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Abstract. The force resisting ability of a connection has direct implications on the overall response of a timber framed
structure to various actions, thereby governing the integrity and safety of such constructions. The behavior of timber framed
structures has been studied by many researchers by testing full-scale-connections in timber frames so as to establish consistent
design provisions on the same. However, much emphasis in this approach has been unidirectional, that has focused on a
particular connection configuration, with no research output stressing on the refinement of the existing connection details in
order to optimize their performance. In this regard, addition of adhesive to dowelled timber connections is an economically
effective technique that has a potential to improve their performance. Therefore, a comparative study to evaluate the
performance of various full-scale timber frame Nailed connections (Bridled Tenon, Cross Halved, Dovetail Halved and Mortise
Tenon) supplemented by adhesive with respect to Nailed-Only counterparts under tensile loading has been investigated in this
paper. The load-deformation values measured have been used to calculate stiffness, load capacity and ductility in both the
connection forms (with and without adhesion) which in turn have been compared to other configurations along with the
observed failure modes. The observed load capacity of the tested models has also been compared to the design strengths
predicted by National Design Specifications (NDS-2018) for timber construction. Additionally, the experimental behavior was
validated by developing non-linear finite element models in ABAQUS. All the results showed incorporation of adhesive to be an
efficient and an economical technique in significantly enhancing the performance of various timber nailed connections under
tensile action. Thus, this research is novel in a sense that it not only explores the tensile behavior of different nailed joint
configurations common in timber construction but also stresses on improvising the same in a logical manner hence making it
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distinctive in its approach.
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1. Introduction

The significance of connection performance in the
ability of a framed structure to resist forces arising due to
diverse actions is indispensable. The concentration of
stresses inherent to material discontinuity makes
connections extremely damage susceptible thereby
necessitating utmost concern to be divested in their design.
Timber framed constructions involving various connection
configurations have been used since times due to the
sustainable, energy efficient, and light weight character of
timber in contrast to contemporary building materials which
are also by and large environmentally hazardous.

Tensile capacity is an essential property of timber-
framed connections under pull-out / uplifting actions that
has been investigated by many researchers to develop
design guidelines and numerical models for strength
prediction. However, attention in this area has been
confined to pegged mortise-tenon connections wherein
several parameters have been studied till date. The first
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attempt to study the tensile behavior of pegged
mortisetenon joints and frames experimentally as well as
analytically was made by Brungraber (1985) in which the
strength and stiffness was seen to enhance as the peg
diameter increased. Kessel and Augustin (1995) also
reported investigations on pegged mortise tenon joints
involving evaluation of allowable loads for timber frame
design under tension. In another study, peg failure was
identified to be the most ductile mode when full scale
mortise tenon joints were loaded in tension by Schmidt and
Daniels (1999). Similar observations with peg diameter and
shape having a significant influence on the failure mode
were presented by Shanks ef al. (2008).

The effect of joint fitness on the performance of pegged
mortise tenon connections was explored by Bulleit et al.
(1999) which revealed that peg suffered less damage in a
tightly fit joint compared to a loose connection and that
pegged joints can be modelled as pinned connections.
Similarly, the effect of variation of end distance on the
behavior of pegged mortise tenon joints under tension was
reported by Burnett et al (2003). In another study, the
tensile capacity of varying angle pegged mortise tenon
connections was evaluated by Walker ef al. (2008) in which
459 connections exhibited the highest capacity followed by
90° and 67.5° connections respectively with connection
stiffness reducing as the angle decreased. The work on
angled mortise tenon connections was extended by Judd et
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al. (2012) by developing a theoretical model for evaluating
the tensile strength. Similarly, a finite element model in
ANSYS based on the results of tensile testing of pegged
mortise tenon connections was developed by Miller et a/
(2004).

Several researchers have also investigated the tensile
behavior of mortise tenon joints assembled by fasteners of
different materials instead of the conventional wooden pegs.
Hasan et al. (2012) reported that GFRP dowelled mortise-
tenon connections can be considered as a viable alternative
to steel and wood dowelled connections because of the
comparable performance of former in contrast to latter
under tensile action. Similarly, a significant enhancement in
the withdrawal capacity of round mortise tenon joints
employing steel cross pins instead of wooden pins was
observed by Eckelman et al. (2006) provided perpendicular
to grain failure in the mortised member was prevented by
reinforcement. In another study, splitting strength of the
mortised member in the cross-grain direction considering
the variation of edge distance and timber species by
employing steel bolts instead of the wooden pegs was
evaluated by Hindman et a/ (2016).

