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Abstract. This paper presents the investigations on lap shear galvanized steel joints bonded by two structural adhesives
(acrylic and epoxy) with two thicknesses of the bondline. The effect of the temperature on the shear strength of the ad-
hesives when the joints are short-term-loaded is the main objective of the investigations. The partial factors of the limit
states as well as the conversion factors that cover the use conditions and circumstances and particularly the temperature
influence, within a temperature range from —20 °C to +40 °C, are proposed. These factors are proposed by two methods
commonly used in the respective standards; the direct evaluation method and prediction model-based method. A com-
parison between the results obtained by these methods is presented.
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Introduction

Despite the advantages of the adhesive bonding technique,
the structural designers, in the field of steel constructions,
are still not able to use it in their practical applications be-
cause of the doubts regarding the verifiability of bonded
steel joints. These doubts are mainly because of the lack
of standards for verifying such joints in steel construc-
tions and also the lack of describing the loss of strength
and durability of adhesive materials due to the environ-
mental effects, mainly temperature and humidity, and the
long-term loading. Recently, efforts have been made to
investigate the efficiency of bonding technique to be used
in some applications in steel and aluminium structures
(Pasternak, Meinz 2007, 2008; Piekarczyk, Grec 2012).
These researches have shown that this technique is prom-
ising to be used in steel structures. However, for wider
use, validation of the design rules for structural adhesive
bonded joints according to the respective standards has
to be done. Using allowable stress method in the design
of adhesive joints has the disadvantage of not taking the
statistical nature of both load actions and the resistance
into account (Van Straalen et al. 1998). Consequently,
fluctuating safety margins will be shown. The limit state
concept, instead, can be used for considering the statisti-
cal nature with consistent safety margins.

The increase of temperature, according to some re-
searches on adhesives, has detrimental influence on their
properties such as ultimate strength (Osanai, Reis 2012;

Pasternak et al. 2012), elasticity modulus and stiffness
(Cease et al. 20006). It results not only in change of the
adhesive behavior from brittle into ductile, but also in
change of the failure mode of bonded connections from
cohesive to adhesive (Sahellie, Pasternak 2013). Moreo-
ver, adhesive materials can be considered as sensitive to
the so-called rheological phenomena such as creep and
shrinkage which may result in shortening of their dura-
bility (Majda, Skrodzewicz 2009; Boyes 1998). These ef-
fects have to be taken into consideration when designing
the bonded joints by determining appropriate quantitative
parameters.

This can be done by the use of the structural reliabil-
ity method (Van Straalen 2001). This method guarantees
the reliability level of the structure (the bonded joint) by
taking into account the stochastic nature of the strengths
of the joint components. It can also be used to validate
a prediction model (analytical model) that describes the
structural behavior of the bonded joints under prescribed
conditions (Van Straalen, Van Tooren 2002; Pasternak,
Ciupack 2014; Ciupack, Pasternak 2012).

In this paper, the partial factors as well as the con-
version factor of the temperature effect on the shear
strength of lap shear steel joints bonded by acrylic and
epoxy adhesives are determined for two thicknesses of
the bondline 0.35 mm and 0.65 mm and within a tem-
perature range from —20 °C to +40 °C. The representa-
tive values are determined by evaluating the tests results
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data at different temperatures using the direct evaluation
method according to ISO 2394:1998 (1998) and using
prediction models that describe the change of the shear
strength of the studied adhesives due to the temperature
change following to the standard procedure recommend-
ed by EN 1990:2002 (2002) together with the systematic
approach developed by Van Straalen (2001).

1. Reliability-based evaluation for structures

One of the evaluation methods, that is based on the struc-
tural reliability method, is the partial factor format which
is commonly utilized to validate the use of structural ma-
terials and the design rules for structural applications. The
strength of a structural material can be evaluated either
directly from the test results (direct evaluation method),
or by evaluating prediction models describing the change
of the strength resulted from specific effects (analytical
models-based evaluation). One of the methods that may
be applied in the partial factor format is the Bayesian
method which determines the representative values (char-
acteristic and design values) of the strength values (ISO
2394:1998 1998). Accordingly, the partial safety factors
and the conversion factors of the limit states can be es-
timated for an intended structural reliability level (EN
1990:2002 2002).

The limit state defines the condition beyond which
the structure is no longer safe. It can be mathematically
expressed by:

Z=R-E, (1)
in which, R is the resistance and E is the action effect.

