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Abstract: Single shear or single lap joints are the most prevalent type of adhesive joints used in
advanced engineering applications, where they are exposed to fatigue loadings in their services.
Although their mechanical performances under static loading have been investigated extensively,
the studies related to the fatigue performances were limited. For that purpose, single lap joint's
(SLJ's) reaction to fatigue tensile loading was studied by varying the adherend thickness (3 mm to 6
mm) and fatigue load (3250 N to 1500 N). ABAQUS/Standard was used to create its advanced FE
model. To represent the progressive damage in the adhesive layer, the fatigue damage model via
the Paris Law, which links the rate of the crack expansion to the strain energy release rate (SERR),
was integrated into the cohesive zone model having a bi-linear traction-separation characteristics.
The model was written in a UMAT subroutine. The developed model was validated using experi-
mental data from the literature. The crack initiation cycle (Ni), the failure cycle (Ny), the fatigue load
limit, the strain energy release rate, the crack propagation rate, and variation of stress components
with their dependency to design parameters were investigated in depth. It was found that the ser-
vice life of the SLJs with thicker adherends was more responsive to the amount of stress applied.
When exposed to lesser loads, the SL]Js' life span changed more noticeably.

Keywords: Bonded joint; Fatigue loading; Strain energy release rate; Paris Law; Cohesive zone
model; Service life

1. Introduction and motivation

Advanced engineering applications are increasingly using bonded joints as an alter-
native to more conventional methods including fastening, riveting, bolting and welding
[1]. Uniform stress distribution along the width, a reduced amount of stress concentra-
tions, lower structural weight as well as better fatigue and damping characteristics are
among the advantages of the bonded joints. The complexities related to their productions
such as surface preparation, manufacturing and curing conditions as well as the extreme
environmental conditions are some of the challenges in this field. An increasing amount
of research on these bonding types enabled bonded joints to become stronger than the
parent materials' greater ductility, peel and shear strengths till failure.

The most common kind of adhesive joints utilized in airplane applications are single
shear or single lap joints. Even though these joint types are the weakest, they are chosen
due to their ease of fabrication and inspection. They are frequently employed in wing ribs
and wing spars to wing skin joints, fuselage frames to fuselage skins [2]. Different com-
ponents of the airplane structure, including the lap joints, are exposed to static loads, but
mainly fatigue loadings in their services as a result of repeated flight cycles and frequent
use. The dynamic loadings with regular or irregular cyclic loads are also due to environ-
mental effects. For the former loading, many studies were performed in the literature [3-
5]. However, few studies were dedicated for the fatigue loading [6]. Among them,




Khoromishad et al. [7] developed a progressive fatigue damage modelling based on a bi-
linear traction-separation cohesive zone model for a SL]. The numerical predictions were
consistent with the experimental fatigue response in terms of the life of the SL], damage
progress and back-face strains. A similar study was performed by Ibrahim et al. [8], where
the damage surface concept served as a foundation for the fatigue damage degradation.
Quaresimin and Ricotta [9] described the phases of fracture propagation and nucleation
that made up the joint lifetime, where the generalized stress intensity factor (SIF) tech-
nique was used to model the former one and by incorporating a power law with a Paris-
like relationship between the strain energy release rate (SERR) and the rate of crack ex-
pansion for the latter. Shahani and Pourhosseini [10] conducted an experimental and nu-
merical analysis of the effect of adherent thickness on the fatigue performance of adhe-
sively bonded thin aluminum single lap joints (SLJ). According to this work, when the
adhesive layer thickness increased, the fatigue limit also increased and the likelihood of
an adhesive layer failure increased. Experimental research by Sahin and Akpinar [11] ex-
amined the impact of adherend thickness on the fatigue strength of adhesively bonded
SLJ. Because of the adherend's flexural rigidity and the formed bending moment in the
joint, it was discovered that the fatigue load applied to the SLJ resulting in infinite life
cycles to increase for thicker adherends. In another study, Katnam et al. [12] created a
fatigue damage model with a bi-linear traction-separation response based on a cohesive
zone model for a tapered single lap joint using an effective strain-based method. This
study looked into how the load ratio affected the way adhesively bonded joint failed. Li
et al. [13] used experimental and numerical methods to study the fatigue properties of
steel and carbon fiber reinforced plastic laminated SL]s subjected to vibration loads. More
studies about traction—separation laws and SL]Js can be found elsewhere [14-17].

