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ABSTRACT
In this study, an experimental and numerical analysis of the bond-slip
model is made on timber-to-timber bonding connections. The variables
examined in this study are the types of adhesives used for bonding, the
length of adhesion, and the types of reinforcement used to increase the
adherence to the adhesion surface. Two different types of adhesives were
used namely polyurethane and epoxy. Three different bonding lengths of
180, 250, and 350mm were chosen as the bonding length. For each vari-
able, four different test specimens were produced and tested under axial
tensile force as a nonreinforced reference test specimen and aluminum,
fiber, and steel net type as a reinforced bonding strength. In the experi-
mental study, a total of 24 test specimens were tested and the bond-slip
behavior of the timber connections and changes in the axial strain values
along the timber adhesion zone were measured. By interpreting the
experimental results, a bond-slip model is proposed for the timber bond-
ing connections. In this proposed bond-slip model, the effects of the varia-
bles examined in the experimental study are interpreted. In this study, the
most successful bond-slip behavior and load-carrying capacity have shown
in the test specimen, which is reinforced with steel material reinforcement
mesh, using epoxy adhesive, and 350mm adhesion length. By using the
experimental results, the bond-slip behavior is verified by numerical mod-
eling with ANSYS software, and a finite element model was formed.
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1. Introduction

The bonding surfaces of timber wood are frequently used on wooden structure systems and struc-
tural elements and these connection points have significant effects on the structural parameters
such as the load-displacement behavior, potential displacement, stiffness, and energy consumption
capacity of the whole system. It is an important issue to examine and investigate how important
parameters in the attachment points and the strengths of the important parameters such as load-
carrying capacities were affected by the type of adhesive, the length of adhesion, and the strength-
ening detail used at the bonding point.

The two independent wood elements can be joined together with the adhesive to transfer the
load to each other at any connection point, as well as the use of glued wooden beams, like glulam
beams which are specially produced for this study, connecting the wooden lamella to each other
by using adhesive in the structural elements in the wooden structural system. The adherence
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behavior and the load-carrying capacities of these connections are highly effective on the capacity
and behavior of the entire structural element. The load-carrying capacity of the structural ele-
ments increases by increasing the adherence to these adhesion surfaces and studies related to this
subject are also included in the literature. In the literature investigations, it is found that different
strengthening techniques were used to improve the strength and behavior of the structural ele-
ments by increasing adherence on the wooden adhesion surfaces. Glulam beams are a good
example of this type of structural components. The most important parameter that affects the
load-carrying capacity and general behavior of the timber laminated beams is the adherence of
the laminated elements with each other. Several researches have been performed on this subject
(Sena-Cruz et al. 2013; Dietsch and Tannert 2015; Tran, Oudjene, and M�eausoone 2015; Hassan
2019; D€onmez et al. 2020). For larger spans, the design of laminated timber beams by reinforcing
them with various composite materials has gain importance. The investigations have shown that
researches on reinforcing timber laminated beams with composite materials such as CFRP (car-
bon fiber-reinforced polymer) are available in the literature (Raftery and Harte 2013; Fossetti,
Minaf�o, and Papia 2015; Raftery and Rodd 2015; Weidong et al. 2015). In addition, there were
studies in which steel elements were supported by wooden elements (Yang, Liu, et al. 2016) or
strengthened by pre-stressing (Haiman, Pavkovi�c, and Baljkas 2010; Anshari et al. 2012; Yang, Ju,
et al. 2016; Anshari, Guan, and Wang 2017).

In this study, it is aimed to investigate the use of the different net of reinforcement materials
on the connection surface by using adhesive at the wooden connection in order to increase the
adherence capacity of the connection as a method which is developed by the authors (Uzel et al.
2018). In the scope of Uzel et al.’s (2018) study, four-point bending load tests were performed on
glue-laminated timber beams retrofitted by using various types of nets at the lamination surfaces.
The experimental results were then evaluated in terms of load–displacement relationships, max-
imum load-carrying capacity, initial stiffness, displacement ductility ratio, energy dissipation cap-
acity, and failure mechanism. In this study, the effects of considered main variables (i.e., number
of laminated layers, thickness of laminated layers, reinforcing net type, glue type, and loading dir-
ection) on the variation of stated performance parameters were investigated. The use of retrofit-
ting nets resulted in 34%, 31%, 21%, and 14% increases in terms of load-bearing capacity, initial
stiffness ratio, displacement ductility ratio, and energy dissipation capacity of test specimens,
respectively.

