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The tension-tension fatigue behavior of ductile adhesively-bonded double-lap FRP joints was experimentally
investigated. An acrylic adhesive, which was in the rubbery state at ambient temperature, provided the joint
ductility. The fatigue degradation of the joints was characterized by the cyclic energy dissipation, cyclic stiff-
ness, cyclic creep displacement and self-generated temperature. The effects of elevated temperature on the
joints’ static tensile and pure creep behaviors were also investigated. All joints failed in the adhesive layer
at almost the same failure displacement, independent of the loading history (static, creep, fatigue, and temper-
ature loading) due to the stretching of the adhesive’s molecular chains until the primary bonds failed. Fatigue

failure was driven by cyclic creep; the cyclic creep displacements were accelerated mainly by the damage
caused by fatigue at high load levels and by the damage caused by creep and self-generated temperature at

low load levels.

1. Introduction

Pultruded fiber-reinforced polymer (FRP) profiles have been the
focus of increasing interest as structural members for use in new
load-bearing constructions, such as FRP truss structures and FRP
bridge decks, thanks to their high strength-to-weight ratio, superior
chemical resistance, and low-cost transportation and construction
compared to the traditional materials employed in civil engineering
[1-3]. Adhesively-bonded and bolted joints are the two main tech-
niques for connecting FRP members [3,4]. Bonded joints can pro-
vide higher stiffness, longer fatigue life, lower weight and higher
compatibility with different materials than bolted joints, in which
the hole drilling required may also lead to stress concentration
and poor durability if exposed to environmental conditions [4-6].
Concerning bonded joints, ductile joints for use in FRP composite
structures have been developed in recent years [7,8]. On the one
hand, ductile adhesives can provide ductility to the joints and thus
system ductility to FRP structures and thereby increase structural
safety [9] and on the other hand, they enable load sharing with
additional bolts in hybrid bonded-bolted joints as demonstrated
in Ref. [10].
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Since the live load-to-weight ratio of FRP structures is often high,
particularly in the case of lightweight FRP road bridges subjected to
heavy truckloads, the fatigue behaviors of such structures, and their
bonded joints in particular, represent one of the most important con-
cerns. The fatigue behavior of bonded FRP joints is mainly governed
by the viscoelastic behavior of the adhesive, which (among other
things) is manifested by creep effects and a loading rate and tempera-
ture dependency [11,12]. The fatigue response depends on the R-ratio
or mean load. Increasing the fatigue mean load level (i.e. increasing
the R-ratio) increases creep and fatigue-creep interaction effects,
which may reduce fatigue life [13,14]. At the same fatigue load level,
the fatigue response further depends on the frequency (i.e. loading
rate). The fatigue life is basically increased with increasing frequency
since the viscoelastic effects, i.e. creep and fatigue-creep interaction
effects, are reduced [15,16]. Increasing the frequency may however
also increase the internal friction in damaged adhesive materials and
thus lead to an increase in self-generated temperature, which may then
significantly reduce fatigue life [17-19]. Adapting the frequency to the
load level in fatigue experiments allows a constant loading rate to be
maintained and further limiting the frequency can prevent damaging
self-generated temperature in the adhesive [15,19-21].
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The above effects of viscoelasticity on the fatigue life are much
more pronounced in the case of ductile adhesives, such as acrylics,
compared to much stiffer and brittle adhesives, such as certain epoxies
[5,11,15]. Ductile adhesives may exhibit fatigue characteristics similar
to those of rubber-like elastomers — the fatigue behavior of the latter
materials has been widely studied and the effects of creep and internal
heat generation or aspects such as energy dissipation have been thor-
oughly discussed [22-25].

Although a great deal of experimental and theoretical work have
been carried out on the fatigue behavior of bonded FRP joints
[5,11], this work, with few exceptions [17,26-28], concern adhesives
that exhibit stiff and brittle behavior. The fatigue behavior of bonded
FRP joints comprising a ductile adhesive, comprehensively addressing
the effects of fatigue, creep, self-generated temperature and their inter-
actions, has not yet been reported to the authors’ best knowledge.

Thus, the aims of the present work were threefold: 1) to experimen-
tally characterize the fatigue behavior of bonded FRP joints compris-
ing a ductile adhesive, in terms of their load-fatigue life (F-N) curve,
energy dissipation, stiffness degradation and creep displacement
behaviors, 2) to derive the effects of fatigue damage, creep deforma-
tion and damage, and self-generated temperature and of their interac-
tions concerning fatigue behavior, and 3) to provide a reference for the
subsequent investigation of the fatigue behavior of hybrid joints com-
posed of a ductile adhesive and additional steel bolts (as developed in
Ref. [8]).

The work has experimentally investigated the fatigue behavior of
ductile adhesively-bonded FRP double-lap joints at different load
levels. The frequency was varied in order to maintain the same loading
rate and thus render the results comparable. The cyclic energy dissipa-
tion, cyclic stiffness degradation, and cyclic creep were derived from
the load-displacement loops measured during the fatigue cycles. Since
the adhesive was highly viscoelastic, self-generated temperature could
not be prevented even at very low frequencies, and the temperature
was thus monitored. In addition, monotonic static tensile and pure
creep experiments were performed at different temperatures to sup-
port the analysis of the fatigue-creep-temperature interactions.

2. Experimental program

The experimental program comprised four main objectives, 1) to
characterize the viscoelastic behavior of the ductile adhesive through
dynamic mechanical analysis (DMA); 2) to determine the effect of ele-
vated temperatures on the monotonic tensile and pure creep behaviors
of the bonded joints; 3) to derive the F-N curve and load-displacement
responses of the individual cycles, i.e. hysteresis loops, and 4) to
obtain the temperature fields of the laterally accessible adhesive
surfaces.