Understanding its failure mechanisms in terms of damage initiation, progression, as
well as the failure sequence of the joint constituents are vital for the development of reli-
able joint designs. Especially, the crack initiation (Ni) and the failure cycles (Nj), the fatigue
load limit, the crack propagation rate, strain energy release rate and failure modes with
their dependency to design parameters need to be clarified. However, in none of the above
studies, these points were not investigated systematically. This research offers a numerical
analysis to assess the fatigue performance of an adhesively-bonded SL] made of AA2024-
T3 aluminum alloy adherends and DP460 structural adhesive and subjected to tensile
loading for various adherend thicknesses and fatigue loads. The cohesive zone elements
were used in simulations to discretize the adhesive layer. Based on damage mechanics,
the rate of fatigue damage was determined, where the damage builds up due to cyclic
material weakening. The Paris Law, which links the SERR to the rate of crack formation,
was used to calculate the life spent in the propagation phase. To do this, a user-defined
UMAT function was employed. The behavior of the adherends was modeled using an
elasto-plastic material model. The developed model was validated using experimental
data from the literature.

The structure of this work is as follows: The developed FE model is described in Sec-
tion 2, where a short description of the cohesive zone modeling theory is provided. The
results and discussion of the performed parametric analysis are presented in Section 3
after the validation of the numerical model via the experimental data. Section 4 of the
paper contains concluding remarks.

2. Numerical modelling

The FE modelling was used to simulate an adhesively-bonded SL] of aluminum ad-
herends subjected to tensile fatigue loading. (Fig. 1). ABAQUS/Standard was used to run
2D simulations [18].
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Figure 1. Specifications of the 2D FE model of the SLJ under fatigue tensile loading.

The adherends were represented by 4-node plane strain elements (CPE4R). To exam-
ine the increasing degradation in the adhesive layer, using a bilinear traction separation
description, four-noded cohesive elements (COH2D4) were employed. A mesh conver-
gency study was performed based on the number of failure cycles and the von-Mises
stress value at the left end element of the adhesive layer upon 3.0 kN static tensile load
was applied. Three different element sizes along the overlap length in the adhesive layer,
0.10 mm, 0.050 mm and 0.025 mm, were considered. It was noticed that the change in the
mentioned stress was 9.4% and 3.1% when the mesh was changed from coarsest mesh into
the intermediate size mesh and then intermediate into the finest mesh. As a result, an
average element size of 0.050 mm was used in the adhesive layer (see Fig. 1). This mesh
size also predicted the number of failure cycles with almost the same accuracy that the
finest mesh predicted (their difference was also less than 4.0%). On the other hand, a finer
mesh with a single bias ratio of 2 (in the direction of the connecting region) was used to
discretize the adherend material. Overall, 500 and 6940 elements were created in the
model for the modelling of the adhesive layer and the adherends, respectively. Using the
built-in kinematic coupling in Abaqus, the left side of the SL] was fixed in all degrees of
freedom while the right side was only allowed to move in the x-direction.

The adherends followed the elastic fully plastic constitutive equations, readily acces-
sible in Abaqus. Following the research in [19], the fatigue damage model was applied to
the adhesive layer, where the bi-linear traction-separation response deteriorated. It was
implemented in two steps. The peak fatigue load was applied within a static step followed
by the cyclic loading in the second step. The constitutive equations employed in these
steps were explained in the next.