In the literature review, there is no generalized bond-slip model which can be used in the
numerical models by the finite element method on timber-to-timber adhesion surfaces. For
reinforcement in the literature, a limited number of studies have been found regarding the bond-
slip models which can be used in the CFRP and wood adhesion surfaces (Biscaia, Cruz, and
Chastre 2016; Biscaia et al. 2017). The present work analyses the debonding process between
CFRP laminates and timber with rupture modes which is consistent with Mode II interfacial frac-
ture, i.e., with the sliding mode where the bond stresses act parallel to the plane of the bonding
surface. Several single-lap shear tests were performed and the experiments showed a nonlinear
local behavior of the CFRP-to-timber interface. An interfacial bond-slip model and its calibration
procedure were also presented. Furthermore, the calibrated nonlinear bond-slip model was imple-
mented in a numerical approach where the fiber-reinforced polymer composite and the adhesive
are simulated by linear and nonlinear springs and the substrate is assumed rigid.

As mentioned in the literature summary above, a generalized bond-slip model that can be
used in relation to timber-to-timber adhesion surfaces has not been found in the literature. Also
on Uzel et al. (2018), the use of nets of aluminum, fiber, and steel materials to increase the adher-
ence on the laminate bonding surfaces proposed for the purpose of strengthening glulam timber
beams is an untouched research subject for a bond-slip model. For this purpose, an experimental
study was carried out and a total of 24 timber-to-timber bonding zones were tested under the
effect of axial tensile force and the bond-slip behavior and the changes in the axial strain values on
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the adhesion surface were measured and interpreted. The variables examined within the scope of the
experimental study were the type of adhesive (polyurethane and epoxy) used in the adhesion surface,
the length of the bonding zone (180, 250, and 350mm), and the presence or absence of reinforce-
ment net on the adhesion surface. Uzel et al., as in the (2018) study, four different adhesion surface
test specimens have been produced which have no strengthening net in the adhesion zone and the
remains have strengthening nets of aluminum, fiber, or steel reinforcement mesh in the adhesion
zone. As a result of the experimental study, a bond-slip model has been proposed for the nonrein-
forced and reinforced timber-to-timber bonding points by interpreting how the bond-slip pattern of
the timber connection points was affected by the experimental variables. To create a finite element
model which is confirmed by experimental data, the cohesive zone modeling (CZM) technique in
ANSYS finite element software is used. The necessary corrections on the CZM parameters which are
included in the software have been made in order to obtain the load-carrying capacities and bond-
slip behavior in accordance with the experimental results.

2. Experimental program

2.1. Test specimens and materials

The aim of this study is to investigate the bond-slip behavior and the distribution of strain values
along the adhesion zone under the influence of axial tensile forces applied to the timber-to timber
bonding points. The variables examined in the experimental study were the type of glue used in
the wooden connection, the length of the wooden connection point and in order to increase the
adherence at the wooden connection, the strengthening is applied or not. The properties of the
experimental specimens are summarized in Table 1. In the experimental study, a total of 24
experimental specimens were produced. The experimental specimens were produced by using
Pinus Sylvestris yellow pine wood. The mechanical properties of the yellow pine wood material
which is used in the study are given in Uzel et al. (2018). Attention has been paid to prevent the
presence of wood defects such as knots, cracks, and fiber imperfections in the timbers used in the

Table 1. Properties of test specimen.

Specimen no. Definition Bonding length (mm) Bonding material Strengthening material

1 180-E-REF 180 Epoxy Reference (without strengthening)
2 180-E-AL Aluminum net
3 180-E-FIB Fiber net
4 180-E-ST Steel net
5 180-P-REF Polyurethane Reference (without strengthening)
6 180-P-AL Aluminum net
7 180-P-FIB Fiber net
8 180-P-ST Steel net

9 250-E-REF 250 Epoxy Reference (without strengthening)
10 250-E-AL Aluminum net
11 250-E-FIB Fiber net
12 250-E-ST Steel net
13 250-P-REF Polyurethane Reference (without strengthening)
14 250-P-AL Aluminum net
15 250-P-FIB Fiber net
16 250-P-ST Steel net

17 350-E-REF 350 Epoxy Reference (without strengthening)
18 350-E-AL Aluminum net
19 350-E-FIB Fiber net
20 350-E-ST Steel net
21 350-P-REF Polyurethane Reference (without strengthening)
22 350-P-AL Aluminum net
23 350-P-FIB Fiber net
24 350-P-ST Steel net
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tests. The geometric dimensions of the experimental specimens are presented in Figure 1. The
experimental specimens were produced by overlapping and gluing of 100mm wide and 20mm
thick wooden pieces with 180, 250, and 350mm length. Two different types of glue were used to
prepare the test specimens (i.e., polyurethane and epoxy). Polyurethane adhesive is highly elastic
and has high resistance to water, chemical substances, oils, and microorganisms. Polyurethane
adhesive used in the production of timber structural elements is a one-component D4-type react-
ive adhesive that is cured with airborne moisture curing. The high temperature resistance of poly-
urethane adhesives is stated for their ability in resisting external heat effects such as fires. The
material to be glued with polyurethane adhesive should be dry, free from dust and oil. Material
humidity should be in the range of 8%–12%. The specifications of the polyurethane glue used in
the study are given in Uzel et al. (2018).