2.1. Materials
2.1.1. BFRP adherends
Basalt-FRP (BFRP) laminates were adopted as adherends for the

double-lap joints because of their excellent mechanical and superior

Table 1

Mechanical properties of constituent materials, BFRP adherends, and ADP adhesive.
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chemical properties compared to glass-FRP (GFRP) [29,30]. BFRP
plates of 4.15 mm thickness were pultruded comprising unidirectional
(UD) basalt fiber rovings of 1200-tex, multidirectional (MD) basalt fab-
rics (0°/45°/ —45°/90°) with an area density of 600 g/mz, and an Ara-
dur 1562-1 epoxy resin. The total fiber volume fraction was 68%,
divided into 70/20/10% for the 0°/ +45°/90° directions, respectively,
and determined by resin burn-off experiments according to ASTM
3171 [31]. The mechanical properties of the constituent materials,
provided by the manufacturer, and adherends, derived from tensile
experiments according to ASTM D3039 [32], are listed in Table 1.

2.1.2. ADP adhesive

A ductile adhesive, based on Acrylic Double Performance technol-
ogy [33], designated ADP in the following, was selected, which can
exhibit bilinear behavior with high failure strain and energy dissipa-
tion capacity [7,10,34]. The basic mechanical properties of ADP were
investigated in Ref. [35]; they exhibited significant strain-rate depen-
dency, selected values are listed in Table 1.

DMA experiments were performed according to ASTM D7028 [36]
to characterize the viscoelastic behavior of the ADP adhesive. Three
specimens with dimensions of 35 x 10 X 3 mm?® were fabricated
and cured under the same conditions as the adhesively-bonded joints,
i.e. for seven days under ambient laboratory conditions (T = 25 = 5°
C, RH = 50 * 10%). A dynamic mechanical analyzer system, DSC
Q800 from TA Instruments, was used in a single cantilever configura-
tion. The experiments were run in two cycles under a constant ampli-
tude of 30 pm at a frequency of 1 Hz, from —120 °C to 80 °C, at a
heating rate of 1.0°C/min and cooling rate of 5.0 °C/min. The resulting
storage and loss moduli of the two cycles are shown in Fig. 1. They
demonstrate that the adhesive can be considered almost fully cured
after the curing process, since the curves of the two cycles practically
overlap. The glass transition temperature (Tg) defined in structural
applications as the onset value of the storage modulus decay according
to [4,36], was determined from the intersection of the two tangent
lines, as shown in Fig. 1. An average value of T, = —66.1 °C, was
obtained, which revealed that the adhesive was in the rubbery state
at ambient temperature. At temperatures that occur due to self-
heating (20-60 °C, see below and zoom in Fig. 1), the adhesive stiff-
ness still varies considerably.

2.2. Specimen geometry and preparation

Double-lap joints were selected to minimize the effects of the load
eccentricity. The adherends were cut from the pultruded BFRP plates
by a water-jet machine. The dimensions of the bonded joints are
shown in Fig. 2; they were consistent with those of the previous work
in Ref. [10]. The tabs of the grip area and spacer plate between the two
outer adherends were also cut from the BFRP plates.

The joints were fabricated in three steps: surface preparation, bond-
ing and curing. Firstly, the adherend surfaces were abraded using an
automatic sanding machine with 60-grit abrasive paper to remove
release agent and surface resin until the fibers appeared at approxi-
mately 0.1-mm depth. The abraded area was then cleaned using a

Material Mechanical properties
Tensile strength (MPa) Tensile modulus (GPa) Failure elongation (%) T, (C)
Basalt fiber rovings® 2100 91.0 2.30 -
Aradur 1562-1 epoxy” 6 + 2.0 2.8 + 0.25 2.65 = 0.32 138.0
MD adherends” 971 = 25 41.7 = 1.8 2.33 = 0.04 -
ADP adhesive® 12 + 4.3 0.21 + 0.05 59.8 + 14.5 —66.1 + 2.3

# Manufacturer data.
b ASTM D3039 experiments.
¢ ASTM D638 set-up, 2 mm/min displacement rate (mechanical properties).
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Fig. 1. Variation of storage and loss moduli of ADP adhesive from DMA
experiments.
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Fig. 2. Dimension of bonded joints in (mm): (a) side view; (b) top view.

cleaning and activating agent (Sika ADPrep) developed for this adhe-
sive. Based on previous experimental experience [7,9,10], a primer,
i.e. 0.1-mm-thin layer of epoxy adhesive, Sikadur 330 [37], was fur-
ther applied and cured at 60 °C in an oven for four hours. The primer
layer was then slightly abraded using 80-grit abrasive paper to provide
a rough surface for the ADP adhesive. The alignment of the joints was
assured by an in-house-developed fixture and four 2-mm-diameter
glass balls were dispersed on the fresh adhesive to guarantee the target
uniform adhesive layer thickness. After fabrication, weights were
placed on the joints to provide pressure during the curing process.
All specimens were cured as mentioned above.

2.3. Experimental set-up and instrumentation

2.3.1. Static tensile experiments

Static tensile experiments were conducted on an Instron 100 kN
servo-hydraulic machine with =0.2% load accuracy and equipped
with a thermal chamber offering a temperature range from —40 to
250 °C. Six temperature levels were considered from 25 to 50 °C at
5 °C intervals, selected according to the average temperature variation
in the fatigue experiments (see below). After the designated tempera-
ture value was reached, the monotonic tensile loading was applied
under load control at 75.6 kN/s, which corresponded to the fatigue
loading rate (see below). Furthermore, specimens were investigated
at ambient temperature (24 = 2 °C) under displacement control at
1 mm/min according to ASTM D3165 [41] (i.e. a much lower rate),
and then 75.6 kN/s, to evaluate the effect of the loading rate.