If Z>0 (or R> E), then the structure is safe and
no failure occurs. The reliability of the structure is vali-
dated when the highest predicted action effect is still less
than or equal to the smallest predicted resistance over the
intended lifetime of the structure. This can be expressed
by the design and characteristic values of the action effect
E,, E, and of the resistance R, R; as shown in Eqn (2):

E;<R; or yg.E, < R ,

YR
where yp and yp are the partial factors of the action
effect and the resistance respectively which take the sto-

2
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chastic nature of the action effect and the resistance into
account, while 7 is the conversion factor that takes into
account the change of the resistance over the lifetime in-
tended.

The design and characteristic values of the action
effect and the resistance have to be probabilistically and
statistically determined at specific probabilistic fractiles.
These values of the resistance, for example, could be tak-
en at target probabilities of 5% and 0.1% respectively,
further details are found in the mentioned standards.

2. Shear by tension tests of adhesively-bonded
steel joints

2.1. Studied joint

Double lap shear joints, whose geometry shown in Fig-
ure 1, were selected. The common hot-dip galvanized
steel Dx51D+Z (275) as classified in DIN EN 10327:2004
(2004) with thicknesses of 1 and 2 mm was selected to
be the external and internal adherends, respectively. The
investigated adhesives are the two-component cold-cure
toughened acrylic DP 810 and epoxy DP 490. The bonded
area for each side is 16x16 mm. Two thicknesses of the
adhesive layer (0.35 and 0.65 mm) were studied. These
thicknesses were achieved by the use of one-sided adhe-
sive strips, as shown in Figure 1.

The adhesives were applied according to the recom-
mendations of the manufacturer 3M Scotch-Weld™. Af-
ter bonding, the specimens were left at room temperature
7 days for epoxy and 5 days for acrylic adhesive to be
cured.

2.2. Test procedure

The temperature range of (—20 °C to +40 °C) with a step
of 10 °C was chosen for the investigations. Full cured
bonded specimens were put in a climate chamber at the
desired temperature for 24 hours. After 24 hours of condi-
tioning, specimens were tested by means of tensile testing
machine near to the climate chamber. The installation of
a specimen up to the end of the test was done within 2
minutes. Temperature was measured using a laser ther-
mometer at the surface of the specimen and only changed
with a maximum of 2 °C after being installed in the test-
ing machine out of the climate chamber. Seven specimens
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Fig. 1. Double lap shear joints black areas represent bonded areas
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Fig. 2. Test equipment: left: the climate chamber close to the
testing machine; right: the laser thermometer used for measuring
the temperature at the surface of the specimen

Fig. 3. Failure modes of AC (left) and EP (right)

for each temperature were tested; Figure 2 shows the cli-
mate chamber beside the testing machine and the laser
thermometer used.

The speed rate of the crosshead was set to 1.27 mm/
min. According to Wei ef al. (2014), the overall strength
of the joints has a close relationship with the average
stress level of the adhesive layers. Hence, the shear stress
was considered regularly distributed over the bondline
and calculated by dividing the recorded applied force by
the two-sided bonded areas, i.e. 2 x 16 x 16 = 512 mm?.
It is worthwhile to mention that all specimens failed
either cohesively (CF) or special cohesively (SCF)
(EN ISO 10365:1995 1995), see Figure 3.

2.3. Test results

The mean and standard deviation values of the maximum
shear strength of the adhesives are presented in Figure 4.
These values were calculated after checking that the test
results are normally distributed and excluding the outliers
of each group at the studied temperatures. Anderson-Dar-
ling test (AD-test) was used for normality (Romeu 2005)
and outliers (the extreme values do not appear to repre-
sent the populations) were detected by Z-test and discord-
ance test (EPA QA 1998) as well as by Dixon extreme
value test (Dixon 1950). It has to be mentioned that AC/
EP indicate the acrylic/epoxy adhesives and 0.35/0.65 in-
dicate the bondline thickness investigated.

3. Direct evaluation of the maximum shear strength
values

The resistance of the adhesively-bonded joints or the
shear strength of the adhesives can directly be evaluated
from the test results shown in Figure 4.
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Fig. 4. Maximum shear stress of the adhesives over the
temperature range studied

To determine the characteristic and design values of
the maximum shear strength results, the Bayesian method
was applied. Once these values have been determined,
the corresponding partial factors can be estimated. This
procedure was also followed by Van Straalen (2001).
The characteristic and design values R;,R; can be de-
termined by Bayesian method using the following equa-
tions:

1

szl”l_tl),k'GR (1"’;), (3)
1

Rd =M—tu,d.GR 1+; . (4)

in which: p and oy are the mean value and the standard
deviation of the maximum shear strength of the adhesive.
tox and t, ; represent the coefficients of the Student
distribution to be used for estimating the characteristic
and design values respectively. These coefficients depend
on the target probability and the degree of freedom (v).
In the absence of other information, the characteristic
value is assumed to be at the target probability of 0.05
(ISO 2394:1998 1998). The design value can be taken at
the target probability of 0.1% (Van Straalen 2001). The
degree of freedom (v) equals to n—1, where 7 is the num-
ber of tests or the sample size.