The displacement jump A was defined in terms of the separation in A, y,me (Mode 1)
and Agpeqr (Mode 2) in the bi-linear traction-separation law as follows:

KshearAshear2 + K(Anormal)2

A=
\/KshearzAshearz + Kz (Anormal )2

1)

The Macauley operator was used for A ,;mq; to ignore negative values. The relation-
ship between K and K., is given by
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Kshear _ Gnormal,c < Tshear,c )
K Gshear,c
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For each displacement jump for an individual mode, the starting values were re-
quired and calculated as follows:

AO _ Tnormal,c AO _ Tshear,c
normal — shear — (3)
K Kshear

The onset displacement jump (1°) and critical displacement jump (A°) were calculated

as follows:
/10 _ K<Anormal)2 + [KshearAshear2 - K(A%ormal)z] [B]n
Xz (4)
A€ = KA%ormalAgzormal + [KAghearAghear - KA?LormalA%ormal] [B]n
KgA°

Here Af= 2 * G; . /7; .. Kz equals to K(1 — B) + BKspeqr, proposed by Turon et al [20].
n represens the material constant used in Benzeggagh-Kenane criterion [21]. B is calcu-
lated by

B = KshearAshear2 (5)
KshearAshearz + KAnormalz

To ascertain if the displacement jump was significant enough to damage the adhesive
layer, a damage threshold was considered. It was calculated at the present and following
increments as follows:

. AOAC
A€ = D, e (A€ — 2°] (6)

static

rt*1 = max{rt, 1}

r

Here, D% 4ic was calculated by:

Dt+1. _ AC(TH_l _/10)
static Tt+1(/15 _ /10)

()

The Turon et al.’s [22] fatigue damage model was adapted here. In the fatigue analy-
sis, the load was kept unchanged after it reached to a maximum value in the previous
static step.

The following equations were used by the fatigue damage model to relate dD /0N to

da/dN:
oD _ aD dl,
ON  dl; ON
. 8)
dly _ 1° da

ON ez dN



where [, /1° was the ratio representing the number of elements in the cohesive zone. The
study of Turon et al. [22] suggested the following for I;/1°:

la dA°
le Af(1—d)+dA°

©)

When the Egs. 7 and 8 were combined together the following was obtained:

aD 1 (A(1—d)+dA%)?*da
ON gy AT A0 dN

(10)

lcz was calculated for the mixed mode as l¢; = (97/32)(En, G/ (t)?) [23]. Using the Ben-
zegaggh-Kenane Criterion, G, was determined as G, = Guormarc + (Gshearc —
Gnormarc)[B]" . The mixed-mode interlaminar strength 7, was calculated as 7.% =
Tnormatc> + (Tshearc? — Tnormarc ) [B]™. En, equalled to E due to isotropy of the aluminum
adherends. The crack growth rate was defined as da/dN = C.AG™ with AG=G,,,(1 — R?),
where R accounted for the ratio of the minimum and maximum loads during the fatigue
loading. The following form is required for the crack to expand steadily: Gy, < Gpax < G,
i.e. if the strain energy release rate was more than G, the crack development rate would
become unstable; while if it was less than G, the crack could not propagate. G4, is cal-
culated as follows:

Thormal,c (/1f - Amax)z
Gmax =—— M~ NOESON (11)

A cycle jump strategy was followed in the calculations to cut down on lengthy calculations
due to big number of cycles following the study of Van Paepegem and Degrieck [24]. The
damage variable at time step i + AN; was calculated using:

oD,

an AN (12)

Diyan; = Di +

AN; influenced the accuracy of the results and was obtained as

AD
AN; = —5= (13)
ol
oON

Here, AD,,4,, the maximum damage increase, was selected to be 0.005, where such a
smaller value resulted in more precise results [25]. Ultimately, the total damage equalled
to summation of static and fatigue damages, Dyota1 = Dstatic + Di+an;- With regards to the
invoke of different failure modes, a cohesive zone length and a mode-dependent penalty
stiffness were calculated following the study of Turon et al. [26]

All the above constitutive equation were accommodated in the computations using
a UMAT subroutine [27]. The constants added to Abaqus to simulate the behavior of ad-
herends and the adhesive layer are listed in Table 1.



