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Abstract. The authors previously studied the possibility of the use of industrial double-sided adhesive tape
as a method for jointing wooden panel to wooden framework. The mechanical performance of joints formed
by such methods is comparable with that of nailed joint under static load conditions. However, the mechan-
ical performance of such joints has not been evaluated under cyclic load conditions. This study was
conducted to investigate this aspect of their performance. Double-shear specimens were prepared by bonding
wooden panel to wooden framework using two types of adhesive tape with different substrates. Specimens
were also prepared with wooden dowels to strengthen their jointing performance. The joint specimens were
subjected to cyclic shear loading testing. The results of the tests were analyzed from an energetics perspec-
tive, and the shear deformability of the specimens at failure was estimated. The test results indicated that both
the specimens formed using adhesive tape and those formed using wooden dowels had fatigue properties
comparable with nailed joint specimens. A tendency for the shear deformability caused by cyclic loading to
increase with the stress level was observed. It was possible to estimate the shear deformability by evaluating
the energy absorption capacity of the joints from an energetics standpoint.
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INTRODUCTION

Wooden buildings are found throughout the
world, supporting the daily lives of people as
dwellings. To ensure the safety of the people
who use these buildings, building mechanical
performance must be understood. In Japan in par-
ticular, earthquakes, typhoons, and other disas-
ters occur almost every year, severely damaging
wooden buildings. Repeated disasters of these
types expose wooden buildings to cyclic loading
by external forces. It is therefore important to
examine the remaining performance of load-
bearing elements of wooden buildings during
and after repeated loading. A number of studies
on the fatigue properties of wooden joints have
been carried out. For example, Wakashima and
Hirai (1993) applied cyclic shear loading to a
nailed joint to measure the change in its energy
absorption ability with repeated loading. The
energy absorption ability was found to converge
under conditions of constant load control or con-
stant displacement control. Chui et al (1998) used
the finite element method to reproduce the load—
slip displacement curve of a nailed joint sub-
jected to cyclic loading. Li et al (2012) performed
shear fatigue testing of wooden joints using nails
and reported that the shear behavior of the joint
changed between when testing began and when
fatigue failure occurred. At the beginning of
fatigue testing and immediately before failure,
the increase in the number of cycles was accom-
panied by an increase in the dissipated energy
per cycle. The researchers proposed an energetics-
based formula for prediction of the fatigue life
of the joint.

The authors have previously studied the possi-
bility of using industrial double-sided adhesive
tape to bond wooden panels to wooden frame-
work or to strengthen such joints using wooden
dowels. These types of joints could conceivably
be used as substitutes for nailed joints in panel-
sheathed shear walls. Wooden structural ele-
ments formed using this joint method can be
counted on to be greatly airtight and to provide
greater levels of soundproofing and insulation
performance than those formed using the nailed
joint method. Fukuta et al (2013) performed
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double-shear testing to investigate the mechan-
ical performance of joints formed using this
method and found that joints formed using
double-sided adhesive tape had greater shear
capacities than nailed joints, which suggests
that the former can be effective joints. In addi-
tion, when a panel-sheathed shear wall was con-
structed using this joint method and subjected to
in-plane shear testing, the results clearly showed
that its performance was equal to that of a wall
constructed using nailed joints and that it is pos-
sible to estimate its strength theoretically (Ogawa
et al 2015).

Studies such as those mentioned have verified
that the mechanical performance of this type of
joint is adequate for use with the bearing ele-
ments of a wooden building under static loading
conditions. However, the mechanical perfor-
mance of this type of joint under dynamic load
conditions has not been verified. In this study,
cyclic shear loading was applied to joint speci-
mens formed using double-sided adhesive tape
and to specimens formed using wooden dowels
to verify the fatigue behavior of these types of
joints experimentally. An effort was also made
to apply the energetics approach to estimating
deformability of these types of joints at failure.