Composite Structures 268 (2021) 113925

Initial stage

N[

N[

Fig. 3. Position of DIC measurement points on bonded joint at initial and
deformed stages.

Type K thermocouples with wire diameter of 1.5 mm and accuracy
of 1.5 °C were embedded in the center of the adhesive layer during
fabrication to measure the temperature. A thermocouple acquisition
system, QuantumX MX1609, with an accuracy of +0.1 °C, recorded
the temperature at a frequency of 1 Hz. Digital image correlation
(DIC) with a resolution of 2.2 Mpixels was used to measure the varia-
tion of the joint displacements via recording images at 1 Hz for spec-
imens under displacement control and at 100 Hz under load control.
An LED white light was used to enhance the contrast of the DIC paint-
ing. The joint displacements were calculated from the average values
of u(2) — u(1) and u(2) — u(3) in the joint area, as shown in Fig. 3.
The load-stroke responses were recorded by the test machine. Three
specimens were investigated for each configuration, while tempera-
tures were measured in two of them.

An overview of the static tensile experiments is given in Table 2.
The specimen designation is as follows: the first term “S” indicates sta-
tic experiments; the second denotes the temperature (“A” for ambient);
the third indicates the loading rate, and the last one is the specimen
number belonging to the same configuration.

2.3.2. Creep experiments

Creep experiments were performed according to ASTM D2990 [38]
on a universal Walter + Bai 40kN test machine with +0.5% load
accuracy and equipped with a thermal chamber. Five temperature
levels were considered from 30 to 50 °C at 5 °C intervals. All specimens
were subjected to a constant load of 6.93 kN, which corresponded to
the mean load of one configuration of the fatigue experiments
(0.23F,, see below). After reaching the target temperature, the speci-
mens were loaded under displacement control at 1 mm/min up to
the target load that was then maintained until creep failure occurred.

The load-stroke response and time-to-failure were recorded by the
test machine at 1 Hz and DIC was employed to measure the joint dis-
placement at selected intervals depending on the creep duration; the
temperature was measured as in the static experiments. Two speci-
mens were investigated at each temperature; an overview of the creep
experiments is shown in Table 3. The designation for the specimens is
as follows: the first term “C” represents creep loading; the second indi-
cates the constant load level (0.23F,); the third denotes the tempera-
ture, and the last one is the specimen number belonging to the same
configuration.

2.3.3. Fatigue experiments

The fatigue experiments were performed according to ASTM
D3479 [39] on the same Instron 100 kN machine as the static tensile
experiments. All experiments were conducted under load control, in a
sinusoidal loading waveform with constant amplitude and load ratio
R = Fpin/Fnax = 0.1. Based on preliminary experiments, a constant
fatigue loading rate of 75.6 kN/s, seven load levels and a maximum
frequency of 5 Hz were selected. The load levels were based on the sta-
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Table 2
Overview of static tensile experiments and results.
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Specimen number Specimen designation Exposed temperature (°C)

Loading rate

Ultimate load (kN) Failure displacement (mm) Failure mode”

1 S-A-1-a Ambient 1 mm/min 36.0 6.70 M-C-A
2 S-A-1-b 33.6 6.36 M-C-A
3 S-A-1-c 32.6 6.0 M-C-A
AV + SD 34.1 £ 1.75 5.89 = 0.29

4 S-A-76-a Ambient 75.6 kN/s 57.4 5.26 M-C-F
5 S-A-76-b 55.3 4.85 M-C-F
6 S-A-76-c 55.0 5.15 M-C-F
AV *= SD 55.9 = 1.08 5.09 = 0.17

7 S-25-76-a 25 75.6 kN/s 58.1 5.35 M-C-F
8 S-25-76-b 57.2 5.12 M-C-F
AV 57.7 5.24

9 S-30-76-a 30 75.6 kN/s 55.3 5.57 M-C-F
10 S-30-76-b 56.5 5.43 M-C-F
AV 55.9 5.50

11 S-35-76-a 35 75.6 kN/s 53.9 5.83 M-C-F
12 S-35-76-b 54.5 6.07 M-C-F
AV 54.2 5.95

13 S-40-76-a 40 75.6 kN/s 48.5 6.24 M-C-F
14 S-40-76-b 50.2 5.82 M-C-F
AV 49.4 6.03

15 S-45-76-a 45 75.6 kN/s 44.6 6.43 M-C-A
16 S-45-76-b 45.1 6.52 M-C-A
AV 44.9 6.48

17 S-50-76-a 50 75.6 kN/s 43.9 6.54 M-C-A
18 S-50-76-b 42.7 6.52 M-C-A
AV 43.3 6.53

# M = mixed failure, C = cohesive, A = adhesive failure, and F = (light) fiber-tear failure.

Table 3
Overview of creep experiments and results.