Epoxy compounds used in the production of epoxy glue are obtained in the petrochemical
industry. The drying, curing, and bonding properties of the two-component epoxy adhesive
depend on the chemical structure of the components. During the reaction, no materials evaporate
or leave the glue. The surface must be sanded before the application of the epoxy. The parts A
and B of epoxy are mixed together at a ratio of 1/1, and the mixture is mixed until it becomes
homogeneous. After 5min, the adhesive is applied to both surfaces to be bonded with a spatula
or brush. The two surfaces are pressed for 24 h. Care must be taken that the room temperature is
at least 15 �C. The technical properties of the epoxy glue used in the study are given in Uzel
et al. (2018).

Within the scope of the study, three different nets are used to increase the adherence between
the adhesion surface and reinforcement in the produced experimental specimens. These nets are
made from fiber, aluminum, and steel materials. Aluminum wire mesh net is produced from

Figure 1. Dimensions of the test specimens (dimensions in millimeters).
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0.28mm thickness wire which is durable, long life, nondeformed, bright-colored, and has
18� 16mm openings. In addition, these nets have stainless features. The fiberglass wire mesh
used between laminates is 125 g/m2 and contains 35% fiberglass and 65% plastic. The fiberglass
wire mesh is made of high quality and twisted yarn in 0.28mm thickness. Fiberglass wire mesh
opening spacing is 16� 18mm. The steel wire used for strengthening the test specimens is a
standard steel wire net used in the plastering applications. Three types of wire mesh used in the
study and fabrication step photos are presented in Figure 2. In addition, in the experimental pro-
gram, the nonreinforced reference test specimens which are not used nets in the adhesion surface
are also produced and tested to compare with the reinforced specimens.

2.2. Test setup and instrumentation

In the experimental study, a special experimental device that was developed by the authors was
used to obtain the axial strain values distribution and bond-slip behavior of the connection by
applying an axial pulling force to the timber-to-timber connection points. This experimental
setup was previously used by the authors in other studies and was designed by examining similar
experimental setups in the literature (Anıl, Durucan, and Wali Din 2016; Merto�glu, Anıl, and
Durucan 2016). The 3D view of the experimental setup and the photographs taken during the
tests are given in Figure 3. In the experiments, the test specimens were made by gluing two parts

Figure 3. Test setup and instrumentation.
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which were forming the wooden connection point, was supported on a fixed plate on the test
setup and the other end was connected to a movable steelhead which was moved by the hydraulic
loading system and by this way the axial pulling force was applied to the wooden connection.
The loading was carried out with a hydraulic system with a pulling capacity of 600 kN and the
applied loading was measured with a load cell with a capacity of 400 kN. The loading of the test
specimens was carried out by a motor hydraulic system with the fixed loading speed (0.5mm/sec),
and the loading speed was kept constant in all tests. The axial slip deformation of the connected

Figure 4. Bond-slip graphs of specimens.
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wooden specimens was measured by the linear variable displacement transducer (LVDT), and the
axial strain values at the connection point were measured by the strain gauges. About 4, 6, and 8
strain gauges were used for the test specimens with 180, 250, and 350mm adhesion length, respect-
ively. During the experiments, all measurements were transferred to the computer with a data logger
system, and the experiments were followed by drawing the axial force-slip displacement graphs dur-
ing the tests.

3. Experimental results and evaluations

In the experimental study, a total of 24 specimens were tested and as a result of the experiments,
general bond strength-slip behavior of nonreinforced specimens and reinforced specimens with
nets were made of different materials at the timber-to-timber adhesion points and the axial strain

Figure 5. Shear strain distribution graphs of specimens.
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values along the adhesion surface were obtained. The bond strength-slip displacement graphs
obtained from the experiments are given in Figure 4 and the axial strain values change graphs
along the sliding surface are given in Figure 5. In addition, the maximum load-carrying capacity
values and bond strength values obtained from the experiments, and also the other results are
given in Table 2. Maximum bond strength values are calculated by proportioning the maximum
load-carrying capacities values to the adhesion surface area. The values of the axial strain values
obtained from the experiments along the adhesion surface are presented in Table 3.

Table 2. Experimental results of bonding test.

Specimen
no. Definition

Ultimate
load (kN)

Maximum
bond

stress (MPa)

Slip at
ultimate
load (mm)

Maximum
slip (mm)