MATERIALS AND METHODS
Joint Specimens

Double-shear specimens of joints were prepared
in compliance with the Japan Agricultural Stan-
dards (2013). Figure 1a shows a specimen. The
base material used was air-dried Japanese cedar
(Cryptomeria japonica D.DON) with dimensions
of 38 x 89 x 300 mm (moisture content 13.9% +
1.9%, density 395.1 & 13.4 kg/m”, average value +
standard deviation). The side panels used were
four-ply Japanese cedar structural plywood (Japan
Agricultural Standards structural plywood, type
special, class 2; moisture content 13.4% =+ 1.4%;
density 476.3 + 14.6 kg/m®) with dimensions
of 12 x 100 x 300 mm. The connectors for the
base material and side panels were two types of
acrylic-resin double-sided adhesive tape, R230
and DF5680A (Toyo Ink Co., Ltd., Tokyo, Japan).
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Figure 1. Specimen and loading method.

R230 has a nonwoven fabric as its substrate and
is 145 pm thick. The specimens made using this
tape were denoted type T1. DF5680A has a
polyolefin foam as its substrate and is 1140 um
thick. The specimens made using this tape were
denoted type T2. Specimens with each of these
two types of tape were also prepared using
dowels (10 mm in diameter and 36 mm in
length) made of beech wood (Fagus crenata
Blume) for the improvement of initial stiffness.
These specimens were denoted T1D and T2D,
respectively. A compressive pressure of 1.0 MPa
was applied to the adhesive tape for 10 s. The
specimens were then left to cure in the laboratory
for at least a week. When a dowel was also used,
after the adhesive tape was applied, a drill was
used to bore a dowel hole with a diameter of
9.5 mm and the wooden dowel was hammered
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into the hole. For comparison, specimens formed
with a nailed joint (CN50) were also prepared
(type N). Table 1 summarizes the properties of
the five types of specimens.

Static Testing and Cyclic Load Testing

First, static testing was performed to determine
the static strength of the five types of specimens.
An electrohydraulic servo fatigue testing machine
(EHF-UBS5-10L, Shimadzu Co., Kyoto, Japan) was
used to carry out the static loading testing, as
shown in Fig 1b. Each specimen was placed on
top of a rigid surface, and compression loading of
the top of the base material was performed
allowing shear force to act on the joint surface.
The shear stress was determined by dividing
the load magnitude by the joint surface area.

Table 1. Connecting material used to make the specimens.
Connector

Specimen type Adhesive tape® Wood dowel Nail
Tl R230 (145 pm thick) — —
T2 DF5680A (1040 pum thick) — —
TID R230 (145 pm thick) Beech wood (¢ 10 mm, 36 mm long) —
T2D DF5680A (1040 pum thick) Beech wood (¢ 10 mm, 36 mm long) —
N — — CNS50

# Manufactured by Toyo Ink Co. Ltd., Tokyo, Japan.
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Figure 2. Shear stress—slip displacement curve obtained
from static testing.

The slip displacement between the base mate-
rial and the side panels was measured with a
strain-gauge-type displacement transducer (CDP-
50, Tokyo Sokki Kenkyujo, Co., Ltd., Tokyo,
Japan). The loading rate was 2.4 mm/min. After
the maximum stress T,,,x was reached, loading
was continued until the stress reached 80% of
Tmax- Five specimens of each type were subjected
to static testing.

Cyclic load testing (Fig 1b) was performed in
the same manner as previously described, except
that cyclic loading was performed under load
control using a pulsating triangular wave load
form and a load frequency of 0.5 Hz. Four stress
levels (SLs), 60%, 70%, 80%, and 90% of the
maximum stress T,,x measured in static testing,
were set. Three specimens were tested under each
set of conditions. The time of separation of the
side panels from the base material was considered
to be failure, and cyclic loading was continued
until failure occurred. The tests were performed
in an environment with a room temperature of
25°C and humidity of 55%. The load and slip
displacement sampling frequency during the test-
ing was 20 Hz.