Specimen number Specimen denomination Load level (kN)

Exposed temperature (°C)

Failure time (h) Failure displacement (mm) Failure mode®

1 C-0.23-30-a 6.93 30
2 C-0.23-30-b

AV

3 C-0.23-35-a 6.93 35
4 C-0.23-35-b

AV

5 C-0.23-40-a 6.93 40
6 C-0.23-40-b

AV

7 C-0.23-45-a 6.93 45
8 C-0.23-45-b

AV

9 C-0.23-50-a 6.93 50
10 C-0.23-50-b

AV

733.6 6.58 M-C-A
444.7 6.63 M-C-A
589.2 6.61
213.1 6.92 M-C-A
207.5 6.83 M-C-A
191.2 6.88
34.9 6.71 M-C-A
31.7 6.95 M-C-A
34.5 6.83
9.1 7.02 M-C-A
11.8 7.2 M-C-A
9.3 7.11
3.6 7.12 M-C-A
6.0 7.25 M-C-A
4.6 7.19

2 M = mixed failure, C = cohesive, and A = adhesive failure.

tic ultimate load, F, (55.9 kN), obtained at the same loading rate, and
selected from 8.4 to 29.5 kN (i.e. 0.15F,, 0.19F,, 0.23F,, 0.26F,,
0.30F,, 0.38F,, 0.53F,) to cover fatigue lives from 102 to 2-10° cycles.

The preliminary experiments also showed that even at a very low
frequency, small but, in view of the sensitivity of the adhesive, signif-
icant temperature increases occurred in the adhesive layer, mainly
towards the end of the fatigue life. Since temperature increases could
not be prevented, the maximum frequency selected was 5 Hz, as also
suggested in Ref. [40], and also to be able to perform the experiments
within a reasonable time frame. To keep the loading rate constant, the
frequency was then adapted to the load level according to the relation-
ship between frequency, f, load amplitude, F,, and loading rate, F, ie.
F= 4F.f [20], resulting in frequencies from 1.4 to 5.0 Hz.

The fatigue loading was applied in three steps, as shown in Fig. 4.
Firstly, a monotonic tensile load was applied up to the mean load level
under load control at 2 kN/s, followed secondly by a transition loading
during 10 s with increasing load amplitude until the desired peak and
valley loads were approached, and thirdly, the targeted fatigue loading
was applied until failure or up to 2 million cycles. Specimens exceed-
ing 2 million cycles were considered as run-out and monotonic tensile
loading was subsequently applied up to failure, under displacement
control at 1 mm/min.

Different instrumentation was used to monitor the mechanical and
thermal properties during the cyclic loading. The load-stroke
responses and number of cycles were recorded by the Instron machine.
DIC was used to measure the variation of the joint displacements by
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Fig. 4. Loading procedure for fatigue experiments.

recording images at 100 Hz for specified cycle intervals. The evolution
of the self-generated temperature on the lateral specimen surfaces,
where the adhesive layers were accessible, was monitored at
0.01 Hz for 0.15F,, 0.1 Hz from 0.19 to 0.38F,, and 1 Hz for 0.53F,,
using an infrared (IR) thermal camera with an accuracy of +0.1 °C,
at an optical resolution of 160 x 120 pixels. A QuantumX MX1609
device connected to a thermocouple was used to measure the change
of the ambient temperature around the Instron machine during the
fatigue loading with a frequency of 0.02 Hz.

Three specimens were examined at each selected load level and all
fatigue experiments were performed in the same air-conditioned labo-
ratory environment (T = 24 *+ 2 °C, RH = 45 *+ 5%) to minimize the
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effects of ambient temperature changes. An overview of the fatigue
experiments is given in Table 4. The designation of the specimens is
as follows: the first term “F” indicates fatigue loading; the second
denotes the load level, and the third is the specimen number belonging
to the same configuration.

3. Experimental results and discussion
3.1. Static tensile behavior

3.1.1. Static tensile behavior under different loading rates

Representative load-displacement responses of the bonded joints
under the two different loading rates are shown in Fig. 5. The bonded
joints exhibited an approximately bilinear and highly rate-dependent
behavior; a slight hardening was observed at the lower rate prior to
failure, which was attributed to a stretching of the adhesive’s molecu-
lar chains. The yield and ultimate (maximum) loads increased with
increasing loading rate, although with slightly decreasing failure dis-
placements in the latter case. The ultimate loads and failure displace-
ments are also listed in Table 2.

The failure mode at the low rate was a mixed cohesive/adhesive
failure (according to ASTM 5573 [41]), designated M-C-A, as shown
in Fig. 6(a) and Table 2. It changed to mixed cohesive/(light) fiber-
tear failure at the high rate, designated M-C-F, as shown in Fig. 6(b).

3.1.2. Static tensile behavior at different temperatures

The typical load-displacement responses of the bonded joints at the
different temperatures from 25 °C to 50 °C, under load control at
75.6 kN/s, are shown in Fig. 7. The elastic stiffness, yield and ultimate
loads decreased with increasing temperature, while the failure dis-
placements showed only a slight increase, which was attributed to
the thermal expansion of the joints. The slope of the post-yield

Table 4
Overview of fatigue experiments and results.

Specimen Specimen Load Frax Frin Fiean F, f Ny () Failure displacement Failure
number denomination level (kN) (kN) (kN) (kN) (Hz) (mm) mode®
1 F-0.53-a 0.53 29.50 2.95 16.21 13.26 1.4 287 5.88 M-C-F
2 F-0.53-b 0.53 246 5.69 M-C-F
3 F-0.53-c 0.53 230 6.25 M-C-A
AV *= SD 254 + 29 5.94 = 0.28

4 F-0.38-a 0.38 21.05 2.11 11.58 9.47 2.0 1,843 5.86 M-C-A
5 F-0.38-b 0.38 1,356 5.54 M-C-A
6 F-0.38-c 0.38 2,199 6.58 M-C-A
AV *= SD 1,799 + 423 5.99 = 0.54

