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This paper aims to evaluate the creep compliance of the adhesively bonded joints by the tensile tests
using the time-temperature superposition principle (TTSP). The target specimen is a butt-bonded joint of
the hollow cylindrical steel members using the adhesive Konishi E258R. The creep test apparatus of lever
beam balance for large-scale experiments were designed with a loading capacity of 150kN. The creep tests
were conducted under the applied load of 67 and 51% of the static failure load and the test temperature at
20, 40, and 50 °C. The creep compliance was calculated based on the TTSP by shifting to the reference
temperature of 100 °C in order to compare with the creep compliance master curve from the previous study.
The result shows that the creep test data from the tensile creep test of butt-bonded joint specimens have
high variation when evaluated by the applied constant stress and the creep lifetime. However, the creep test
data can be plotted well in the creep compliance master curve of epoxy resin at the reference temperature

of 100 °C with a small variation.
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1. INTRODUCTION

Adhesively bonded joints have become more im-
portant as an alternative in joining components for re-
pairing and strengthening steel structures instead of
conventional methods such as welding, riveting, and
bolting". However, because of the viscoelastic nature
of adhesives, adhesively bonded structures exhibit
time-dependent behavior when subjected to a con-
stant load, known as the creep phenomenon. The
stiffness of the adhesive gradually decreases with
time which leads to the continuous decrease in the
load-carrying capacity of the structure®. Therefore,
studying the creep behavior of the adhesively bonded
joints in the structural application is necessary to in-
crease their durability and reliability?.

Several studies have focused on the creep behavior
of adhesively bonded joints analytically and experi-

mentally on various joint specimens, single-lap, dou-
ble-strap for instance*™®,

On the other hand, increasing the test temperature
can accelerate the creep life to predict the long-term
response. The time-temperature superposition princi-
ple (TTSP), identified by Leaderman”, can simplify
the individual different temperature curves into one
single master curve at reference temperature based on
creep compliance and time in a logarithmic graph.
The performance of the master curve can be seen in
several papers which studied various substrates and
joint specimens'*!%,

This paper aims to contribute to a better under-
standing of the creep behavior and to evaluate the
creep compliance of the adhesively bonded joints by
the tensile tests using the TTSP. The target specimen
is a butt-bonded joint of the hollow cylindrical steel
members using the adhesive Konishi E258R.
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2. CREEP TESTS

(1) Specimen and material properties

Fig.1 shows the specimen of the adhesively
bonded joints used in the creep tests. It is the butt-
bonded joints of the hollow cylindrical steel members
based on JIS K 6868-1'9. Specimen C type, the larg-
est one amongst three recommendation specimens is
selected. The inner and outer diameters are 60 and 72
mm, respectively, giving the width of the bonded area
of 6 mm. The height of the specimen is 200 mm (100
mm for each steel substrate). The material properties
of steel (S45C) and epoxy resin adhesive are given in
Table 1. The epoxy resin adhesive used is Konishi
E258R. The material properties of steel are the as-
sumed values, and the material properties of adhesive
Konishi E258R are provided by the material manu-
facturer!?.

(2) Specimen preparation

The surfaces of steel were prepared by bristle
blaster with the steel brush’s width of 23 mm and
were cleaned by acetone before bonded. The adhe-
sive thickness was controlled to be approximately 0.4
mm using glass beads with a diameter of 0.4 mm.
Moreover, to improve the uniform thickness of the
adhesive, as shown in Fig.2, the fixed magnets (lower
and upper) and the quick bar clamp (in the longitudi-
nal direction) were used during the bonding process.
After the bonding, the specimens are cured at 40 °C
for 24 hours to obtain stable strength of the bonded
adhesive. Four strain gauges of 3mm type were at-
tached to the adhesive layer in the longitudinal direc-
tion to measure the strain value occurring in the ad-
hesive layer.