In contrast to pegged timber connections little research
has been done on the nailed connections in the recent past
despite extensive use of nails in timber construction. The
load capacity prediction model for dowelled timber
connections loaded normal to the fastener axis was
developed by Johansen (1949) which considered embedded
dowels as beam elements. Moller (1950) applied this model
to symmetrical and unsymmetrical joints in single and
double shear, which was later experimentally verified by
Siimes (1954), Mack (1960) and Aune (1966). In another
work, Larsen et al. (1969) reported substantial differences
in the behavior of screw joints with respect to bolted joints
in timber which was attributed to different values of
embedment strength. The application of Johansen’s model
to nailed joint forms of different embedment strength was
developed by Aune and Patton-Mallory (1986).

The bearing strength of steel-timber single dowel
connections considering the influence of wood density and
dowel friction was reported with proportional effects under
tension by Dorn et a/ (2013). Similarly, the bearing strength
of pegged connections in comparison to connections
employing steel fasteners in various base materials was
investigated by Church et al. (1997) and Wilkinson (1972)
in two independent studies.

Though a lot of research has been done on pegged
mortise joints and dowelled timber connections in the past
but none of the work has studied various nailed joint
configurations with an effort to refine the joint detailing by
adhesive addition to compare the performance for
optimization.

The primary purpose of the present research work is to
conduct a comparative study for experimentally evaluating
the tensile behavior of various nailed connection
configurations supplemented by adhesive with respect to
nailed-only counterparts, in order to ascertain the influence
of adhesive addition on the connection performance. The
experimental behavior has also been validated analytically
by developing non-linear finite element models in
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Fig. 1 Typical test specimen on a U.T.M.

Tablel Properties of timber used

Property Value
1. Specific Gravity 0.48
2. Moisture Content 12.56%
3. Modulus of Elasticity (MPa) 11218.41
4. Poisson’s ratio 0.32
5.Tensile strength parallel to grain (MPa) 128.37
6.Tensile strength perpendicular to grain (MPa) 2.82

ABAQUS. Therefore, this study will not only facilitate in
augmenting the meagre research in this area in recent past
but will also aid in understanding the connection response
so as to come across optimal performance under uplifting
actions. The preliminary nature of this study suggests
further work before implementation in design.

2. Experimental investigation
2.1 Test specimens

In this study, seasoned Fir (Budlu), common in
traditional timber construction in Jammu and Kashmir, of
sectional dimensions 70mm x 90mm (2.75” x 3.5”) has
been used for making full scale timber frame T-shaped
connections. The timber properties evaluated as per IS-1708
(2005) specifications are given in the table 1 below:

Regular 62.5mm (2.5”) iron nails and polyvinyl acetate
which is a synthetic resin adhesive have been used to
construct 16 specimens (4 each of Bridled-Tenon, Cross-
Halved, Dovetail Halved and Mortise-Tenon
configurations). Additionally, 12 specimens (3 each) of the
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(c) Dovetail Halved T-connection (DH)

(d) Mortise Tenon T-connection (MT)

Fig. 2 Details of the connection types considered in this study (All dimensions in mm.)

aforementioned configurations have also been constructed
keeping all the parameters same except the use of adhesive
in order to ascertain its influence on the connection
behavior.

2.2 Testing programme

The samples from the four connection types were tested
on a Universal Testing Machine in displacement-controlled
mode at a constant rate of 2mm/min for evaluating the
tensile capacity under static conditions. The testing protocol
included testing Nailed-Only connections followed by
Adhesive cum Nailed connections from each configuration
respectively. The testing of a typical T-connection on
U.T.M. has been shown in Fig.1. In present research, the
four T-connection configurations selected were based upon
their common use in timber construction. The similar
member dimensions of these connections enabled direct
comparison, thereby facilitating the performance evaluation
of the joint forms (with and without adhesion) individually,
in addition to the various connection configurations
considered. Thus, the present research is novel in a sense
that it not only evaluates the structural behavior of Nailed
Mortise-Tenon connection on which very little work has
been done by the researchers in the past, but it also
compares its performance to other configurations along

with the refinement in joint detailing by adhesive addition
so as to establish quantitatively which connection profile
behaves optimally. Such a study involving a quantitative
comparative analysis of the structural performance of
timber framed joints for optimization has not been
undertaken till date, making this work innovative in its
approach. The details of the connections considered in this
research are shown in Fig.2.

For convenience and further reference, Nailed-Only
connections in this work have been represented by two
letters followed by a numeral code wherein letters denote
the connection type and the numeral denotes the specimen
number whereas Adhesive cum Nailed specimens have been
differentiated from the Nailed-Only connections by a (*)
symbol.