7 F-0.30-a 0.30 16.80 1.68 9.24 7.56 2.5 6,994 7.80 M-C-A
8 F-0.30-b 0.30 7,734 6.51 M-C-A
9 F-0.30-c 0.30 4,071 7.54 M-C-A
AV += SD 6,266 + 1937 7.28 + 0.68

10 F-0.26-a 0.26 14.74 1.47 8.10 6.64 2.9 9,496 7.26 M-C-A
11 F-0.26-b 0.26 12,968 7.54 M-C-A
12 F-0.26-c 0.26 14,049 7.26 M-C-A
AV *= SD 12,171 = 2 379 7.35 + 0.16

13 F-0.23-a 0.23 12.60 1.26 6.93 5.67 3.3 43,872 7.74 M-C-A
14 F-0.23-b 0.23 54,035 7.86 M-C-A
15 F-0.23-c 0.23 45,186 7.34 M-C-A
AV * SD 47,698 + 5527 7.64 + 0.27

16 F-0.19-a 0.19 10.53 1.53 6.03 4.50 4.2 696,712 7.90 M-C-A
17 F-0.19-b 0.19 777,559 7.51 M-C-A
18 F-0.19-c 0.19 700,912 7.89 M-C-A
AV *= SD 725,061 = 45,513 7.77 = 0.22

19 F-0.15-a 0.15 8.40 0.84 4.62 3.78 5.0 >2,000,000 - -

20 F-0.15-b 0.15 1,424,720 8.09 M-C-A
21 F-0.15-c 0.15 1,809,640 7.92 M-C-A
AV * SD - - -

# M = mixed failure, C = cohesive, A = adhesive failure, and F = (light) fiber-tear failure.
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Fig. 5. Static tensile load-displacement curves at different loading rates and
typical fatigue loops at different load levels.

responses did not significantly change until failure was approached,
since a similar molecular stretching process occurred in the adhesive
layer. Prior to failure, the stiffness slightly decreased, which was
attributed to damage formation.

The decrease of the elastic joint stiffness that occurred with increas-
ing temperature exhibited an almost linear relationship with the corre-
sponding decrease of the DMA storage modulus of the adhesive
(Fig. 1), as shown in Fig. 8; the values were normalized by the 25 °C
values, taking the average in the case of the joints. They did not fully
match the equality line (y = x), since they were obtained from two dif-
ferent types of experiments, exhibiting different types of stiffness.

The ultimate load depended almost linearly on the temperature, as
shown in Fig. 9, and decreased by approximately 25% when the tem-
perature increased from 25 to 50 °C, see Table 2. It should be noted
that the average value of the ultimate load obtained at ambient tem-
perature under the same displacement control of 1 mm/min
(34.1 kN) was 17% lower than that in Ref. [10]; this difference was
attributed to the change in seasonal temperature (12 *+ 5 °C in Ref.
[10], the laboratory not being air-conditioned in the latter case).

The temperature variation obtained from the thermocouples inside
the adhesive layers during heating to the different target temperatures
and during subsequent loading (at constant target temperatures) until
ultimate failure is shown in Fig. 10. A significant temperature increase
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was observed as failure approached, as is also shown in Fig. 11, where
the temperature increase on the two lateral adhesive edges of a spec-
imen loaded at 25 °C is shown. The temperature slightly increased
from 25 to 30 °C on average during the post-yield loading (see joint
displacements in Fig. 7), and then suddenly increased up to a maxi-
mum of 54.2 °C at failure, i.e. the temperature more than doubled. This
temperature increase was attributed to dissipated energy through fric-
tion caused by the increasing damage prior to failure (which also
caused the stiffness decrease mentioned above).

The failure mode changed from mixed cohesive/(light) fiber-tear
(M-C-F) at lower temperatures to mixed cohesive/adhesive (M-C-A)
when the temperatures were above 40 °C, as shown in Fig. 12 and
Table 2.

3.2. Creep behavior at different temperatures

Representative total displacement responses versus the normalized
creep-time are shown in Fig. 13, at different temperatures ranging
from 30 to 50 °C. The curves revealed the typical three creep stages:
the primary stage, at which the displacements increased rapidly but
at a decreasing rate; they subsequently entered the secondary steady
stage, and then rapidly increased up to failure in the tertiary stage.
The secondary stage dominated for approximately 75% of the total
creep time; the slope of the curves was almost independent of temper-
ature at this stage in the normalized form.

The total displacements are listed in Table 3 and were defined at the
onset of the tertiary stage, as suggested by ASTM D2990-17 [38], since
the ductile adhesive did not exhibit an abrupt failure (see below). They
did not significantly vary and are composed of the initial (instanta-
neous) displacements and creep displacements; if the former increased
with increasing temperature, the latter decreased accordingly. In con-
trast to the total displacements, the creep failure time, t;, significantly
decreased with increasing temperature, as shown in Fig. 14 and listed
in Table 3. The relationship between creep failure time, on a logarith-
mic scale, and temperature was linear. The failure modes are shown in
Fig. 15; the specimens consistently exhibited mixed cohesive/adhesive
failure (M-C-A), where cohesive failure dominated.

3.3. Fatigue behavior

3.3.1. Fatigue life

The variation of the fatigue maximum load, F,,.,, against fatigue
life (number of cycles to failure), Ny, on a logarithmic scale, is shown
in Fig. 16; a classic power law relationship, expressed by Eq. (1), was
used to fit the F-N experimental data:

Fig. 6. Static failure modes at different loading rates: (a) 1 mm/min; (b) 75.6 kN/s (A = adhesive/interface, C = cohesive in adhesive, F = (light) fiber-tear

failure).
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Fig. 10. Temperature variation inside adhesive layer during heating process
and subsequent loading until failure.