Maximum
strain (mv) Failure mode

1 180-E-REF 46.43 2.58 4.62 15.78 439 Timber
Shear Failure

2 180-E-AL 47.34 2.63 3.76 13.45 502 Timber
Shear Failure

3 180-E-FIB 49.17 2.73 3.11 11.27 723 Timber
Shear Failure

4 180-E-ST 53.19 2.96 3.74 9.83 939 Timber
Shear Failure

5 180-P-REF 46.23 2.57 4.79 26.72 354 Timber
Shear Failure

6 180-P-AL 46.93 2.61 3.90 25.72 563 Timber
Shear Failure

7 180-P-FIB 48.50 2.69 3.55 20.99 649 Timber
Shear Failure

8 180-P-ST 52.60 2.92 3.72 15.72 779 Bonding Surface
Shear Failure

9 250-E-REF 54.98 2.20 4.93 15.10 853 Timber
Shear Failure

10 250-E-AL 60.77 2.43 4.45 8.88 1369 Timber
Shear Failure

11 250-E-FIB 66.97 2.68 3.62 7.14 1423 Bonding Surface
Shear Failure

12 250-E-ST 71.13 2.85 3.70 7.74 1499 Timber
Axial Rupture

13 250-P-REF 51.99 2.08 5.00 25.18 940 Timber
Axial Rupture

14 250-P-AL 58.49 2.34 4.61 20.31 1027 Bonding Surface
Shear Failure

15 250-P-FIB 64.97 2.60 3.74 13.86 1150 Bonding Surface
Shear Failure

16 250-P-ST 69.02 2.76 4.29 13.44 1578 Timber
Axial Rupture

17 350-E-REF 60.60 1.73 4.99 15.25 1028 Bonding Surface
Shear Failure

18 350-E-AL 64.18 1.83 3.25 11.50 1224 Bonding Surface
Shear Failure

19 350-E-FIB 70.97 2.03 3.02 6.78 1363 Timber
Shear Failure

20 350-E-ST 74.96 2.14 3.10 6.66 1955 Bonding Surface
Shear Failure

21 350-P-REF 55.99 1.60 5.15 24.82 834 Bonding Surface
Shear Failure

22 350-P-AL 61.26 1.75 3.27 21.61 1396 Bonding Surface
Shear Failure

23 350-P-FIB 69.23 1.98 3.10 15.07 1759 Bonding Surface
Shear Failure

24 350-P-ST 71.96 2.06 3.20 15.58 2025 Bonding Surface
Shear Failure
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3.1. Effect of type of adhesive

One of the variables examined in the experimental study is the type of adhesive used on the
adhesion surface. In the experimental study, the epoxy type of adhesive provided a more success-
ful adherence than polyurethane adhesive and the maximum load-carrying capacity of the test
specimens with epoxy adhesive and as a result, the maximum bond strength values were higher
than the polyurethane. The maximum load-carrying capacity values of the test specimens with
epoxy with 180, 250, and 350mm adhesion lengths were measured as 1.0%, 3.9%, and 4.9%
higher than test specimens with polyurethane, respectively. The same differences apply to the
maximum bond strength values. The maximum bond strength values calculated for the experi-
mental specimens with epoxy type adhesive were calculated greater than the test specimens with
polyurethane adhesive.

3.2. Effect of bonding length

Another variable examined in the experimental study is the length of adhesion in the wooden
connections. Three different types of adhesion lengths of 180, 250, and 350mm were examined in
the experimental study. As the adhesion length increased, the maximum load-carrying capacity of
the test specimens increased. In order to increase the adherence on the adhesion surface, when
the adhesion length increased from 180mm to 250mm in the nonreinforced experimental speci-
mens, the maximum load-carrying capacity of the test specimens with epoxy adhesive increased
by 18% and with the polyurethane adhesive increased by 12%. When the bonding length
increased from 250mm to 350mm, the maximum load-carrying capacity values of the experimen-
tal specimens glued with epoxy increased by 10%, and in the test specimens with polyurethane
adhesive increased by 8%. In the test specimens reinforced with different types of nets, the max-
imum load-carrying capacity values continued to increase with the increase in adhesion length.
When the bonding length is increased from 180mm to 250mm, the maximum load-carrying cap-
acity of the test specimens bonded with the epoxy adhesive increased by an average of 33%, and

Table 3. Strain distribution of specimen.

Specimen no. Definition
Maximum
strain (mv) Strain 1 Strain 2 Strain 3 Strain 4 Strain 5 Strain 6 Strain 7 Strain 8

1 180-E-REF 439 439 288 256 55 – – – –
2 180-E-AL 502 247 502 403 103 – – – –
3 180-E-FIB 723 179 440 723 104 – – – –
4 180-E-ST 939 498 769 939 27 – – – –
5 180-P-REF 354 145 224 354 48 – – – –
6 180-P-AL 563 356 408 563 196 – – – –
7 180-P-FIB 649 548 461 649 424 – – – –
8 180-P-ST 779 297 779 497 112 – – – –
9 250-E-REF 853 792 591 853 662 393 149 – –
10 250-E-AL 1369 765 641 1112 1369 978 70 – –
11 250-E-FIB 1423 1423 752 1077 954 698 29 – –
12 250-E-ST 1499 1499 818 885 1154 357 57 – –
13 250-P-REF 940 183 783 940 834 427 55 – –
14 250-P-AL 1027 265 202 804 1027 972 172 – –
15 250-P-FIB 1150 552 822 1150 683 153 91 – –
16 250-P-ST 1578 1494 1578 1076 1044 138 117 – –
17 350-E-REF 1028 1028 692 867 895 912 965 548 143
18 350-E-AL 1224 223 1150 1224 1194 944 641 548 60
19 350-E-FIB 1363 1072 1095 1182 1363 990 693 765 720
20 350-E-ST 1955 818 1453 1955 608 663 194 765 94
21 350-P-REF 834 834 112 531 143 515 563 765 99
22 350-P-AL 1396 1182 939 1396 57 427 431 765 25
23 350-P-FIB 1759 836 876 600 1331 1759 812 765 139
24 350-P-ST 2025 314 1523 1961 110 2025 309 765 520