3. Results and outcomes

The test results have been presented in the form of
Nailed-Only versus Adhesive cum Nailed connections for a
particular joint configuration followed by comparison of
various joint types in both the forms subsequently. Load-
Deformation (F-3) plots have been used to evaluate the
stiffness, load capacity and ductility of connections. Further,
failure modes in various configurations have also been
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Fig. 3 Displacement-Ductility (p) from a typical load-
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observed. The connection stiffness has been calculated
based on the best fit to the initial portion of the F-6 plot
from linear regression analysis. Similarly, the yield point
has been defined based on the 5% diameter offset method
specified in NDS (2018) wherein a line parallel to the initial
stiffness at an offset of 5% connector diameter on the 5-axis
intersecting the F-6 curve was considered.

The displacement-ductility (n) in Nailed-Only
connections has been defined as the ratio of the
displacement corresponding to 80% peak load to the
yielding displacement (Williams et al. 2008) whereas,
incase of Adhesive cum Nailed connections, ductility was
evaluated as the ratio of displacement at a point where the
connection did not sustain a significant load to the
displacement at yield (Judd ef al. 2012) in which the point
of insignificant load was taken as 80% peak load from the
mean curve of the corresponding Nailed-Only counterpart
(Fig.3). This definition gave the best interpretation as far as
the comparative analysis of the joint forms with and without
adhesion was concerned and was adopted since the load-
displacement curves exhibited sharp load drops post peak
point as a characteristic feature due to the detachment of the
binding layer upon loading in Adhesive cum Nailed
connections whereas, Nailed-Only connections showed a
much gradual transition consequent to the lack of adhesion.

Additionally, evaluating  displacement  ductility
corresponding to 80% peak load from the F-& plots of
Adhesive cum Nailed Connections would not represent the
true behavior due to abrupt load drops resulting in very little
ductility wherein the post drop portion load values being
significant in comparison to Nailed-Only connections
would be neglected.

3.1 Nailed Only Bridled Tenon (BT) vs. Adhesive
cum Nailed Bridled Tenon (BT*) Connections

Both BT and BT* predominantly showed shear bearing
failures compounded by complete tear out of the horizontal
members in some specimen at large displacements under
tensile loading. The F-3 plots revealed that BT* connections
resisted very high loads in comparison to BT samples
consequent to the largest bound area in adhesion. When
loaded, detachment of the binding layer caused BT* to
exhibit very sharp load drops but the enhancement in load
capacity due to adhesive addition being highest when
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Fig. 4 F-3 plots of Nailed-Only Bridled Tenon joint
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Fig. 5 F-3 plots of Adhesive cum Nailed Bridled Tenon joint

compared to other configurations overshadowed the former
effect resulting in high ductility with respect to BT
specimen. Additionally, BT* samples showed higher
stiffness when referenced to BT. The F-6 plots of BT and
BT* have been shown in Fig.4 and Fig.5 respectively along
with the mean curves in Fig.6. The comparison of the mean
curves showed that load capacity, stiffness and ductility
enhanced by a factor of 2.49, 1.93 and 1.56 respectively by
the use of adhesive in this connection configuration. The
results evaluated have been tabulated below (Table 2) for
both BT and BT* along with the mean values.

3.2 Nailed Only Cross Halved (CH) vs. Adhesive
cum Nailed Cross Halved (CH*) Connections

Upon loading, CH and CH* connections primarily
demonstrated bearing failure modes in which nails due to
higher bearing strength crushed wood (softer material)
along with samples CH*2 and CH*4 developing hairline
cracks in both horizontal and vertical  joint  members.
CH* connections  showed significantly higher stiffness
and load capacity with respect to CH connections wherein
the enhancement in stiffness due to adhesive incorporation
was the largest when compared to other configurations. The
CH* connections also exhibited abrupt load drops (as seen
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Specimen K (kN/mm) Fy (kN) 8y (mm) &y (mm) (FIKIX) Frail (kN) Sit(mm) p Observed Failure Mode
Shear Bearing + Cracking in the
BT-1 1.32 4.34 241 28.1 7.94 4.81 453 11.7 Horizontal Member
Shear Bearing + Horizontal
BT-2 1.61 4.86 1.44 13.4 8.98 5.08 38.8 9.30 Member Tear Out
Shear Bearing + Horizontal
BT-3 2.04 543 2.28 10.1 9.42 4.53 413 4.43 Member Tear Out
BT Mean 1.55 5.07 2.14 17.9 8.39 5.28 392 813 e
Shear Bearing + Hairline Cracks in
BT*1 3.29 10.8 2.32 31.1 19.5 5.39 39.5 13.4 Tongue of Vertical Member
Shear Bearing + Tearing in the
BT*2 2.36 11.5 5.04 46.2 21.3 6.57 471 9.15 Horizontal Member
Shear Bearing
BT*3 2.89 11.0 3.25 44.6 232 6.48 44.7 13.7
Shear Bearing + Complete
BT*4 3.45 17.7 4.54 34.1 29.4 6.07 39.8 7.50 Horizontal Member Tear Out
BT* Mean 2.99 10.4 3.07 389 20.9 6.69 38.8 27 -
257 —— BT Mean ——GEE
—— BT* Mean
20+
Z 15¢
<
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Fig. 6 Mean F-§ plots of Nailed-Only and Adhesive cum
Nailed Bridled Tenon joints