Table 2. Static testing results.
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RESULTS AND DISCUSSION
Static Strength

Figure 2 shows an example of a stress—slip dis-
placement curve obtained by static testing. Table 2
shows the strength property values obtained from
the stress—slip displacement curve. The maxi-
mum Sstress Tpax 1S the strength, which is the SL
standard in the cyclic load testing. The specimens
made with double-sided adhesive tape (types T1
and T2) exhibited maximum stress values greater
than those of the nailed joint specimens (type N).
The specimens formed using double-sided tape
all reached maximum stress T,,,x when the slip
displacement was between 3 and 5 mm, but the
nailed specimens maintained their bearing capac-
ity until the slip displacement exceeded 20 mm.
A comparison of the two types of adhesive tape
(T1 and T2) showed that the slip at failure (when
the stress fell to 80% of 1,,,x) was greater for T2,
which had the thicker substrate.

Turning to the reinforcing effects of the wooden
dowel shown in Fig 2 (T1 vs T1D and T2 vs T2D),
the specimens containing wooden dowels (Types
T1D and T2D) were found to withstand higher stress
from the first stage of loading onward. The stress
greatly exceeded the stress levels withstood by spec-
imens of types T1 and T2, clearly demonstrating the
reinforcing effects of using wooden dowels in con-
junction with adhesive tape. However, maximum
stress was reached when the slip displacement was
between 3 and 5 mm, and the use of wooden dowels
did not have an evident effect on deformability.

Fatigue Strength

Figure 3 shows an example of a stress—slip dis-
placement curve obtained from the cyclic load

Specimen type Maximum stress T, (MPa)

Strain energy Vi, (MPa-mm) Rigidity K (MPa/mm)

T1 0.339 £ 0.068
T2 0.390 £ 0.008
T1D 0.753 £0.038
T2D 0.688 £ 0.004
N 0.262 £+ 0.004

0.697 £0.135 1.72 £ 0.38
1.347 £+ 0.029 1.88 £ 0.03
1.800 £ 0.180 6.31 +0.50
2711 £ 0.199 5.74 £1.45
2.893 £+ 1.468 2.89 4+ 0.39

The values in the table are averages =+ standard deviations.
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Figure 3.  Shear stress-slip displacement curve obtained from cyclic load testing: (a) T1 (b) T2 (c) T1D (d) T2D (e) N.

testing. For example, Fig 3b shows a curve
obtained from cyclic testing of a type T2 speci-
men at a SL of 60%, and the fatigue life Ny was
613 cycles. Figure 3 illustrates the results for the
1st to 5th, 100th, 500th, and 609th to 613th cycles.
The first cycle increased the shear stress and the
slip displacement, but at this stress level, only
elastic behavior was exhibited and yield did not
occur. When unloading started, slip displacement
recovery began and a hysteresis loop was plotted
at that time. When unloading was completed, the
displacement did not completely recover, reveal-
ing slight residual displacement. As the number of
cycles increased, the loop shifted to the right, indi-
cating an accumulation of residual displacement.

When the number of load cycles reached the
fatigue life Ny, the base material and side panels
of the specimens separated. The failure modes at
this time are shown in Fig 4 by type. In the cases
of types T1 and T2, the adhesive tape peeled off
without wood failure being observed in any of
the specimens. In the cases of types T1D and
T2D, which contained wooden dowels, adhesive
tape separation and breakage of the wooden
dowel occurred simultaneously (Fig 4f). In the
case of type N, shear failure of the nail was
observed (Fig 4g).

Figure 5a shows the relationships between SL
and fatigue life Ny (the S—N relationships) for all
of the specimens. In the cases of types T2 (O),
TID (m), T2D (®), and N (A), significant
regressions were obtained on a semilogarithmic
scale. For type T1 (O), conversely, the regression
was not significant. When results for specimens
formed using only adhesive tape were compared
with results for specimens formed using both
adhesive tape and wooden dowels (ie T1 vs T1D
and T2 vs T2D), the results and regression lines
for the specimens with wooden dowels plotted on
the long-life side of the figure indicated that the
use of a wooden dowel can be counted on to
increase the fatigue life. The plot for type N spec-
imens was located further along the long-life side
than the results for the other types of specimens.