10 S. SAKIN ET AL.



for the test specimens bonded with the polyurethane adhesive increased by an average of 30%.
When the bonding length is increased from 250mm to 350mm, the maximum load-carrying cap-
acity of the test specimens bonded with the epoxy adhesive increased by an average of 6%, and
for the test specimens bonded with the polyurethane adhesive increased by an average of 5%. The
values of the maximum load-carrying capacity increased much more when the bonding length
increased from 180mm to 250mm. When the bonding length was increased from 250mm to
350mm, it was much less effective on the maximum load-carrying capacity, and the elongation of
the adhesion zone did not result in the desired increase in the maximum load-carrying capacity
values after a point. Although maximum load-carrying capacity values increased with increasing
adhesion length, maximum bond strength values decreased with increasing adhesion length. Due
to the increase in the length of the adhesion, the bond area increased and the bond strength val-
ues decreased due to the increase in the bonding area. When bonding length increased from
180mm to 250mm, maximum bond strength values were decreased by 9% on average. If the
bonding length was increased from 250mm to 350mm, the reduction in the maximum bond
strength values was much higher and decreased by an average of 32%.

3.3. Effect of wire net type at bonding surface

Another important variable examined in the experimental study is the use of nets produced from
different materials to increase the adherence in the adhesion zone and strengthening. In the
study, four different types of test specimens were produced which were nonreinforced test speci-
mens and the remains were reinforced with nets made by aluminum, fiber, and steel materials.
Using the net on the adhesion surface increased the maximum load-carrying capacity values of
the timber-to-timber adhesion zone test specimens. In comparison with the nonreinforced refer-
ence test specimens with 180mm adhesion length, the maximum load-carrying capacity values of
the test specimens with epoxy adhesive have increased by an average of 7.5% and in the test
specimens with polyurethane adhesive have increased by an average of 6.7%. The greatest increase
in the maximum load-carrying capacity is in the test specimens which are reinforced with steel
net and in the next ranks test specimens which are reinforced with fiber and aluminum nets exist,
respectively. In comparison with the nonreinforced reference test specimens with 250mm adhe-
sion length, the maximum load-carrying capacity values of the test specimens with epoxy adhesive
have increased by an average of 20.6% and in the test specimens with polyurethane adhesive have
increased by an average of 23.4%. In this series like test specimens with 180mm adhesion length,
in the largest proportion, the increasing trend in maximum load-carrying capacity values is
observed in test specimens, which are reinforced with steel net. In comparison with the nonrein-
forced reference test specimens with 350mm adhesion length, the maximum load-carrying cap-
acity values of the test specimens with nets made of different materials used epoxy adhesive have
increased by an average of 15.6% and in the test specimens with polyurethane adhesive have
increased by an average of 20.5%. In this series, also the maximum rate of increase in the max-
imum load-carrying capacity was seen in the test specimens reinforced with steel nets. The behav-
iors observed in the maximum load-carrying capacity values were observed in the maximum
bond strength values, too. The strengthening net used on the adhesion surface, in contrast with
nonreinforced test specimens increased the maximum bond strength values of the test specimens.
The maximum increase in both maximum loads carrying capacity values and maximum bond
strength values in test specimens has occurred in test specimens with a bonding length of
250mm which was reinforced with nets made from different materials. Although the increase in
the maximum adhesion length increased the maximum load-carrying capacity and bond strength
values, the increase was reduced, and the values were less affected.

One of the important results obtained as a result of the experimental study is how the axial
strain values along with the adhesion surface are changed. Also, the maximum axial strain values
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were also measured. In the experimental study, the nets which are used to increase the adherence
on the surface of the adhesion and for the purpose of strengthening significantly increased the
measured maximum strain values. Compared with the nonreinforced reference test specimens
with 180mm adhesion length, the maximum strain values of the test specimens with epoxy adhe-
sive have increased by an average of 64.3% and in the test specimens with polyurethane adhesive
have increased by an average of 87.5%. When compared with the nonreinforced reference test
specimens with 250mm adhesion length, the maximum axial strain values of the test specimens
with epoxy adhesive have increased by an average of 67.7% and in the test specimens with poly-
urethane adhesive have increased by an average of 33.2%. Comparing with the nonreinforced ref-
erence test specimens with 350mm adhesion length, the maximum axial strain values of the test

Figure 6. Failure mode photos of specimens.
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specimens with epoxy adhesive have increased by an average of 47.3%, and in the test specimens
with polyurethane adhesive have increased by an average of 107.0%. When axial strain distribu-
tions values from the experimental specimens are examined (Figure 5), it is seen that the axial
strain values in the test specimens which are used nets for strengthening have a longer distribu-
tion along the bonding zone. This result shows that the stresses are more efficiently distributed to
the adhesion zone by the use of the reinforcement net instead of gathering at the end regions of
the wood adhesion zone and by this way greater portion of the adhesion zone can be used effi-
ciently to transfer stress.