in F-§ curves) in contrast to CH specimens wherein the load
dropped very gradually thereby making ductility values of
CH higher in comparison to CH*. Thus, the addition of
adhesive was seen to impose adverse effects on the ductility
in this connection configuration. The F-8 curves of CH and
CH* are shown in Fig.7 and Fig.8 respectively along with
the mean curves in Fig.9. On the mean scale, stiffness and
load capacity improved by a factor of 2.71 and 1.73
respectively with the use of adhesive in this connection type,
however ductility reduced by 28% when compared to CH.
The results are presented in Table 3.

3.3 Nailed Only Dovetail Halved (DH) vs. Adhesive
cum Nailed Dovetail Halved (DH*) Connections

DH and DH* specimens exhibited cross grain splitting
in the horizontal T-joint members in conjunction with the

Fig. 7 F-3 plots of Nailed Only Cross Halved joint

shear bearing failure mode consequent to nail induced
compression. Despite the sudden load drop in the F-8
curves of DH*, considerable improvements in ductility
were reported due to nearly plastic post-yield behavior
when compared to DH connections. The cross-grain
splitting in the horizontal joint members attributed to tenon-
aper in this configuration was more pronounced in DH*
connections than DH specimens and was seen to be linked
to ductility thereby resulting in higher values in former
when compared to latter. The F-d plots are shown in Fig.10
and Fig. 11 with the mean curves in Fig.12. The use of
adhesive did not contribute to a notable increment in the
load capacity of DH* connections although stiffness
showed a substantial increment with respect to DH
specimens. The stiffness, ductility and load capacity of DH*
exceeded DH by a factor of 2.40, 1.48 and 1.19 respectively
when the average curves were considered. The results
computed have been shown in Table 4.
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Table 3 Test results of nailed-only cross halved and adhesive cum nailed cross halved joints

Specimen K (kN/mm) Fy (kN) &y (mm) &y (mm) Fax g (kN) Omi(mm) p  Observed Failure Mode

(kN)
CH-1 1.01 3.70 1.45 28 822 477 33.8 157 OhearBearing
CH-2 1.06 391 143 242 791 434 466 170 ShearBearing
CH-3 0.760 325 212 273 748 378 440 129 %E;f:;‘%ﬁl;&zﬁgg in the
CH Mean 0.940 3.48 1.45 242 774 4.69 335 167 e
CH*1 2.64 6.33 1.65 216 152 5.96 221 130 ShearBearing
Shear Bearing + Fine Cracking in
CH*2 4.14 3.90 1.19 161 175 3.91 230 135 ﬁzmbgonz"mal and  Vertical
CH*3 3.23 8.83 2.53 226 183 5.96 231 893 ShearBearing
Shear Bearing + Cracking of the
CH*4 2.58 7.39 1.42 25.2 17.6 5.77 26.5 17.7 Horizontal and Vertical Member
CH* Mean 2.55 7.15 1.79 213 134 6.16 204 119 e
161 — DH
, —— DH-2
M'MMM —e—DH-3

F (kN)
F (kN)

S (mm)
3 (mm)

Fig. 10 F-5 plots of Nailed-Only Dovetail Halved joint

Fig. 8 F-0 plots of Adhesive cum Nailed Cross Halved joint

14 — CH Mean
—— CH* Mean

18 —— DH*1

F (kN)
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8 (mm)

Fig. 9 Mean F-4 plots of Nailed-Only and Adhesive cum
Nailed Cross Halved joints

§ (mm)

Fig. 11 F-6 plots Adhesive cum Nailed Dovetail Halved
joint
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Table 4 Test results of nailed-only dovetail halved and adhesive cum nailed dovetail halved joints

