindrical rods, the definition of the yielding moment is:
D3
My,r',k :fil,k * F (1)

where f, x is the yield strength, assumed to be f;, , i.e. 70 MPa. This estimation is
conservative since we use the characteristic value for bending strength instead of
the mean value; and D is the diameter of the peg, i.e. 20 mm.

For dovetails studied here, the failure mode identified using those equations (8.6
in EC5) is rotation of the dowel inside the timber block (i.e. failure mode (c) in EC5
8.6, see Fig. 2, with a calculated capacity equal to 8.53 kN), followed by “yielding”
(i.e. dowel fracture) in one point of the timber dowel (i.e. failure mode (e), with a
characteristic load-carrying capacity equal to 8.97 kN).

(b) Splitting near the dowel (in tension and compression; Fig. 3)

Splitting failure is prevented by following prescriptions regarding minimum
edge/end distances from the dowel. Values given in the Eurocode 5 are for steel
dowels (and are therefore too conservative for wood dowels, as highlighted and
discussed in [13]), so in this paper rather minimum edge distances determined in [13]
will be referred to: distance between the dowel and the end of the skew element must
be greater or equal to 2.5 times the dowel diameter. This minimum end distance was
respected in samples tested here, and by doing so splitting failure was prevented.

(c) Extraction of a shear plug around the dowel (in tension; Fig. 4)

Dovetail joints in tension may also fail by extraction of a plug around the dowel,
failure due to excess of shear stresses in the skew element. The corresponding
failure load can be estimated by multiplying the wood shear strength by the surface
available to transfer shear.

(d) Excessive compression perpendicular to the grain on surface S,
(in compression; Fig. 5)

In dovetail joints in compression, the load is transferred by compression along S,
and compression and friction along Sy,. This failure mode load is evaluated through
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Fig. 4 Failure mode 3—
shear plug

Fig. 5 Failure mode 4—
compression along S,

Fig. 6 Failure mode 5—compression on both sides of the dovetail

maximum permissible compression at an angle to the grain along S,. It should
though be noted that usually failure is due to incidental cracks (caused by tension
perpendicular to the grain) and not to excessive compression.

(e) Excessive compression at an angle to the grain on both sides S;, and S,
of the dovetails (in tension; Fig. 6)

Tension of the dovetail leads to compression at an angle to the grain on surfaces
Sy and S.. To evaluate the corresponding capacity, the tensile load is divided into
forces inducing (i) compression perpendicular to the grain on S, and (ii) compres-
sion and friction along S,. However, the load-bearing capacity is difficult to assess
since this process of decomposition is iterative, and the wood crushing is rarely the
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A

Fig. 7 Failure mode 6—interaction tension perpendicular and shear—method 1

Fig. 8 Failure mode 6—interaction tension perpendicular and shear—method 2

cause of a joint failure because of its ductility. Usually another failure mode (e.g.
cracks due to shear parallel to the grain or tension perpendicular to the grain, see
failure mode 6) occurs before wood completely crushes in compression (since the
extra reserve of capacity is high).

(f) Failure by tension perpendicular to the grain and shear
(in tension; Figs. 7 and 8)

Interaction between tension perpendicular to the grain and shear parallel to the
grain is highly dangerous for wood joints since it can induce cracks in the con-
nection. The verification of the connection against this failure is made using two
different calculations: (i) Calculations focusing on tensile stresses perpendicular to
the grain and shear stresses separately (Fig. 7) and (ii) calculations inspired by
Eurocode 5 guidelines for notched members, which take into account both tension
perpendicular to the grain and shear in a single formula (ECS5, Eq. 6.60). Here, we
transpose this philosophy of design to the verification of the horizontal element, as
illustrated on Fig. 8. The skew element is regarded as a support for the horizontal
element.

Since the capacity calculated using method (ii) is lower (and therefore conserva-
tive), it will be regarded as the load inducing failure by tension perpendicular to the
grain and shear (i.e. mode 6). The failure load is thus defined through expression (2):
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1.5V
T =
b*hef

<ky * frm (2)

where V is the shear load applying to the horizontal element (which is linked to the
failure load), h,y is the position of the crack on failed sample, f,, ,, is the mean value
for shear strength, and k, is a reduction factor defined in the Eurocode 5, Eq. (6.62).
By calculating V, the failure load can then be obtained.

Comparison with Experimental Results

In Compression

For dovetails without dowel, the only possible failure mode is excessive com-
pression on S,, with a capacity of 17.75 kN (Table 3). Experimental results agree
with calculations since the failure was observed at 17.51 kN due to compression—
more precisely to cracks of tension perpendicular to the grain induced by the
compression deformation, see Fig. 9a.

For dovetails with dowel, the joint should first fail at the dowel. According to
calculations, the first dowel failure mode should be the rotation of the dowel,
followed by yielding of the dowel. Those dowel failures should occur at around 8.5
and 8.97 kN, respectively. The tested sample confirms failure modes since it shows
both dowels “yielding” (Fig. 9c) and elongation of the holes in which the dowel is
inserted (due either to dowel yielding or rotation), and deformation due to excessive
compression on the horizontal element (Fig. 9b). We also see a crack due to tension
perpendicular to the grain along the compressed surface S, on Fig. 9b. However,
the load reached experimentally (51.64 kN) is much higher than the calculated
value (8.53 kN) (Table 3).