Photographs showing the failure mechanisms of the experimental specimens after ending
the experiments are given in Figure 6. During the experiment three failure mechanisms that
may occur in the experimental specimens were also observed. In this connection zones, the
failure alternatives can be seen as, the timber-to-timber bonding surface fully being cut off
from the surface (Bonding Surface Shear Failure), cutting the wooden material from any other
surface rather than the surface of the bonding zone (Timber Shear Failure), and finally reach-
ing the axial tensile strength of the timber wood used in the connection zone to its ultimate
limit (Timber Axial Rupture). The failure mechanism in 10 of the 24 experimental specimens
was observed as Timber Shear Failure, 11 with Bonding Surface Shear Failure, and 3 with
Timber Axial Rupture. In the experimental study as the load-carrying capacity of the test
specimens increases and the bond area extends, the mechanisms of collapse began to occur as
Bonding Surface Shear Failure.

4. Finite element analysis (FEA) simulation and proposed bonding model

4.1. Proposing bond-slip model

By examining the shear stress-slip curves for the all tested specimens it could be observed that
these curves increased linearly up to the maximum shear stress then after, decreasing linearly till
the occurrence of debonding. This makes the selection of the bilinear bond-slip model (shown in
Figure 7) more reasonable for representing the bond-slip behavior for timber bonded joint. The
experimental results showed that the fracture energy, which is the area under the shear stress-slip
curve, for the un-strengthened specimens decrease linearly by increasing both bonding length and
the modulus of elasticity for the used adhesive as shown in Figure 8(a,b), respectively. It is obvi-
ous that the fracture energy was more affected by changing the bonding length in comparison to
adhesive’s modulus of elasticity. Where increasing the bonding length beyond the effective length
contributed to decreasing the fracture energy which affects the efficiency of stress transference
along the contact area. Despite the increment in axial load and stress carrying capacity for the

Figure 7. Bilinear bond-slip model.

MECHANICS BASED DESIGN OF STRUCTURES AND MACHINES 13



joints which is resulted from increasing the modulus of elasticity for the adhesive, yet increasing
the modulus of elasticity of the adhesive led to decrease the displacement ability and created a
brittle joint thereby contributed to decreasing the consumption fracture energy. On the other
hand, the maximum shear strength decreases linearly by increasing the bonding length while
increases slightly by increasing the modulus of elasticity as shown in Figure 9. Where increasing
the bonding length leads to an increase in the bonding area consequently, decreasing the trans-
ferred shear stress. Also, and as explained earlier, increasing the modulus of elasticity for the
adhesive leads to decreasing the flexibility of the joint which explains the slight increment in the
bonding stress. From the failure mode of the reference specimens, the timber shear failure was
the dominant failure in which the line of failure passing through the timber, therefore, the tensile
strength of timber represents an important factor that affecting the bonding behavior of timber
bonded joints. As a result, the current proposed bond-slip model included the effect of the

Figure 8. The relationship between the fracture energy and (a) the bonding length, (b) the modulus of elasticity.
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bonding length, modulus of elasticity for the adhesive, and the timber’s tensile strength. The fol-
lowing equations were proposed for estimating the smax and Gf :

Gf ¼ a1 � a2Lð Þ Eadð Þa3 ft, o, kð Þa4 (1)

smax ¼ b1 � b2Lð Þ Eadð Þb3 ft, o, kð Þb4 (2)

where the constant values a1, a2, a3, a4, b1, b2, b3, and b4 were estimated by using multiple regres-
sion and the values give the best fit to the experimental data were selected.

Gf ¼ 1:185� 0:0019Lð Þ Eadð Þ�0:161 ft, o, kð Þ1:012 (3)

Figure 9. The relationship between the maximum shear stress and (a) the bonding length, (b) the modulus of elasticity.
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smax ¼ 3:06� 0:0046Lð Þ Eadð Þ0:014 ft, o, kð Þ0:0045 (4)

From the comparison of smax and Gf estimated by using the proposed equation with the corre-
sponding values obtained from the experimental results, it could be concluded that the proposed
equations are able to calculate smax and Gf accurately as shown in Figure 10(a,b).