K Fmax. M
Specimen (kN/mm) Fy (kN) &y (mm) d&u(mm) (kN) Frail (kN) Ofil (mm) p Observed Failure Mode
DH-1 1.04 5.22 1.26 150 1211 6.01 548 119  Shear Bearing + High Cross Grain
Splitting in Horizontal Member
Shear Bearing + Cross Grain
DH-2 1.05 6.00 2.87 28.0 14.0 6.90 43.7 9.75 Splitting in Horizontal Member
Shear Bearing + Cross Grain
DH-3 0.950 7.10 6.42 26.3 11.2 4.46 48.5 4.10 Splitting in Horizontal Member
DH Mean 0.990 5.14 2.67 26.2 12.1 6.96 44.0 983 e
Shear Bearing + Cross Grain
DH*1 241 7.78 1.68 11.1 16.4 6.30 34.8 6.64 Splitting in Horizontal Member +
Cracking in Vertical Member
Shear Bearing + Heavy Cross Grain
%
DH*2 3.44 7.14 1.52 272 152 6.98 355 17.9 Splitting in Horizontal Member
Shear Bearing + Cross Grain
Splitting in Horizontal Member +
*
DH*3 2.29 6.39 2.04 10.2 14.6 5.00 40.4 5.00 Cracking in the Tongue of Vertical
Member
Shear Bearing + Cross Grain
DH*4 1.85 7.65 4.12 38.8 15.5 7.75 41.4 9.40 Splitting in Horizontal Member
DH* Mean 2.38 6.53 1.84 26.9 14.3 8.62 30.5 146 -
3.4 Nailed Only Mortise Tenon (MT) vs. Adhesive
cum Nailed Mortise Tenon (MT*) Connections 121 —— MT-1

MT and MT* connections mainly failed in bearing with
the eventual tenon tear out in shear besides mortise splitting
in a few specimen at large values of displacement. The F-6
plots are shown in Fig.13 and Fig.14. along with the mean
curves in Fig.15. In contrast to other Adhesive cum Nailed
configurations, incorporation of adhesive in this connection
resulted in minimal enhancement in terms of stiffness, load
capacity and ductility because of the confinement being
imposed by the mortise sidewalls on the tenon, thereby,
resulting in almost similar load capacity and ductility with a

F (kN)

—DH Mean
—— DH* Mean
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30 40
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Fig. 12 Mean F-9 plots of Nailed-Only and Adhesive cum
Nailed Dovetail Halved joints
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Fig. 13 F-0 plots of Nailed-Only Mortise Tenon joint
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Fig. 14 F-0 plots of Adhesive cum Nailed Mortise Tenon

joint
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Table 5 Test results of nailed-only mortise tenon and adhesive cum nailed mortise tenon joints

Specimen K(kN/mm) Fy(kN) &y (mm) &u(mm) (F;sz) Frit (KN) Smil(mm) p Observed Failure Mode
MT-1 1.12 4.67 1.83 2.1 111 5.88 413 12.1 Shear Bearing
MT-2 1.24 518 143 230 113 563 487 204 Slﬁg Bearing + Tenon Tear out in
MT-3 1.18 4.82 3.64 298 107 5.74 490 821 Shear Bearing + Mortise Splitting
MT Mean 1.15 4.41 1.76 257 109 6.70 415 146 e
MT*1 1.78 5.53 1.04 19.7 12.2 6.86 34.6 18.8  Shear Bearing + Mortise Splitting
MT*2 2.07 721 258 373 110 677 422 145 gﬁzz Bearing + Tenon Tear out in
MT*3 1.10 5.84 1.23 358 129 6.38 06 291 gﬁj‘a“i Bearing + Tenon Tear out in
MT*4 2.06 500 296 245 163 502 373 828 Sﬁg:ﬁ Bearing + Tenon Tear out in
MT* Mean 1.76 5.44 1.87 302 122 7.49 348 161 e
14
—MT Mean 14 - —— BT Mean
12+ —— MT* Mean — CH Mean
12+ ys ----DH Mean
10 - —— MT Mean
10
£ @ > 8
w < ‘“
6 L g
4 4
< 2
0 1 1 1 1 O |
0 10 20 30 40 0 10 20 30 40 50

8 (mm)

Fig. 15 Mean F-8 plots of Nailed-Only and Adhesive cum
Nailed Mortise Tenon joints

marginal improvement in stiffness. The F-6 plots also
revealed that MT* specimen did not exhibit very sharp load
drops seen in other Adhesive cum Nailed configurations in
this study. On comparing the mean curves stiffness, load
capacity and ductility rose by a factor of 1.53, 1.12 and 1.11
respectively in MT* when referenced to MT. The results are
presented in Table 5 below along with average values.

3.5 Comparison of T shaped

connections

nailed-only

The mean load-displacement curves used to evaluate the
behavior of various nailed only connections considered in
this study revealed that BT demonstrated the highest
stiffness with limited load resistance and minimal ductility.
The maximum ductility was shown by CH consequent to
very gradual load drop despite exhibiting the lowest
stiffness and load capacity in the group. DH noted with the
largest load capacity showed lesser stiffness and ductility
values. The performance of MT seen to be comparable to
DH in terms of load capacity was reported with remarkable
ductility and a relatively stiffer response when compared to
the latter. Therefore, the optimum performance in the
Nailed-Only category was shown by MT. The mean curves
and the results are shown in Fig.16 and Table 7 respectively.