As Fig 5a shows, the ordinate intercepts for almost
all of the regression lines exceeded 100%. This is
assumed to be a result of the difference between
the static and cyclic loading rates (2.4 mm/min
and 33.6-140.4 mm/min, respectively) (McNatt
1978). For the type N specimens, when a cyclic
loading test at an SL greater than 100% was per-
formed, the regression line had a bilinear shape,
with a boundary between 90% and 100%, as
shown in Fig 5a. This suggests that the behavior
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Figure 4. Failure modes in cyclic load testing: (a) T1 (b) T2
(c) T1D (d) T2D (e) N (f) wooden dowel (g) nail. Tape R230
was still applied in the range enclosed by the dotted line
even after failure ([a] and [c]).

of a nailed joint under cyclic loading changes with
the boundary between SL 90% and 100%.

As stated in the Introduction, the joint method
that combines double-sided adhesive tape with a
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wooden dowel is expected to be applicable to
panel-sheathed shear walls, and evaluation of
the mechanical performance of this type of joint
under cyclic loading is important. Figure 5b
shows the relationship of the applied stress T, to
the fatigue life N; (the number of cycles to fail-
ure). The plots for types T1D, T2D, and N are
almost all on the same straight line. Hence, if the
same applied stress to N specimen (t, = 0.2-0.3)
is given to TID and T2D specimens, it is
expected that the T1D and T2D specimens are
plotted near N specimens’ plots. The result
shows that the S—N relationship (in terms of
performance under cyclic shear loading) of
joints with adhesive tape and wooden dowels
was similar to that of nailed joints. Nailed joints
are typically used in panel-sheathed shear walls.
Therefore, joints with adhesive tape and wooden
dowels can also be considered to be applicable
to shear walls.

Strain Energy

Based on the stress—slip displacement curve (Fig 3)
obtained by cyclic load testing, an energetics-
based analysis was attempted. The area shown
in dark grey in Fig 6 was defined as the strain
energy per cycle V., and this was calculated for
each number of cycles. Figure 7a shows an exam-
ple of the change in strain energy with increas-
ing number of cycles. As Fig 7a shows, a high
strain energy V. appeared at the first cycle, but at
the second cycle and thereafter, the strain energy
V. decreased. And, just before fatigue failure, the
strain energy became an almost constant value.

0 YT
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This indicates that the energy absorption ability
under an external force was high during the ini-
tial loading. As the end of the fatigue life neared,
the strain energy V. tended to increase. Mecha-
nisms such as the following are considered to be
responsible for this tendency. First, it is thought
that whenever cyclic loading is applied to these
types of joints, local separation of the tape
adhesive surface and slight nail damage occur,
and as the number of loading cycles increases,
these effects accumulate. When the mechanical
burden on the remaining portion of the specimen
to which the adhesive tape still adheres effec-
tively exceeds a certain level, the stress—slip dis-
placement relationship during loading reveals the
occurrence of plastic behavior, and as it nears its
fatigue life, the strain energy V. increases. This
tendency for the strain energy V. to increase as
the end of the fatigue life is neared has been

[

Strain energy per cycle V

102 10°  10°
Number of cycles

10

Figure 7.
cumulative strain energy to fatigue life.
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noted in various fatigue tests of wood and
wood-based materials (Sugimoto et al 2007).
In addition, comparisons of type T1 with type
T1D and type T2 with type T2D showed that the
use of a wooden dowel increased the strain
energy V. because the applied stress was high.

The relationship between the cumulative strain
energy V. from the start of loading to fatigue
failure and the fatigue life Ny is illustrated in
Fig 7b. For all joint types considered in this study,
a significant positive slope to the regression line
was obtained on a log-log plot. Similar results have
been reported for various fatigue tests of wood
and wood-based materials (Sasaki et al 2014;
Watanabe et al 2014). As Fig 7b shows, under
conditions that increase the fatigue life Ny (low
stress levels, for example), the cumulative strain
energy V,.r required to cause fatigue failure is
greater than it is under conditions that decrease Ny.