For the slip at maximum shear stress S0 and the slip at the end of debonding Sf , it could be
concluded that changing the adhesive type had a significant effect on both S0 and Sf : Where
increasing the modulus of elasticity of the adhesive, decreasing the S0 and Sf as shown in
Figure 11. This is attributed to the fact that increasing the modulus of elasticity for the adhesive
contributing to decreasing the joint’s displacement ability and increasing the joint’s rigidity which
leads to decrease both S0 and Sf , whereas changing the bonding length had a significant effect on

Figure 10. The comparison between the experimental and the calculated (a) maximum shear stress smax, (b) fracture energy Gf :
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S0 only. Where increasing the bonding length increasing the S0 while the Sf stays approximately
constant for each adhesive type which also indicates that there is an effective bond length beyond
which increasing the bonding length has no significant effect as shown in Figure 12. By using the
multiple regression analysis in the Excel program, the following equation was obtained for esti-
mating s0 whereas Sf could be estimated by the following equation.

S0 ¼ 0:809þ 0:079 LnðLð ÞÞ Eadð Þ�0:0123 ft, o, kð Þ0:317 (5)

Figure 11. The relationship between the modulus of elasticity and (a) the slip at maximum shear stress S0, (b) the slip at the
end of debonding Sf :
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Sf ¼
2Gf

smax
(6)

To find out the effect of using aluminum, steel, and fiber mesh at the bonding length on the
bonding strength of the timber joint, the shear stress of the strengthened timber joints were nor-
malized by dividing the maximum shear stress for the strengthened joints over the maximum
shear stress for the corresponding un-strengthened joint and plotted against the bonding length
as shown in Figure 13. Depending on the results shown in Figures 13, the following could be
concluded. In spite of the maximum load capacity was obtained for Specimen 20, but the max-
imum increment in the normalized shear stress was 32% for Specimen 16. Also, from Figure 13,

Figure 12. The relationship between the bonding length and (a) the slip at maximum shear stress S0, (b) the slip at the end of
debonding Sf :
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it could be seen that for all strengthening types (aluminum, steel, or fiber) there is a small incre-
ment in the normalized shear stress value when the bonding length is equal to 180mm, and this
value increases by increasing the bonding length to reach its maximum value when the bonding
length is equal to 250mm then after starts to decrease. Despite the maximum load capacity was
74.96 kN which obtained for Specimen 20 but the increment in the load capacity when changing
the bonding length from 250mm to 350mm was 5.4% in comparison to the increment in the
load capacity when changing the bonding length from 180mm to 250mm was 33.7%. Finally, it
could be seen that for the specimens having the same bonding length and the same strengthening
type, increasing the modulus of elasticity of the adhesive leads to decrease the normalized shear
stress slightly.

In order to include the effect of using aluminum, steel, and fiber mesh on the bond-
slip model, modification factors were proposed which could be multiplied by the bond-slip
model’s parameters (smax, S0, and Sf ) of the previously supposed un-strengthened model.
The modification factors could be estimated from a chart depending on the bonding
length and the mesh type used for strengthening the joint. In order to obtain the bond-
slip model for the strengthened timber joint, three modification factors were proposed (F1,
F2, F3). The bond-slip model’s parameters of the strengthened joints could be estimated
by multiplying the bond-slip model’s parameters of the un-strengthened model (smax, S0,
and Sf ) by the modification factors F1, F2, and F3, respectively. Since the normalized
stress values for the strengthened specimens with the two adhesive types are close to each
other as shown in Figure 13, the modification factors (F1, F2, and F3) could be estimated
from Figure 14(a–c), respectively depending on the bonding length and the mesh type
used for strengthening the joint.

4.2. Finite element analysis

In the current study, an FEA for both the un-strengthened and the strengthened timber joints
was performed using the ANSYS program (ANSYS 2013). For this purpose, a full specimen was
modeled as shown in Figure 15. The Solid element 186 with linear orthotropic and bilinear iso-
tropic material property was selected to represent the timber. The linear orthotropic material
properties used to represent timber in ANSYS are shown in Figure 16 and adopted from Uzel

Figure 13. The relationship between the normalized shear stress values for the strengthened specimens with the bonding
length for the both used adhesive types.
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Figure 14. The relation between the bonding length and the modification factors (a) F1, (b) F2, (c) F3.
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et al. (2018) while the contact pair, Target 170 and Contact 174 elements with the capability of
debonding in tangential direction (sliding or shear) were used for modeling the adhesive used in
the timber joint. To activate the debonding for the contact pair, the CZM with bilinear material
and critical fracture energy failure criteria was used. The CZM based on the assumption that the
interface does not separate completely at damage onset but rather it starts losing its stiffness grad-
ually (Barbero 2014). The bond-slip models; proposed in the current study; were used to calculate
CZM parameters. The mesh size was selected so that changing the element size has no effect on
the analytical results. The supports were set as fixed support. A horizontal load in the form of
displacement was applied at the free end. Then after, the nonlinear solution was carried out in
which the applied load was automatically divided into smaller load steps and at each load step

Figure 15. Full FEA model for the tested specimen.
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the model stiffness matrix was updated to reflect the nonlinear response of the structure. The
Newton–Raphson equilibrium iterations models with displacement convergence criterion and a
tolerance of (1%) were used to avoid the divergence problem.