8 (mm)
Fig. 16 Mean F-§ plots of Nailed-Only Joints

25¢ —— BT* Mean
—— CH* Mean

20t /1 - - - DH* Mean
a8 —— MT* Mean

I
g 15+ /y o }L/\L\_,
= ek
L g
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‘IIO 1I5 2’0 2I5 3IO 3I5 46
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Fig. 17 Mean F-3 plots of Adhesive Cum Nailed Joints

0 1
0 5

3.6 Comparison of T shaped adhesive cum nailed
connections

The incorporation of adhesive improvised the
performance in terms of stiffness, load capacity and
ductility in every configuration when referenced to its
Nailed-Only counterpart except the ductility in CH* which
was noted with adverse effects. It was observed from the
mean F-§ curves that CH* showed the least ductile behavior
with significant stiffness and meagre load resistance.
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Table 6 Property enhancement factors with adhesive
incorporation in various connections

Connection Type K*/K F*/F pE/p
Bridled Tenon 1.93 2.49 1.56
Cross Halved 2.71 1.73 0.720

Dovetail Halved 2.40 1.19 1.48
Mortise Tenon 1.53 1.12 1.11

Fig. 18 Heavy Cross Grain Splittig in DH*2

Although, adhesive addition led to highest enhancement in
the ductility of BT* when compared to other configurations,
yet it demonstrated limited group ductility despite largest
load capacity and stiffness. The lowest stiffness and load
capacity seen in MT* was reported with maximum ductility.
DH* exhibited comparable ductility to MT* with a much
stiffer response and Dbetter load resistance. With
considerable improvement in stiffness and ductility due to
adhesion, the optimal performance in this category was
shown by DH*. The mean curves along with the evaluated
results are shown in Fig.17 and Table 7 respectively.

Fig. 21 Cross Grain Splitting in DH-1
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Table 7 Mean test results of nailed-only and adhesive cum
nailed joints

K Fy 8  Ou Fmax. Fril Ol
(kN/mm) (kN) (mm) (mm) (kN) (kN) (mm)

BT Mean 1.55 5.07 2.14 179 839 528 392 &.13
CHMean 0940 3.48 145 242 7.74 469 335 16.7
DHMean 0.990 5.14 2.67 262 12.1 696 440 9.83
MT Mean  1.15 441 1.76 257 109 6.70 41.5 14.6
BT*Mean 2.99 104 3.07 389 209 6.69 388 12.7
CH*Mean 255 7.15 1.79 213 134 6.16 214 119
DH* Mean 238 6.53 1.84 269 143 8.62 305 14.6
MT* Mean 1.76 544 1.87 302 122 7.49 348 16.1

Specimen

Table 8 Predicted strength values for various connection
types (Fmax.) in kN

Connection Yield Mode
Type Im Is II 1 1115 v
Bridled Tenon 23.3 233 N.A. N.A. 893 749
Cross Halved 17.5 175 7.16 622 622 3.73
Dovetail Halved 17.5 175 7.16 622 622 3.73
Mortise Tenon 233 233 N.A. NA. 893 749

Note: The governing mode is shown underlined in bold for
each connection type

4. Design strengths

The load capacity of single and double shear
connections in the Nailed-Only category was predicted
using limiting equations for the various yield modes
specified in NDS (2018) from which the lowest computed
strength was taken as the reference design value. The
predicted values in LRFD (shown in Table 8), although,
conservative, were fairly accurate in case of BT and MT
connections but for CH and DH configurations overly
conservative results were obtained when compared to mean
experimental observations. Thedesign strengths of Adhesive
cum Nailed configurations could not be predicted because
of lack of the relevant provisions in NDS (2018).

5. Numerical validation

The experimental behavior of connections was validated
by modelling in ABAQUS v 6.13-1 using standard database
platform which employed an implicit scheme of integration.
Timber was modelled as an isotropic material using C3D8
solid elements by assigning the requisite mechanical
properties obtained from prior testing. The isotropic
representation of timber was justifiable because as per NDS
(2018), small diameter dowels (d <) in bearing exhibit
strength invariance when load orientation with respect to
grains is considered resulting in similar bearing capacity in
any direction. Since all the connection configurations failed
primarily in a bearing mode wherein timber crushed under
nail induced compression (dnaiis = 3.38mm), therefore,
modelling timber as an isotropic material was a reasonable

Load imposed
as Displacement

on Horizontal Member

Fig. 24 Boundary conditions for bridled tenon joint

approximation that was further supported by the close
match of analytical F-5 plots to the experimental curves.

The nails embedded in timber were modelled as
2-node beam elements under the assembled/complex
category with all components of relative deformation in
terms translation and rotation restrained. The adhesive layer
in these connections was modelled by cohesive behavior
option in the contact interaction property with default
normal contact enforcement. Damage option was employed
in conjunction with cohesive behavior interaction property
to control the damage initiation and evolution.