Max (°C) 26.2 26.4 364 450 48.2 54.2
Av. (°C) 253 253 283 300 371 421

60°C
40°C
20°C
0.0 0.5 2.9

Joint displ. (mm) 4.5 5.4 Post-failure
Loading duration (s)  0.00 0.58 0.69 0.74 0.75
(Percentage) (0.00) (0.77) (0.92) (0.99) (1.00)

Fig. 11. Temperature variation on lateral specimen side during loading at 25 °
C (joint displacement see Fig. 7).

Fmax:FON):k (1)

where Fy and k are the model parameters obtained from the regression
analysis, i.e. Fp = 56.32 kN and k = 0.13.

Only one specimen survived the 2 million cycles (F-0.15-a); this
run-out specimen is indicated with a right-facing arrow in Fig. 16
and was not included in the regression analysis.

The post-fatigue static tensile behavior of the run-out specimen is
shown in Fig. 17 and compared to a specimen of the static experimen-
tal series (S-A-1-a), both under 1 mm/min displacement control. No
obvious ultimate load decrease was observed, only a slight decrease
of the failure displacement and degradation of the elastic stiffness, k,
occurred due to the preceding fatigue loading.

3.3.2. Load-displacement loops

Typical load-displacement hysteresis loops up to failure are shown
in Fig. 18 for a medium load level of 0.23F, (12.6 kN) and high load
level of 0.53F, (29.5 kN). As shown in Fig. 5, the fatigue cycles were
located in the ascending linear branch of the static load-
displacement curve. These results can be characterized as schemati-
cally shown in Fig. 19, in terms of cyclic energy dissipation, cyclic stift-
ness degradation, and cyclic creep displacements [20,42], where
N = 1 indicates the first cycle and N = f the cycle at failure.
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S-45-76-a

Fig. 12. Static failure modes at different temperatures: (a) 25 °C; (b) 40 °C and (c) 45 °C (A = adhesive/interface, C = cohesive in adhesive, F = (light) fiber-tear

failure).
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Fig. 14. Variation of creep failure time versus temperature.

The cyclic energy dissipation is represented by the hysteresis area,
Ap, which includes the energies dissipated by damage (rupture of pri-
mary bonds and microcrack formation), viscoelastic deformation
(debonding/rebonding of secondary bonds and intermolecular fric-
tion), and the self-generated heat (through friction in microcracks),
which increased temperature.

The cyclic stiffness is a short-term stiffness, indicated by the slope
of the loop, Ey, and is affected by damage formation due to fatigue and
creep and self-generated temperature; it can also be increased by
molecular stretching effects.

The cyclic creep displacement is represented by the shift of the
loop, dy,av — d1,av» and depends on viscoelastic deformation, damage
formation due to fatigue and creep, and self-generated temperature,
where damage formation and self-generated temperature may affect
the viscoelastic properties and accelerate the creep deformation.

These three characteristics will be analyzed in the following sec-
tions. In Fig. 18, it can already be seen that, in both cases, significant
energy was dissipated towards failure. At the high load level, the loops
were no longer closed since the displacements could not fully recover
during unloading. The cyclic stiffness was reduced in both cases as fail-
ure approached. However, at the low load level, a small cyclic stiffen-
ing was observed during the last cycles (“banana shape” of the loops
[43]), which was attributed to the stretching of the adhesive’s molec-
ular chains, as mentioned above. Cyclic creep deformations occurred
from the beginning and increased throughout the whole fatigue life
in both cases.

3.3.3. Energy dissipation

The relationship between cyclic energy dissipation and normalized
number of cycles is shown in Fig. 20, at the different load levels. Basi-
cally, more energy was dissipated by cycle with increasing cycle num-
ber and load level. The variation of energy dissipation could be
characterized by three stages. The first stage was very short and could
be clearly seen only at the highest load level where the dissipated
energy rapidly increased. At the second stage, the dissipated energy
then continually increased, but at a low rate, up to 80-90% of the
whole fatigue life. During the third stage, the energy dissipation
increased exponentially until fatigue failure. The rate at the second
stage was dependent on the load level; higher load levels led to higher
rates; at the lowest load levels, energy dissipation was not significant.

The total dissipated energy (TDE), defined as the summation of the
hysteresis areas per cycle, versus the maximum fatigue load, is shown
in Fig. 21, in a semi-logarithmic plot, and fitted by a power law func-
tion. The results revealed that the TDE exponentially increased as the
maximum load decreased. Although much less energy was dissipated
per cycle at lower load levels, the summation during the much longer
fatigue life resulted in higher amounts of TDE. The relationship
between TDE and fatigue life was linear in a logarithmic plot, as shown
in Fig. 22; a similar result was obtained in Ref. [20] for matrix-
dominated FRP laminates.

3.3.4. Cyclic stiffness

The normalized cyclic stiffness versus the normalized number of
cycles, at different load levels, is shown in Fig. 23. The stiffness degra-
dation followed the typical three stages. During the first stage, a signif-
icant stiffness decrease could be observed, however only for the low
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C-0.23-50-a

Fig. 15. Creep failure modes at different temperatures: (a) 30 °C and (b) 50 °C (A = adhesive/interface, C = cohesive in adhesive).
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ing fatigue.

load levels, the higher levels did not clearly exhibit this stage. Subse-
quently, during the second stage, the stiffness remained almost

unchanged at the lower load levels, while a slight decrease was
observed at the higher levels up to 80-90% of the whole fatigue life.
At the third stage, the stiffness exhibited a rapid decrease until ulti-
mate failure. The stiffness at failure varied from around 67% at the
highest to only around 16% at the lowest load level.