The thick dashed line in Fig 6 represents the enve-
lope from the first load to the end of the fatigue
life for the stress—slip displacement curve obtained
for cyclic loading (Gong and Smith 2005; Sasaki
et al 2014). The strain energy of this envelope,
Vace> 18 defined by the following equation:

6“13)(
Vace = J
0

(1)

For the stress—slip displacement curve obtained
for static loading, shown in Fig 2, the strain
energy from the start of loading to the maximum
stress is obtained. This is shown in Table 2 as
the static strain energy V..

(stress — slip envelope) dd
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Figure 8 shows the relationship of the static strain
energy V., to the envelope strain energy V.. for
each stress level. According to past research on
bending fatigue testing of wood (Sasaki et al 2014),
the envelope strain energy V,.. can be considered
to be almost constant regardless of the SL, and
its value can be estimated as approximately 1.5
times the static strain energy Vi, (Vace/Vga = 1.9).
As Fig 8 shows, the cumulative strain energy Ve
values of the type T1 and N joints differed
depending on the SL. An analysis of variance of
Vace Was performed for each joint type, and it was
confirmed that the V. values of types T1 and N
differed depending on SL (at a significance level
of 0.05). No differences for different SL levels
occurred for types T2, T1D, or T2D, which is
consistent with results reported in an earlier study
(Sasaki et al 2014). In addition, when V, and
Vace Were compared, it was found that the trends
according to specimen type were diverse and that
the Vi e/ Vg = 1.5 approximation suggested in an
earlier study (Sasaki et al 2014) did not hold. In
the cases of types T1 and T1D for example, the
value of Vi, was lower than any value of V.,
but the value was almost identical for types T2
and T2D. It assumed that this reflects differ-
ences among the substrates of the tapes.

Slip Displacement at Fatigue Failure

Evaluation of the slip displacement J., at
fatigue failure is presumed to be important to
the application of these joint methods to the
structural elements of a building (Ogawa et al
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2015). Figure 9 shows the relationship of fatigue
life N; to slip displacement d,,,, at fatigue fail-
ure. Figure 9 shows that 0,,,, for the nailed joint
specimens (type N) was approximately 10-30 mm
and that the relationship fell to the right with
respect to fatigue life. This is a result of the fact
that, at high stress levels, when the fatigue life
was reached while nails maintained support from
the base material, the embedding displacement
into the base material was high, but at low stress
levels, the nail reached fatigue failure while
embedding displacement remained low. There-
fore, it was assumed that the fatigue life increased
as O remained low. The values of 0, for the
specimens using adhesive tape (types T1, T2,
T1D, and T2D) were approximately 4.0-8.0 mm,
which was much lower than in the case of a
nailed joint. The value was almost constant com-
pared with that of type N, but a detailed exami-
nation showed that J,,,, increased slightly as the
fatigue life increased and that the deformability
was greater under long-fatigue-life conditions.

With respect to the slip displacement J,,,, at
fatigue failure, as Fig 6 shows, the shape of the
stress—slip envelope is almost a trapezoid.
Therefore, the relationship to the envelope strain
energy V... can be approximated as shown by
the following equation:

1
Vace ~ S Ta <26max -

, K ©

In this equation, T, is the applied stress during
the fatigue test. If the ratio o of Vy to Vi,
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(=Vace/Vsa) 1s defined, the previous equation
can be rewritten as

- Vsta Ta
— 3
e 3)

According to this equation, knowing the value
of o permits estimation of the slip displacement
Omax at fatigue failure based on the rigidity K
and the strain energy Vi, determined from static
testing. In this study, we attempted to estimate
the slip displacement at fatigue failure using the
previous equation, and we denoted this estimate
by Opme-

6max =

The rigidity K was calculated based on the pro-
portional range of the stress—slip displacement
curve from static testing shown in Fig 2 and is
shown in Table 2. The ratio o of V.. to Vg,
(=Vace/Vsa) Was calculated for each stress level
and each joint type. The values are shown in
Fig 10. An analysis of variance showed that SL
had a significant influence (at the 0.05 signifi-
cance level) on the value of the ratio o for types
T1 and N but not for types T2, T1D, or T2D.