The FEA results obtained for all the tested specimens were compared with the corresponding
experimental results. The comparison was made based on the ultimate load and the displacement
at the ultimate load. The analytical results reveal that the behavior of the numerical models agrees
well with the reported experimental observations throughout the whole loading process as shown
in Figure 17. The ultimate load was more accurately predicted than the displacement at the ultim-
ate load as shown in Table 4 and Figure 18(a,b). The average difference in the ultimate load and

Figure 16. The linear orthotropic material properties used to represent timber in ANSYS.

Figure 17. The comparison of the load-slip curve obtained from the experiment and FE analysis for Specimen 14.
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the displacement at the ultimate load were 2.7% and 14.8%, respectively. As result, it could be
concluded that the simulation method is appropriate for predicting the load-carrying capacity of
the un-strengthened and the strengthened timber joints.

5. Conclusions

In the current study, the effect of using three different mesh types (aluminum, steel, and fiber)
for strengthening timber joints having three bonding lengths (180mm, 250mm, and 350mm)
and glued with two different adhesive types (epoxy and polyethylene) were experimentally exam-
ined. Depending on the experimental results, bilinear bond-slip models for the un-strengthened
and strengthened timber joint were suggested. The equations proposed for estimating the bond-
slip parameters for the unstrengthened timber joints included the effect of bonding length, tim-
ber’s tensile strength, and the adhesive’s modulus of elasticity. The parameters of the strengthened
timber joints could be estimated by multiplying the bond-slip parameters of the un-strengthened
joint by a modification factor. The modification factors could be estimated from charts depending
on the bonding length and the mesh type used for strengthening the joint. Finally, an FEA was
performed using the ANSYS program to represent the behavior of the timber joint analytically.
Based on the results obtained from both the experimental and the analytical study, the following
conclusions were obtained:

� The strengthening method used in the current study was able to increase the bonding strength
of the timber joints.

� Using steel mesh was more efficient in increasing the bonding strength of the timber joints in
comparison to the other two strengthening types.

� Using epoxy was more effective in increasing the bonding strength in comparison to
polyethylene.

Table 4. The comparison between the experimental and the FEA results.

Specimen
No. Definition

Ultimate load (KN) Slip at ultimate load (mm)

Exper. FEA Error (%) Exper. FEA Error (%)

1 180-E-REF 46.43 47.74 2.8 4.62 4.59 0.6
2 180-E-AL 47.34 48.77 3.0 3.76 3.07 18.4
3 180-E-FIB 49.17 50.86 3.4 3.11 2.87 7.7
4 180-E-ST 53.19 54.52 2.5 3.74 3.19 14.7
5 180-P-REF 46.23 45.40 1.8 4.79 4.35 9.2
6 180-P-AL 46.93 47.13 0.4 3.9 3.39 13.1
7 180-P-FIB 48.50 50 3.1 3.55 3.11 12.4
8 180-P-ST 52.60 52.85 0.5 3.72 3.19 14.2
9 250-E-REF 54.98 57.57 4.7 4.93 4.83 2.0
10 250-E-AL 60.77 60.28 0.8 4.45 4.03 9.4
11 250-E-FIB 66.97 67.04 0.1 3.62 3.75 3.6
12 250-E-ST 71.13 70.47 0.9 3.7 4.19 13.2
13 250-P-REF 51.99 54.33 4.5 5 5.86 17.2
14 250-P-AL 58.49 60.76 3.9 4.61 4.51 2.2
15 250-P-FIB 64.97 68.76 5.8 3.74 4.35 16.3
16 250-P-ST 69.02 72.42 4.9 4.29 4.87 13.5
17 350-E-REF 60.60 62.24 2.7 4.99 4.51 9.6
18 350-E-AL 64.18 65.45 2.0 3.25 3.88 19.4
19 350-E-FIB 70.97 71.49 0.7 3.02 3.90 29.1
20 350-E-ST 74.96 75.10 0.2 3.10 4.00 29.0
21 350-P-REF 55.99 59.88 6.9 5.15 4.10 20.4
22 350-P-AL 61.26 63.34 3.4 3.27 3.88 18.7
23 350-P-FIB 69.23 71.25 2.9 3.10 4.04 30.3
24 350-P-ST 71.96 74.07 2.9 3.20 4.19 30.9
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� Increasing the bonding length for a certain value increases the bonding strength. Beyond this
value, a small increment in the bonding strength was obtained. This indicates that there is an
effective length beyond which, increasing the bonding length has a minor effect on the bond-
ing strength. In the current study, this value was observed to be 250mm. More experimental
studies are recommended to propose an equation that could estimate the effective length for
the timber joints.

� The suggested bond-slip models could be used to represent the timber joint behavior in FEA
where the numerical study was able to predict the ultimate load and the corresponding dis-
placement accurately.

Figure 18. The comparison between the experimental and the FEA results for (a) the ultimate load, (b) the slip at the ultim-
ate load.
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