Table 3 Possible failure modes and corresponding calculated capacities (kN) for dovetails in
compression

Failure modes With dowel Without dowel
Failure mode 1: dowel failure (by rotation) 8.53 -

Failure mode 4: excessive compression perpendicular 17.75 17.75

to the grain on surface S,

Bold values are considered as limit failure capacity. Those values are minimal calculated values for
the joint
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Fig. 9 Failures observed in the tested specimens. a Excessive compression on S, (+tensile
cracks), b excessive compression on S,, ¢ dowel yielding, d failure of the dowel, e dovetail in
tension: Tension + shear crack

In Tension

According to calculations, both dovetails with and without dowel should fail by
cracking of the horizontal element due to combination of tension perpendicular to the
grain and shear (Table 4). Regarding dovetails without dowel, experimental results
are consistent with the analytically obtained values since the capacity is 4.74 kN and
the failed specimen exhibits a crack in the horizontal element (Fig. 9e).

However, for dovetails with dowel, the failure occurred by shear of the dowel at
the interface between the two timber elements (see Fig. 9d), and the obtained
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Table 4 Possible failure modes and corresponding calculated capacities [kN] for dovetails in
tension

Failure modes With dowel Without
dowel

Failure mode 1: dowel failure (by rotation) 8.53 -

Failure mode 3: extraction of a shear plug around the dowel | 28.18 -

Failure mode 5: excessive compression at an angle 53.90 53.90
to the grain on both sides of the dovetails (i.e. on
surfaces Sy, and S,)

Failure mode 6: failure by tension perpendicular 3.21 3.21
to the grain and shear

Bold values are considered as limit failure capacity. Those values are minimal calculated values for
thejoint

capacity is 13.9 kN. This is because the load is transferred not only by compression
on both sides of the dovetail (inducing tension perpendicular and shear responsible
for cracking failure) but also through the dowel. Therefore, the dowel alleviates the
part of the horizontal element that is subject to tensile and shear stresses and delays
the failure (hence the load-bearing capacity is higher). It seems that the stiffness of
the dowel is so high that it transferred most loads; hence, compression on sides of
the dovetail did not induce enough tension perpendicular and shear on the hori-
zontal element to crack it.

Discussion

As seen from the capacity values obtained at the end of tests, the dowel seems to
triple the load-bearing capacity, both for compression and tension. Also, as seen in
Fig. 10 below, the capacity of a dovetail joint without dowel can be quite accurately
predicted, while the values obtained for a dovetail joint with dowel for different
failure modes are rather scattered. It seems that the capacity of a dovetail joint with
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Fig. 10 Experimentally and analytically obtained capacity results
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Table S Comparison between experimental and analytical results

With dowel Without dowel

Tests (kN) Calculations (kN) Tests (kN) Calculations (kN)
In compression 51.64 8.53 17.51 17.75
In tension 13.9 321 4.74 321

dowel under compression or tension (i.e. the minimum value among capacities
calculated for each failure mode) is always underestimated by analytical models.

An important point to bear in mind while evaluating this result is that as dovetail
joints with dowels are statically indeterminate structure, loads absorbed by each
part of the joint depend on the relative stiffness of the constitutive parts of the joint.
For instance, dovetail with dowel in compression transfers the load from the skew
element to the horizontal element through the dowel and surface S, (spring analogy:
parallel circuit, see Fig. 5). The fraction of the load transferred by the dowel
depends on the stiffness of this dowel compared to the stiffness of the surface S,.
The relative stiffness, and therefore the fraction of the load absorbed by each part of
the joint is difficult to assess analytically. Failure loads determined in this paper do
not take into account this phenomenon, and thus underestimate the load-carrying
capacity of dovetails with dowel.

Conclusions

Calculations based on the EC5 philosophy can predict accurately both capacity and
failure mode of dovetails in tension or compression without a dowel, as recapped in
Table 5.

However, behaviour of dovetails with dowel is more difficult to assess with a
simple equation since the stiffness of the dowel and the surfaces under compression
is of crucial importance to correctly identify the failure mode and estimate the
corresponding ultimate load. Moreover, wood properties and yielding moment to be
used at Johansen’s equations need be estimated through approximated equations,
which induce additional errors in the calculations. Hence, further investigations that
take into account the relative stiffness of the dowel and the areas under compression
are needed in order to make better estimates. Also, the dowel yielding moment
should be determined experimentally.

The engineers who are commissioned for the condition assessment and retro-
fitting of traditional timber frame structures with carpentry joints should pay utmost
attention to the discrepancy between the results obtained from testing and theo-
retical models. The carpentry joints are not standard, and this study clearly shows
that the proposed models should be further fine-tuned to reflect their load bearing
capacity and behaviour under certain actions.
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