The coefficients of the Student distribution for the
desired degree of freedom (v) and the probability target
can be determined by the use of Excel software or can be
found in the literatures.

The characteristic and design values R,,R; at each
temperature for AC-0.35, AC-0.65, EP-0.35, and EP-0.65
were determined by Eqn (3) and Eqn (4) and listed in Table 1.

3.1. Determination of the partial factor

The partial factor (yy ) of the shear strength of the ad-
hesives at room temperature (20 °C) can now be esti-
mated using Eqn (5) and its values are 1.08, 1.29, 1.08,
and 1.13 for AC-0.35, AC-0.65, EP-0.35, and EP-0.65,
respectively.

Ry
TR R, : (5)
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Table 1. Characteristic and design values Ry, R; at each temperature resulted from direct evaluation method

AC-0.35 AC-0.65 EP-0.35 EP-0.65
Temperature

[°C] R, R, R, R, R, R, R, R,
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

-20 32.61 29.78 28.48 26.19 25.13 18.39 17.12 9.02
-10 31.56 28.23 23.31 16.76 25.83 19.68 24.95 23.38
0 27.52 23.56 24.62 20.63 24.95 18.03 17.87 8.72
10 27.66 25.61 25.46 23.68 29.31 28.64 18.23 10.66
20 25.46 23.68 19.15 14.88 25.44 23.46 22.31 19.80
30 19.82 18.18 18.17 16.77 20.65 17.82 18.40 17.44
40 12.67 6.87 15.45 13.15 19.14 17.14 16.80 13.45

3.2. Determination of the conversion factor

In EN 1990:2002 (2002), the conversion factor that takes
the additional effects such as the moisture, the tempera-
ture effects, etc. is defined by Eqn (6):
Ry = nR—k-
YR

In our case, the design value at any temperature can
be related to the design value at room temperature by the
conversion factor(n) ; therefore, (n) can be estimated by
dividing the design value at each temperature by its value
at the room temperature. To cover all temperature range
studied, the minimum value has to be considered. The
values of m are 0.29, 0.88, 0.73, and 0.44 for AC-0.35,
AC-0.65, EP-0.35, and EP-0.65 respectively.

(6)

4. Evaluation of the maximum shear strength val-
ues on the basis of an analysis model

The above procedures were applied on small populations.
Each one was considered at different temperature. The
sample size, therefore, was of seven values as maximum
(when no outliers detected). The risk of using such small
sample size is when there is an extreme value relative to
the rest values of the data set which is not detected by
the “checking of outliers” tests. Hence, the parameters
of the normal distribution used will be affected by these
extreme values. This will normally result in getting a high
scatterband that will surely affect the characteristic and
design values as well as the partial factor accordingly
calculated. To avoid having such problem, using larger
populations that contain same features of the samples is
recommended.

In our case, four larger populations were created by
merging the data obtained for all temperatures. Each of
them has the results of the specimens of the same ad-
hesive material and the same thickness of the adhesive
layer. These populations are: AC-0.35(M), AC-0.65(M),
EP-0.35(M), and EP-0.65(M). The letter (M) indicates the
merged data. Every population has from 46 to 49 values;
depending on the number of the outliers excluded.

One of the methods to evaluate the results of the
tests is the analysis model-based method that can be im-
plemented by the procedures explained in EN 1990:2002
(2002), ISO 2394:1998 (1998). Van Straalen in his
PhD study has also developed a systematic approach
for reliable design rules for bonded joints (Van Straal-
en 2001). His approach is formulated to be used for all
kinds of adhesive bonded joints under various actions and
based on current knowledge about the behaviour of these
joints and on structural reliability method.

The analysis models to describe these popula-
tions are formulated by considering that the maximum
shear strengths are functions of the temperature, i.e.
Tmax =/ (T); therefore, the mean values of (t,,) at
each temperature versus the corresponding temperature
(T) were graphically plotted. The prediction models were
then found by a regression analysis using Excel software
as shown in Figure 5 (for AC-0.35(M) and AC-0.65(M))
and in Figure 6 (for EP-0.35(M) and EP-0.65(M)).