(3) Design of creep test apparatus

Fig.3 shows the design and setup of the creep test
apparatus for large-scale experiments in the base-
ment. A lever beam balance, a well-known technique
for creep tests, is designed. The fulcrum is fixed to
the basement roof by a PC steel rod (M36, tension by
377 kN). The length of the steel H-beam (300%300x
10x15 mm) is 3,300 mm (2,000 mm to the weight
side and up to 1,000 mm to the loading side). Six
bearing units of square flange shape refueling type
(¢#80x6 units, the capacity of static load per unit: 86.5
kN). The weight of approximately 1.5 tonnes (15.2
kN) is attached to one side of the steel H-beam.
Multi-eyebolt (M24) is used as a hinge on the weight
side. On another side, the specimen is attached to the
upper part through the universal joint (Kyowa, SC-
50-00A) and load cell (capacity of 50 kN), and to the
lower part of another steel H-beam (200x200x8x12
mm) through another universal joint and length ad-
justment of 4 bolts (M16). Steel H-beam is fixed to
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Fig.1 Schematic view of the specimen (JIS K 6868-1)

Table 1 Material properties of steel and adhesive

Elastic |Poisson’s| Tensile
Materials modulus ratio Strength
E (GPa) % o (MPa)
Steel (S45C) 205 0.30 -
Adhesive (Konishi E258R) 3.6 0.34 33

Fixed by
bar clamp

Fixed by
magnets

H-bea

Fmg x
) Multi-eyebolt

Welglt Universal joint; sass
(1.5 tonnes o]

H-beam ( fixed by
chemical anchors, M22) e

Fig.3 Creep test apparatus and setup of creep test

the concrete floor slab by chemical anchors (R-type,
M22x10 bolts). The capacity of each anchor bolt is
47.4 kN (long term). The attachment distance from
the fulcrum is designed at 200, 400, 600, 800, and
1,000 mm, which provide the maximum applied load
of 10 times (10, 5, 3.3, 2.5, 2 times accordingly). It
should be noted that the end of the steel rod to fix the
weight is extended to the hole of the concrete floor
slab as a stopper for a countermeasure during the
earthquake.

(4) Temperature control

The experiments were conducted in the basement
room where it can maintain a relatively constant tem-
perature. Three cases of temperature tests were con-
ducted, 20, 40, and 50 °C. The oil heater was used to
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improve and maintain the basement temperature at
approximately 20 °C. For high-temperature tests, the
mantle heater (wrap around the specimen) and tem-
perature regulator were combinedly used to elevate
the temperature of specimens to 40 and 50 °C. Fig.4
shows the temperature control of the specimen for the
high-temperature tests.

(5) Experimental series and conditions

Table 2 shows the experimental series and condi-
tions of the creep tests. 20 specimens of the creep
tests were conducted under the applied load of 67 and
51% of the static failure load, equivalent to the stress
0f 24.3 and 18.7 MPa, and the temperature test at 20,
40, and 50 °C.

It should be noted that the static tensile tests were

Temperature regulator
(PID control)
P

Fig.4 High-temperature test control by mantle heater and tem-

perature regulator

-

Table 2 Creep test series and conditions

separately conducted using a special tensile test de- Percentage of | \ 1 1:c stress | Temperature | Number of
. . . . applied load A .

vice for 10 specimens. From the static tensile tests, (%) (MPa) O specimens

the average tensile strength was 36.5 MPa. The 20 12

standar deviation SD is 5.1 MPa, and the coefficient 67 24.3 40 3

of variation CV is 0.140.'® ' This tensile strength is 50 1

almost the same as the value provided by the adhesive 51 18.7 ‘5‘8 ?

manufacturer as presented in Table 1 (33 MPa). Note: the static tensile strength s 36.5 MPa