Table 1. The material constants for the adherends and adhesive layer used in numerical analyses
[11].

Parameter Value
Material AA2024-T3 DP460

E 72400 MPa -

K - 10 N/mm?

9 0.33 0.38

oy 324 MPa -
Tjc, | = normal, shear - 32.6 MPa, 28.5 MPa
Gic, i =normal, shear - 2.56 N/mm, 11.71 N/mm

c - 102 N/mm?

m - 2.0

AD - 0.005
n - 2.1

3. Result and discussion

In this section, the numerical model was first validated using experiments from the
literature. The impact of adherend thickness on the progression of damage in the adhesive
layer was then thoroughly examined.

Numerically obtained number of cycles to failure from the SLJs depending on the
amount of load applied (ranging from 3250 N to 1500 N with 250 N decrement) as well as
the corresponding stresses applied (ranging from 43.33 MPa to 13.33 MPa) for different
adherend thicknesses (3 mm, 4.5 mm and 6 mm) were shown in Fig. 2(a) and Fig. 2(b),
respectively. Table 2 demonstrates the respective number of failure cycles. The experi-
mental values taken from Ref. [11] were also presented in both figures. They were for 3
mm and 6 mm adherend thicknesses with 3000 N and 2500 N loads with the correspond-
ing stresses applied. Overall, a judiciously good agreement of the experiments and simu-
lations was achieved. Only, for the thicker adherends subjected to 2500 N load, the exper-
imentally obtained failure cycles, ranging from 117059 to 198275, were less than the nu-
merically predicted one, 386850 cycles.

It was observed that for the identical fatigue load applied, the SLJs of 3 mm ad-
herends failed at earlier cycles when compared to those of 4.5 mm and 6.0 mm. For in-
stance, for the fatigue load of 3250 N, they were 24610, 33396 and 45953 cycles for ad-
herend thicknesses of 3.0 mm, 4.5 mm and 6.0 mm, respectively, while for 2500 N, the SL]s
failed at 101870, 171160 and 386850 cycles, respectively (Table 2). Obviously, the life of
SLJs lasted longer when the applied load was reduced. Here, the failure cycle of SLJ of 3
mm increased almost 4.13 times when the load was decreased from 3250 N to 2500 N,
whereas it was 8.41 times from for that of 6 mm. It was concluded that the SLJs of thicker
adherends were more sensitive to amount of load applied in terms of its service life when
compared to those of thinner ones.

The influence of change in the applied load level on the life span of the SLJ was also
investigated. When the applied load was decreased by 7.69% from 3250 N to 3000 N, the
life of SLJ with 3.0 mm increased by 53.8% from 37857 to 24610 cycles. On the other hand,
for a decrease of the loading by 12.5% from 2000 N to 1750 N, more than 100% increase in
number of failure cycle was noticed. This revealed that the life span of the SLJs changed
more dramatically when subjected to lower amount of load.
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Figure 2. Experimentally and numerically obtained Nr from the SLJs for various adherend thick-
nesses when exposed to different loadings (a) and stresses (b).

In the above, the life of SLJs of thicker adherends was found to be longer than those
of thinner ones for an identical fatigue load applied. In fact a more fair comparison could
be done when the amont of load per cross-sectional area of the adherend, i.e. the stress
applied, was considered as a reference. Here, number of failure cycles for different SLJ
configurations were compared for the identical applied stress value of 20.00 MPa. They
were found to be 1000000 (i.e. no failure), 378670 and 80748 cycles for the adherend thick-
nesses of 3.0 mm, 4.5 mm and 6.0 mm, respectively. From that respect, the fatigue perfor-
mance of the SLJ of 3.0 mm adherend was more enhanced than that of 6.0 mm with an
infinite life.