3.3.5. Cyclic creep displacements

The cyclic creep displacements versus the normalized number of
cycles, at different load levels, are shown in Fig. 24. Again, a three-
stage behavior was observed. During the first stage, the displacements
at the lower load levels increased rapidly; the rates then decreased
during the second stage until 80-90% of the fatigue life was reached.
At medium load levels, the first stage did not occur, the displacements
continuously increased up to the end of the second stage. At the high-
est load level, however, the first stage was again exhibited, i.e. the dis-
placements increased at a higher rate than in the second stage. During
the third stage, all the displacements exponentially increased up to
failure. The displacements at failure varied from around 5.8 mm at
the highest to 8.0 mm at the lowest load level.

3.3.6. Failure modes

The specimens subjected to fatigue loading exhibited a mixed cohe-
sive/adhesive failure (M-C-A), with the exception of two specimens at
the highest load level, which exhibited a mixed cohesive/(light) fiber-
tear failure (M-C-F), see Fig. 25 and Table 4.

3.3.7. Self-generated temperature

The fatigue experiments were performed in an air-conditioned
room at a temperature of 24 + 2 °C. Nevertheless, the temperature
around the test machine was monitored during the fatigue experi-
ments since the adhesive was sensitive to small temperature changes
(see above). As shown in Fig. 26, only smaller temperature fluctuations
were measured around the machine, which were not regarded as sig-
nificant since the fatigue results were consistent throughout, i.e. the
fatigue lives for the same configuration, for instance, exhibited only
small amount of scatter, as listed in Table 4.

The average temperatures measured on the lateral surfaces, at the
different load levels, versus the normalized number of cycles, are
shown in Fig. 27; once more a three-stage behavior was exhibited.
During the first stage, the temperatures increased rapidly at lower load
levels — the higher levels did not show this effect. At the second stage,
the temperatures at low load levels remained almost constant, while
they continuously increased at higher levels, up to 80-90% of the fati-
gue life. During the third stage, all temperatures exponentially
increased up to failure. The temperatures close to or at failure were
higher at lower than at higher load levels; however, the results were
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not fully consistent due to a limited recording frequency at low load
levels.

Typical self-generated temperature distributions and magnitudes
measured on the lateral joint surfaces, at different percentages of fati-
gue life, are shown in Fig. 28 for two load levels. The initiation and
propagation of the hotspots were directly related to the damage forma-
tion and growth. During the first approximately 75% of the fatigue life,
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Fig. 26. Ambient temperature versus normalized number of cycles around
test machine.

the hotspots developed at the top in both specimens, i.e. on the side of
the tensile (peel) stresses, where damage initiated — exhibiting how-
ever only moderate temperature increases, limited to less than 35 °C
on average. Subsequently, adhesive failure (debonding) initiated at
these locations in both specimens, see Fig. 25 (marked “A”). In speci-
men F-0.19-a (Fig. 28(a)), the hotspot propagated to the middle area,
consistent with the debonding on one side, which propagated signifi-
cantly towards the middle of the overlap, see Fig. 25(a). In specimen
F-0.26-a (Fig. 28(b)), however, the propagation of the hotspot towards
the middle was much less, the temperatures developed over the whole
overlap length, again in accordance with the much smaller propaga-
tion of the debonding, see Fig. 25(b). The uniform temperature distri-
bution indicated that damage formation and progression occurred
evenly distributed over the whole adhesive layer. The final hotspots
were always located in regions exhibiting subsequent cohesive failure
in the adhesive, i.e. in regions where most of the energy was dissi-
pated; the temperatures therefore increased considerably up to an
absolute peak value of 71.4 °C.

4. Fatigue-creep-temperature interaction
4.1. Failure displacement versus loading history

It was observed that all specimens failed at similar failure displace-
ments, regardless of the loading history, i.e. static tension under differ-
ent rates and temperatures, creep under different temperatures, or
fatigue at different load levels, see Fig. 29. This may be attributed to

Fig. 25. Fatigue failure modes for fatigue load of (a) F-0.19-a (10.53 kN), (b) F-0.26-a (14.74 kN), and (c) F-0.53-c (29.50 kN) (A =

C = cohesive in adhesive, F = (light) fiber-tear failure).
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Fig. 27. Average temperature versus normalized number of cycles at different
load levels.

the fact that the adhesive molecule chains were fully stretched at fail-
ure, in almost all cases, i.e. failure always occurred when the primary
bonds of the stretched molecule chains failed. This stretching of the
chains occurred as a result of their increased mobility caused by 1)
the loss of the secondary bonds, either by yielding, creep or tempera-
ture, or 2) damage, caused by fatigue or creep. This hypothesis is sup-
ported by the failure modes; in the areas of cohesive failure,
“remnants” of tension ties can be seen in cases of supposed full stretch-
ing, see Fig. 30. These failure modes were independent of the load
history.

The lowest failure displacements were obtained at high rate and
low temperature (static experiments) and the high load level in the
fatigue experiments — thus in cases where mobility was lower and
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the molecule chains could not stretch fully. Furthermore, full stretch-
ing was generally prevented in the static experiments under load con-
trol, and the additional stretching during softening, observed under
displacement control and shown in Fig. 5, could not be exploited.
According to the established hypothesis, in cases of full molecular
stretching, failure would thus always occur at a similar strain, i.e. at
the strain where the primary bonds of the stretched molecules fail,
independent of the loading history. Based on this hypothesis, a strain
failure criterion could be established, but much more research is
needed in order to do so.