Table 3 Creep test series and results

. Applied Temperature Shift factor Creep lifetime, Total strain Cre.ep Creep liﬂ?time Creep lit.”et.ime
Specimens | constant stress 7(°C) ar ¢ (hours) |£(s, T) (x10) compliance |before shlftmg after shﬁhng
o (MPa) (at 7=100 °C) ’ Dc(t, T) (GPa™") ¢ (min) t’ (min)
Cl 243 16.4 1.07x107 199.50 9,092 0.37 1.20x10* 1.12x1073
C2 24.2 20.4 4.01x10° 13.40 8,088 0.33 8.04x10? 2.01x10*
C3 24.2 21.5 3.09x10° 606.90 7,830 0.32 3.64x10* 1.18x102
Cc4 24.5 20.9 3.55x10° 7.30 7,779 0.32 4.38x10? 1.24x10*
C5 24.6 20.2 4.20x10° 0.90 7,032 0.29 5.40x10! 1.29x10
Co6 24.1 20.5 3.97x10° 0.50 7,740 0.32 3.00x10! 7.55%10°¢
Cc7 23.7 20.3 4.17x10° 0.10 5,913 0.25 6.00x10° 1.44x10¢
C8 24.6 20.5 3.93x10° 0.60 7,565 0.31 3.60x10! 9.17x10¢
C9 24.7 20.6 3.87x10° 5.10 7,560 0.31 3.06x10? 7.91x10
C10 24.6 20.5 3.91x10° 218.40 8,481 0.34 1.31x10* 3.35x107?
Cl1 24.7 20.0 4.46x10° 137.62 7,294 0.30 8.26x103 1.85x10°
Cl12 22.9 20.0 4.46x10° 0.07 6,312 0.28 4.12x10° 9.24x107
Average 24.3 20.2 4.53x10° 99.2 7,557 0.31 5.95x10° 1.55x1073
SD 0.5 1.2 1.90x10° 172.5 829 0.03 1.03x10* 3.25%1073
Ccv 0.020 0.059 0.421 1.739 0.110 0.101 1.739 2.099
Cl13 24.4 39.6 5.06x10* 3.87 7,473 0.31 2.32x10? 4.59x103
Cl4 24.5 40.2 4.46x10* 0.41 8,112 0.33 2.47x10! 5.53x10*
Cl15 24.7 40.3 4.34x10* 9.80 8,225 0.33 5.88x10? 1.36x107?
Average 24.5 40.0 4.62x10* 4.7 7,937 0.32 2.82x10? 6.23x10°3
SD 0.1 0.3 3.15x103 3.9 331 0.01 2.33x10? 5.43x1073
CVv 0.005 0.008 0.068 0.826 0.042 0.039 0.826 0.872
Cle6 24.2 50.0 5.88x10° 0.04 9,312 0.38 2.10x10° 3.57x10*
Cl17 18.8 39.7 4.97x10* 28.88 8,649 0.46 1.73x10° 3.49x10?
C18 18.7 374 8.12x10* 1.58 5918 0.32 9.49x10! 1.17x1073
C19 18.7 39.5 5.21x10* 41.36 7,314 0.39 2.48x10° 4.77x10?
Average 18.7 38.9 6.10x10* 23.9 7,294 0.39 1.44x10° 2.79x10?
SD 0.1 1.0 1.43x10* 16.6 1,115 0.06 9.97x10? 1.96x107?
Ccv 0.003 0.026 0.235 0.694 0.153 0.150 0.694 0.703
C20 18.7 46.8 1.12x104 31.02 8,788 0.47 1.86x10° 1.67x10!

Note: the temperature of C11, C12, and C16 are assumed values.



3. CREEP TEST RESULTS

(1) Creep test results

Table 3 shows the creep tensile test series and re-
sults of the 20 specimens. In the case of test temper-
ature at 50 °C for the applied load of 67 and 51%,
there is only one specimen for each case conducted.
So that the average, SD, and CV are abbreviated.

The applied constant stress and test temperature
are measurement values from the experiment. The
creep lifetime is the time until the failure of the spec-
imen The calculation of shift factor, total strain, and
creep compliance will be explained in section (4).

(2) Strain behavior

Fig.5 shows the strain behaviors obtained from the
strain gauge attached to the adhesive layer (S1-S4).
The change of strain value can be seen in 3 stages:
quick increase in the early stage, gradual increase in
the middle stage, and quick increase again in the last
stage to failure. Fig.5 also plotted the applied load
(solid black line) and temperature (solid yellow line)
measured in the basement. Constant values of applied
load (approximately 30.3 kN) and temperature (ap-
proximately 20 °C) can be confirmed.

(3) Creep lifetime

Fig.6 plots all of the experimental data and the av-
erage data of static tensile tests and creep tests under
applied load and lifetime to the failure of test temper-
ature at 20 °C. The square red dots are static tensile
test data, and the red circle dots are creep test data.
From the figure, the creep lifetime can be obtained,
although with a high variation. The average lifetime
of creep under the applied load of 67% of the maxi-
mum static load is 99.2 hours (SD=172.5 hours,
CV=1.739).

Fig.7 plots all cases of the average load and aver-
age lifetime until failure. From the figure, the lifetime
until failure of test temperature at 40 and 50 °C are
shorter than that of 20 °C. However, the variation can
be seen in cases of 40 and 50 °C under applied stress
of 51%.

(4) Creep compliance

The creep compliance D, (¢, T) (GPa™) in Table 3
is calculated by Eq. (1)*°. It is the ratio of the total
strain (¢, T) to the applied constant stress oy (GPa).
Here, t is the creep lifetime to failure (min), and T is
the temperature (°C).

b1 =0 (D

0y

The total strain is calculated by Eq. (2a). The val-
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Fig.5 Average load versus lifetime until failure
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Fig.7 Average load versus lifetime until failure

ues of elastic modulus £ and E», and viscosity coef-
ficients 771 and 7 are described in Fig.8 and Eq.
(2b)~Eq. (2e)'". The red line shows the strain behav-
ior of the average strain value obtained from the four
strain gauges attached to the adhesive layer in the lon-
gitudinal direction.