In this work, to evaluate the test results by the pro-
posed models, the methodology developed by Van Straal-
en (2001) was used.

The first step of the calibration process is to quan-
tify the differences between the test values Ry, ; and the
corresponding values calculated by the model R,,,4;; for
each data set by determining the multiplication factors
K; for all data points using Eqn (7):

K[ _ Rtest,i
R

New data sets of the calculated multiplication fac-
tors K; will have been obtained and can be statistically
treated.

By applying the Bayesian method, the characteris-
tic and design values of K; can be determined. Table 2
lists the characteristic and design values of K; for each
population.

The characteristic and design values of the shear
strength at each point can be calculated by Eqns (8) and
(9). The results are summarized in Table 3.

(7

model i
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Table 2. Characteristic and design values of K;
AC-0.35(M) AC-0.65(M) EP-0.35(M) EP-0.65(M)
Characteristic value K [-] 0.9 0.88 0.9 0.83
Design value Kd -] 0.82 0.75 0.76 0.63

Table 3. Characteristic and design values Ry, R; at each temperature resulted from analysis model-based

evaluation method

AC-0.35 AC-0.65 EP-0.35 EP-0.65
Temperature
[°C] Ry Ry Ry Ry Ry Ry Ry Ry
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
=20 30.62 27.90 24.67 21.02 26.42 22.31 19.42 14.74
-10 29.56 26.93 24.29 20.70 26.87 22.69 20.02 15.20
0 27.95 25.47 23.38 19.93 26.60 22.47 20.12 15.27
10 25.81 23.52 21.95 18.71 25.61 21.63 19.72 14.97
20 23.13 21.07 19.98 17.03 23.90 20.19 18.82 14.29
30 19.91 18.14 17.49 14.91 21.47 18.13 17.43 13.23
40 16.15 14.71 14.48 12.34 18.32 15.47 15.54 11.79
Rii =Ky Ryl s (8) (20 °C) and the minimum conversion factors (7) that
cover all temperature range studied were estimated by
Ry =Ky -Ryogeri - (9)  Eans (5) and (6). The values of partial factors obtained

Determination of the partial and conversion factors:
The partial factors (yg) at room temperature

are 1.10, 1.17, 1.18, and 1.32 while the minimum conver-
sion factors are 0.69, 0.72, 0.76, and 0.82 for AC-0.35,
AC-0.65, EP-0.35, and EP-0.65 respectively.
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Conclusions

In this paper, the investigations on the temperature effect
on the shear strength of two structural adhesives, used
for bonding lap shear galvanized steel joints, were per-
formed. Two thicknesses of the adhesive layer were used
0.35 mm and 0.65 mm.

The temperature range investigated was from —20 °C
to 40 °C. The joints were tested under short-term-loading.

Two reliability-based methods were applied to eval-
uate the test results and to determine the partial factors
of the limit states as well as the conversion factors of the
shear strength of the adhesives.

Throughout the work, it was found that the partial
factors, for AC-0.35, EP-0.35 and EP-0.65, obtained by
the prediction model-based method are generally higher
than those given by the direct evaluation method, howev-
er, for AC-0.65, a 10% higher value was recorded. Both
methods proposed a partial factor of about (1.29-1.32)
for the studied adhesives. The difference between the
conversion factor values of both methods was noticed to
be relatively high. However, the values of the prediction
model-based method seem to be more convenient and re-
alistic than those obtained by the direct evaluation meth-
od. This is mainly attributed to the sensitivity of the first
method (direct evaluation method) to the extreme values
which could not be detected as outliers to be excluded by
the respective outlier tests; consequently, the determina-
tion of the design values was affected by the relatively
large standard deviation of the scattered small samples
at some temperatures. It is also clear that the conver-
sion factor obtained by the first method is not necessar-
ily corresponded to the highest temperature as shown for
EP-0.65 (Table 1) which can also be explained by the
large standard deviations of the samples tested at —20 °C
and 0 °C (see Fig. 4).

Among the available literature, only one case (con-
version factor values of EP-0.35) can be used for the
sake of comparing the results of this work. The factors of
EP-0.35 obtained by this work (0.73—-0.76) were found to
be in a good agreement when compared with the conver-
sion factor proposed by Pasternak and Ciupack (2014),
which is (0.64), taking into consideration that the value
of (0.64) was estimated for a different bondline thickness
(0.2 mm) and a wider temperature range (from —20 °C
up to 50 °C).

As a conclusion for all cases studied in this work,
the direct evaluation method proposes a conversion fac-
tor of the temperature effect of 0.29 while the prediction
model-based method proposes a more convenient value
which is 0.69.
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