4.2. Fatigue-creep interaction

The creep displacements of creep experiment C-0.23-30-a and fati-
gue experiment F-0.23-a are compared in Fig. 31. Both experiments
were conducted at 6.93 kN (mean load in the fatigue case) and at
30 °C (average temperature during the second stage in the fatigue case,
see Fig. 27), and both specimens failed at a similar failure displace-
ment. The results show that this displacement was reached much more
rapidly in the fatigue than in the creep experiment. The creep rate in
the fatigue experiment was thus much higher, which can be attributed
to an alteration of the viscoelastic properties caused by damage due to
fatigue.

Concerning Fig. 24, the different first-stage behavior of the creep
displacements can be attributed to the prevalence of either creep or
fatigue effects. At low load levels, creep deformations were dominant
and the displacements increased rapidly, fatigue damage did not yet
occur (see also low energy dissipation in Figs. 18(a) and 20). At the
medium load levels, the displacements were small and creep deforma-
tions and fatigue damage were not significant. At the high load level,
however, early damage due to fatigue occurred (see high energy dissi-
pation in Fig. 20), which accelerated creep significantly and resulted in
notable creep effects in the first stage, although the life was short. At
the third stage, creep entered the tertiary stage at low load levels and
creep damage occurred, which was greater than the fatigue damage. At

0.950 0.997 0.999 1.000
(454 | 6o
38.9 44.9
40°C
20°C

0.950 0.990

60°C

40°C

20°C

Fig. 28. Self-generated temperature distributions at different percentages of fatigue life of load level of (a) F-0.19-a (10.53 kN) and (b) F-0.26-a (14.74 kN).
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experiment.

high load levels, however, the effect of fatigue damage on creep dis-
placements was greater than that of creep damage.

4.3. Fatigue/creep-temperature interaction

Significant temperature increases were observed at the third stage
as failure approached. These increases were more significant at low
load levels than at high load levels, see Fig. 27. Accumulated damage
due to fatigue and creep was much more severe at low load levels, as
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Fig. 31. Creep displacements of 1) creep experiment C-0.23-30-a, at 6.93 kN
and 30 °C, and 2) fatigue experiment F-0.23-a, at 6.93 kN mean load and
average temperature of 30 °C at stage 2.

confirmed by the total dissipated energy (TDE, Fig. 21), thus causing
much more friction and associated heat generation.

The temperature increase also affected creep displacements and
stiffness, i.e. accelerated creep (according to Fig. 14) and reduced stiff-
ness (according to Fig. 7). The large drop of the cyclic stiffness to only
about 20% at the lowest load levels during stage 3 (Fig. 23) may be
explained by material softening due to the high temperature increase
(Fig. 27). According to the DMA results, stiffness at these elevated tem-
peratures decreased to very low values.

Since fatigue failure was dependent on the displacement and the
latter was almost identical to the cyclic creep displacement (since
the maximum difference, i.e. dgqy - drmax, Was small, see definition in
Fig. 19), failure in the fatigue experiments always occurred due to cyc-
lic creep. Creep however was affected by different mechanisms. It was
accelerated by 1) damage caused by fatigue, mainly at high load levels,
2) damage caused by creep in the tertiary stage, mainly at low load
levels, and 3) temperature, mainly at low load levels towards the
end of the fatigue life. At the low load levels, the slight temperature
increase shown in Fig. 27 already at the beginning may also explain
the stiffness decrease during the first stage, shown in Fig. 23.
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5. Conclusions

An experimental investigation of the tension-tension fatigue behav-
ior of ductile adhesively-bonded FRP joints was conducted. The ductil-
ity was provided by an acrylic adhesive in the rubbery state at ambient
temperature. The mechanical degradation of the joints during the fati-
gue loading was characterized by the cyclic energy dissipation, cyclic
stiffness, cyclic creep displacement and self-generated temperature
variations. The effect of elevated temperatures on the static tensile
and pure creep behaviors of the joints was also investigated. Based
on these results, the fatigue-creep-temperature interactions were dis-
cussed and the following conclusions were derived:

(1) Although the ductile adhesive was in the rubbery state at ambi-
ent and elevated temperatures, it still exhibited considerable
sensitivity to the loading rate and temperature. The static and
creep responses significantly depended on temperature, with
the exception of the failure displacements.
Independent of the loading history (static, creep, fatigue, tem-
perature loading), all joints failed in the adhesive layer at
almost the same failure displacement. This behavior was associ-
ated with full stretching of the adhesive’s molecular chains and
subsequent failure of the primary bonds, which should be inde-
pendent of the loading history. The full stretching was made
possible by 1) the loss of the secondary bonds, either by yield-
ing, creep or temperature, or 2) damage, caused by fatigue or
creep. Cases of smaller failure displacements could be attributed
to incomplete stretching, e.g. due to a higher loading rate or
higher fatigue amplitude.

During the fatigue loading, the cyclic energy dissipation, cyclic

stiffness, cyclic creep displacements and self-generated temper-

ature exhibited a basically similar three-stage behavior, show-

ing an increase/decrease of the values in the first stage, a

steady second stage with no or only small increases/decreases

up to 80-90% of fatigue life, and a third stage with rapid
increases/decreases, respectively, up to failure.

(4) Since the failure displacements under fatigue almost corre-
sponded to the cyclic creep displacements, it was concluded
that fatigue failure was driven by cyclic creep. These cyclic
creep displacements were accelerated, at high load levels,
mainly by damage caused by fatigue, and at low load levels,
mainly by damage caused by creep in the tertiary stage and
self-generated temperature towards the end of the fatigue life.
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