1 1
e(t,T)=0, E+;+E(1—exp(—E2t/n2))} (22)
1 1 2
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The creep master curve at the reference temperature
Ty can be constructed from the creep tests from different
temperatures using the temperature-dependent shift fac-
tor ar based on the TTSP, and ar is defined by Eq. (3),
an approach based on Arrhenius law. Here, AH is the
activation energy (AH=41 kcalmol™'), and R is the uni-
versal gas constant (R=1.96x1073 kcalK-'mol")!?,

_Ad (11
2303xR\T T,

The creep lifetime after shifting #” (min) is expressed
by Eq. (4), the creep lifetime before shifting # (min) di-
vided by shifting factor ar.

3)

log(a;) =

r=L 4)

Fig.9 and Fig.10 plot the current creep test data in the
creep compliance master curve of epoxy resin®?). Fig.9
plots the creep lifetime before shifting, and Fig.10 plots
the creep lifetime after shifting to the reference temper-
ature 7o of 100 °C. The horizontal axis is the creep life-
time before and after shifting, and the vertical axis is the
creep compliance. The circles are applied load of 67%
and the squares are applied load of 51%. The red, blue,
and green are for 20, 40, and 50 °C data, respectively.
The creep compliance master curve was drawn at the
reference temperature 7o of 100 °C based on the TTSP
by shifting the creep compliance curves at various tem-
peratures 7. From the figures, the creep lifetime after
shifting fits well with the creep compliance master

100 +|— Master curve (Ref.20) Reference temperature
©20°C _67% Ty=100°C
® 40°C _67% \
® 50°C _67%
[ ®40°C _51%
Q? 10 F[®50°C 51%
&)
=
SE
* vt
0.1
1.E-10 1.E-05 1.E+00 1.E+05 1.LE+10 1.E+15
¢ (min)

Fig.9 Relation between creep compliance and creep lifetime
before shifting

100 +— Master curve (Ref.20) Reference temperature
®20°C _67% T,=100°C
® 40°C _67%
® 50°C _67%
= ®40°C _51%
‘_;f 10 FL=50°C 51%
=
<
QQ 1 L
0.1
1.E-10 1.E-05 1.E+00 1.E+05 1.E+10 1.LE+15
t (min)

Fig.10 Relation between creep compliance and creep lifetime
after shifting

(c) Partial adhesive

(d) Cohesive and smooth
Fig.11 Failure modes

curve. However, it requires further creep test data of
temperature tests higher than 50 °C to confirm the
whole master curve.
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(5) Failure modes

Fig.11 shows the four types of failure modes and
conditions found after the failure of the specimen: (1)
void, (2) partial adhesive failure and void, (3) partial
adhesive failure, and (4) cohesive failure and smooth
surface. It is difficult to find the relationship between
failure modes and conditions from type (1)-(3) and
the creep lifetime. However, failure mode and condi-
tion type (4) provide a short creep lifetime.

4. CONCLUSIONS

In conclusion, the findings in the experimental
study on tensile creep behavior of butt-bonded joints
can be summarized as follows:

(1) The average lifetime of creep under the applied
load of 67% of tensile failure load at the tempera-
ture tests of 20 °C can be confirmed and it is 99.2
hours.

(2) The lifetime until failure of test temperature at 40
and 50 °C are confirmed to be shorter than that of
20 °C. However, the variation can be seen in cases
of 40 and 50 °C under applied stress of 51%. This
is due to the current limited number of data.

(3) The creep tensile test data have high variation
when evaluated by the applied constant stress and
the creep lifetime.

(4) The creep tensile test data can be plotted well in
the creep compliance master curve of epoxy resin
at the reference temperature 7y of 100 °C with a
small variation.

(5) Four types of failure modes and conditions can be
found after failure of specimen: (a) void, (b) par-
tial adhesive failure and void, (¢) partial adhesive
failure, and (d) cohesive failure and smooth sur-
face. The cohesive failure and smooth surface has
found to be influenced the creep lifetime.

Future work will deal with the creep test parame-
ters of test temperature and applied stress and the data
collection from the creep tests to further understand
and construct the creep compliance master curve.
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