The values shown in Table 2 and Fig 10 (V,, K,
o) were used to estimate 0., and the ratio of
this to the experimental 6., was calculated.
Figure 11 and Table 3 show the results for each
stress level and each joint type. Figure 11 shows
that the ratio of the estimated value to the exper-
imental value was approximately 1.0 and that it
is possible to estimate the slip displacement at
fatigue failure accurately, based on the results of
static testing. Evaluation of the amount of slip
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displacement caused by cyclic loading is an
important aspect of the evaluation of the feasi-
bility of applying adhesive tape to buildings.
When the ductility of structural elements in par-
ticular is considered, it is important to evaluate
the limits of deformation. As Fig 10 shows, in
the cases of types T2, T1D, and T2D, the value of
o can be considered almost constant, regardless

Table 3. Experimental and estimated slip displacement
at fatigue failure.
Specimen
type SL* (%) Bimax” (mm) Bme (Mm)  SnelSmax
T1 90 4.95 (0.33) 5.20 1.05
80 5.39 (0.25) 5.48 1.02
70 4.95 (0.11) 4.80 0.97
60 5.20 (0.53) 4.97 0.96
T2 90 5.11(0.33) 5.52 1.08
80 4.66 (0.79) 5.36 1.15
70 5.29 (0.20) 5.77 1.09
60 4.98 (0.58) 5.53 1.11
T1D 90 5.84 (0.72) 5.79 0.99
80 6.81 (0.66) 6.73 0.99
70 6.53 (1.66) 6.68 1.02
60 6.22 (0.26) 6.40 1.03
T2D 90 5.26 (0.44) 4.88 0.93
80 5.88 (0.10) 5.64 0.96
70 7.38 (1.60) 7.17 0.97
60 6.63 (1.10) 6.53 0.99
N 90 23.34 (10.14) 22.59 0.97
80 21.33(7.97) 25.31 1.19
70 11.49 (2.96) 11.15 0.97
60 11.25 (3.19) 10.99 0.98

#SL, stress level.

" Experimental slip displacement at failure. Parentheses mean standard
deviation.

¢ Estimated slip displacement at failure.
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of the stress level SL (type T2 oo = 0.8, type T1D
o = 1.8, and type T2D o = 1.0). In the cases of
types T1 and N, the value of o was influenced
by SL, and it can be surmised that the value of o
varies within the range of SL = 70-80%. Thus, it
is considered to be desirable that when estimat-
ing Omax, the value of o should be varied
depending on SL.

CONCLUSIONS

To assess the fatigue behavior of joints formed
using industrial double-sided adhesive tape under
cyclic loading, cyclic load testing was performed
using double-shear specimens and an energetics-
based analysis was conducted. Based on the rela-
tionship of SL to fatigue life, it was concluded
that joints formed using both adhesive tape and
wooden dowels exhibited S—N relationships
similar to those of nailed joints. The result of an
energy analysis showed that the strain energy
was high for the first cycle, then decreased
starting with the second cycle, and ultimately
became almost constant near the fatigue life of
the joint. This suggests that the energy absorbance
ability under the application of external forces
was high for the first load. The energy calculated
from the envelope curve of the stress—slip dis-
placement relationship was not influenced by SL
for three of the joint types T2, T1D, and T2D.
The slip displacement at fatigue failure decreased
as the fatigue life increased in the case of the
nailed joint. In the cases of the taped joints and
the joints with both tape and dowels, the slip
displacement was smaller than that for the nailed
joints, although it did increase slightly as the
fatigue life increased. The results of an energy
analysis showed that it is possible to estimate the
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slip displacement J,,,, at fatigue failure from the
results of static testing. Although not considered
in this study, the creep performance of the joints
under sustained loads is an important issue. It
should be investigated in the near future.
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