In order to model the mechanical relationship between
the surfaces in contact, standard surface to surface contact
interaction was employed which included a reference to the
interaction property created above. The binding between
interfaces was represented by utilizing the concept of
master and slave surface with small sliding formulation. In
this, the surface nodes in the two regions formed a contact
pair wherein every node on the slave surface was
constrained to the same displacement value as the points on
the master surface. Generally, ABAQUS selects the surface
with high mesh refinement as slave surface in the analysis,
however, in this modelling, both the master as well as the
slave surface were assigned in a customized manner so that
not only the computational cost reduced significantly, but,
also the experimental outcomes were simulated in a better
way.

The boundary conditions were imposed by fixing the
horizontal member of the T-connection and applying load in
the displacement-control mode (e.g. shown in Fig. 24 for
BT) since the load-control option was faced with
convergence problems. The mesh size was selected such
that solution stability was ensured as high mesh refinement
resulted in numerical instability. The connections were
analyzed in the general static mode considering non-linear
geometry effects for the default step time using full Newton
solution technique. In Table 9, analytical F-6 curves
extracted have been shown in comparison to the respective
mean experimental plots along with the average Von-Mises
stress contours for Nailed-Only connections followed by
Adhesive cum Nailed connections. The results showed that
the analytical curves were highly correlated to the observed
experimental behavior, thereby, validating the same.
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Table 9 Tensile stresses in various connection types along with the comparison of experimental and analytical plots

S, Mises

(&vg: 75%)
+1.1778+02
+1.0792+02
+3.812a+01
+2.832e+01
+7.853e+01
+6.874e+01
+5.895e+01
+4.916e+01
+3.937e+01
+2.957e+01
+1.978e+01
+3.990e+00
+1.9842-01

1or BT Mean Experimental
---- BT Analytical

F (kN)

5
=

0 10 20 30 40
8 (mm)

5, Mises

(v, 79%)
+1.182e+02
+1.0842+02
+9.852e+01
+8.867e+01
+7.883e+01
+6.899e+01
+3.915e+01
+4.930e+01
+3.946e+01
+2.9628+01
+1.978e+01
+9.933e+00
+9.103e-02

4. DH Mean Experimental
---- DH Analytical

F (kN)

6. Conclusions and recommendations

This study helped in drawing the following conclusions:

» Under tensile loading, all the Nailed-Only as well as
Adhesive cum Nailed connections were seen to fail
primarily in a shear bearing mode with eventual crushing
consequent to the compression induced by pressing of nails
against timber. This was obvious due to the higher bearing
strength of nails with respect to timber and other failure
modes observed in conjunction to shear-bearing at large
displacements such as cross grain splitting, tenon shear
tearing and complete member tear-out were regarded as
secondary.

* Adhesive cum Nailed connections exhibited abrupt
load drops post peak point as a characteristic feature in the
load-displacement plots in comparison to Nailed-only
connections wherein the load dropped gradually. This sharp
load drop attributable to the detachment of binding

S, Mises

(&vd: 79%)
+1.066e+02
+9.772e+01
+3.8842+01
+7.997e+01
+7.10%9e+01
+6.221e+01
+5.333e+01
+4.446e+01
+3.558e+01
+2.670e+01
+1.782e+01
+8.947e+00
+6.9492-02

CH Mean Experimental
CH Analytical

F (kN)

0 5 10 15 20 25 30 35
& (mm)

35, Mises

[Awg: 75%)
+1.075e402
+3.855e+01
+58.95%9e+01
+8.064e+01
+7.168e+01
+6.273e+01
+5.377e+01
+4.482e+01
+3.586e+01
+2.6891e+01
+1.795e+01
+8.999e400
+4.395e-02

12 -

MT Mean Experimental
---- MT Analytical

10f AT

F (kN)

0 10 20 30 40

5 (mm)

layer in Adhesive cum Nailed connections was seen to be
the largest in Bridled Tenon and the least in Mortise Tenon
configuration whereas the gradual transition in Nailed-Only
connections was due to the lack of adhesion. The highest
effect in Bridled Tenon\ was due to the largest bound area in
adhesion whereas the lowest effect in Mortise Tenon was
due to the confinement imposed by mortise side-walls on
tenon.

* The incorporation of adhesive was observed to
significantly improvise the tensile performance of
connections in terms of stiffness, peak load and duectility
when compared to Nailed-Only counterparts except the
ductility in CH* which dropped by 28%. Cross Halved
configuration demonstrated the largest improvement in
stiffness (2.71 times) with the highest enhancement in peak
load (2.49 times) and ductility (1.56 times) seen in Bridled
Tenon. Mortise Tenon exhibited the least improvement in
stiffness (53%), load capacity (12%) and ductility (11%)
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Table 9 (continued)

5, Mises

(Aavg: 75%)
+1.233e+02
+1.130e+02
+1.028e+02
+3.254e+01
+8.2209e+01
+7.204e+01
+6.180e+01
+3.155e+01
+4.131e+01
+3.106e+01
+2.081e+01
+1.057e+01
+3.204e-01

BT* Mean Experimental
---- BT* Analytical

25 ‘

S, Mises

(Awg: 75%)
+1.230e+02
+1.128e+02
+1.025e+02
+9.227e+01
+8.202e+01
+7.177e+01
+6.153e+01
+5.128e+01
+4.103e+01
+3.078e+01
+2.053e+01
+1.029e+01
+3.768e-02

167 DH* Mean Experimental
al ... DH* Analytical

F (kN)

o 5 10 15 20 25 30 35

8 (mm)

when compared to the Nailed-Only form which was
obviously due to the confinement effect in this connection
type.

* The highest stiffness (1.55 kN/mm), load capacity
(12.1 kN) and ductility (16.7) in the Nailed-Only category
was shown by Bridled Tenon, Dovetail Halved and Cross
Halved connections respectively. Bridled Tenon displayed
the least ductile behavior (8.13) with Cross Halved
configuration demonstrating the lowest stiffness (0.940
kN/mm) and load capacity (7.74 kN) in the group. The
optimum performance in this category was shown by
Mortise-Tenon due to its comparable performance
toDovetail and Cross Halved configurations respectively in
terms of load capacity and ductility along with a much
stiffer response.

* The optimum performance in the Adhesive cum
Nailed category was exhibited by Dovetail Halved
configuration due to its ductile post yield behavior contrary

3, Mises

(Awvg: 75%)
+1.127e+02
+1.033e+02
+9.392e+01
+8.453e+01
+7.514e+01
+6.575e+01
+5.636e+01
+4.697e+01
+3.758e+01
+2.819e+01
+1.87%e+01
+9.404e+00
+1.379e-02

-~ CH* Mean Experimental
16 ---- CH* Analytical

F (kN)

0 5 10 15 20

S, Mises

(Awg: 75%)
+1.269e+02
+1.163e+02
+1.057e+02
+9.516e+01
+8.459e2+01
+7.402e+01
+6.346e+01
+5.289e+01
+4.232e+01
+3.175e+01
+2.118e+4+01 _
+1.061e+01
+4.640e-02

14~ MT* Mean Experimental
---- MT* Analytical

to Bridled-Tenon, despite highest group capacity (20.9 kN)
and stiffness (2.99 kN/mm) of the latter. The most ductile
behavior (16.1) of Mortise Tenon was reported with the
lowest stiffness (1.76 kN/mm) and load capacity (12.2 kN)
with Cross Halved configuration showing the lowest
ductility (11.9) in this category.

* Cross grain splitting observed along with the shear
bearing failure in Dovetail Halved connection was seen to
be associated to ductility. This mode attributed to tenon-
taper in this configuration was more pronounced in
Adhesive cum Nailed connections compared to Nailed-Only
counterparts thereby resulting in higher ductility in former
with respect to latter.

+ The predicted load capacity values from
NDS (2018) were seen to be overly conservative in case of
CH and DH connections although better estimates were
obtained for BT and MT with all the configurations of the
Nailed-Only category failing in yield mode I'V. The design



Structural performance of timber frame joints — Full scale tests and numerical validation 469

values could not be predicted for Adhesive cum Nailed
connections because of the lack of relevant provisions in
this standard which may be incorporated in future.

* Due to small diameter dowels (d<1/4”) exhibiting
similar bearing capacity irrespective of load orientation
tograins, thus, modelling timber as an isotropic material in
this study proved to be a reasonable approximation which
was reflected by high correlation in the F-8 plots thereby
validating the observed experimental behavior.
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cC

Notations

K Stiffness

F, Yield load

Oy Yield displacement

Ou Displacement at insignificant load
Fax.  Peak load

Friy  Failure load

O Failure displacement

u Displacement ductility

D Diameter of dowel

F,,  Yield strength of dowel in bending
from ASTM F 1575 (2017) provisions

I Dowel bearing length in main member

I Dowel bearing leneth in side member

Fem Dowel bearing strength of main member
Fes Dowel bearing strength of side member
Ra Reduction term

R, Fom /Fes

R, In/ I
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L = VRe + 2RZ(1 + Ry + R?) + R2R? — R.(1+R,)
te 1+R,
2F,,(1 + 2R,)D?
3Fmls,

k, = —1+J2(1 +R,) +

20+R 2F,, (1 + 2R,)D?
k3 =1+ ( e) yb( e)
R, 3F, 12