Table 2. Life to damage initiation (Ni) and number of cycles to failure (Ny) with their ratios (Ni/Nj)
for the SLJs with various adherend thicknesses when exposed to different loadings and stresses.

Life to damage initiation / Number of cycles to failure (their ratio)




Stress for 3.0 Stress for Stress for
Load (N) mm (MPa; 4.5 mm 6.0 mm 3.0 mm 4.5 mm 6.0 mm
(MPa) (MPa)

3250 43.33 28.89 21.67 3135/24610(.127) 5141/33396(.154) 7022/45953(.153)
3000 40.00 26.67 20.00 4133/37857(.109) 5862/53712/(.109) 9299/80748/(.115)
2750 36.67 24.44 18.33 5937/61728(.096) 8256/91064/(.091) 14023/159330/(.088)
2500 33.33 22.22 16.67 6393/101870(.063) 9980/171160/(.058) 22077/386850/(.057)
2250 30.00 20.00 15.00 9235/177520(.052) 13503/378670/(.036) 1000000
2000 26.67 17.78 13.33 17177/344120(.050) 1000000
1750 23.33 15.56 11.67 28994/817550(.035)
1500 20.00 13.33 10.00 1000000

The fatigue load limit was also compared for the SL]s with different configurations.
The fatigue load limitations were observed to be 1500 N, 2000 N, and 2250 N, respectively,
for the adherend thicknesses of 3.0 mm, 4.5 mm, and 6.0 mm, when a fatigue life greater
than 10° cycles was used as the run-out. On the other hand, the corresponding fatigue
stress limits were 20 MPa, 17.77 MPa and 15.0 MPa, respectively. It was noticed that an
increase in the adherend thickness led to a rise in the fatigue load limit [11, 28], whereas a
decrease in the fatigue stress limit.

Fig. 3 presents the distribution of the damage variable on the adhesive layer upon
the static loading applied and at different fatigue cycles, namely N4, 2Ny/4 and Ny for 3.0
mm adherend thickness and 3250 N fatigue load. As the stresses reached their peaks at
the both ends of the adhesive layer upon the static loading applied at the beginning, the
damage started in these regions (see Fig. 3 (a)). With the course of fatigue loading, the
damage started to propagate, i.e. the crack began to spread evenly from the edges of the
adhesive layer towards its center (Fig. 3 (b,c)). After a certain number of failure cycles, all
parts of the adhesive layer were damaged (Fig. 3 (c)).

The assessment of a crack initiation is critical and one of the important parameters
needs to be considered for a reliable design of a SL]. Table 2 presents the number of cycles
with damage initiation (Ni) in the adhesive layer. Also their ratios against Ny, i.e. Ni /Ny,
were also provided for all the configurations simulated. It was important to mention that
the number of cycles at which the damage reached a minimum of 90% at one or both ends
of the adhesive layer was used to define the life to crack initiation. It was observed that Ni
/Ns decreased with a decrease in the load applied to the SL]J irrespective of the thickness
of the adhesive layer. It was concluded that for higher loads, the onset of damage on the
adhesive layer considering the failure cycles occurred at later stage. When the fatigue load
was reduced, the crack initiation in the adhesive layer took place at earlier stage.

N =0 — Static failure

N = Ny/4
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Figure 3. The damage distribution in the adhesive layer along the overlap length at static loading
and different fatigue cycles for 3.0 mm adherend thickness (F = 3250 N).

Another vital parameter to evaluate the efficiency of the SLJs is the crack growth rate,
da/dN during the fatigue loading. The crack propagation rate vs. number of cycles were
compared for different SL] configurations in Fig. 4. It was observed that the crack propa-
gation rate was not significant at the first cycles since the fatigue damage at the tips of the
adhesive layer did not saturate yet, but the damage was still accumulating. After few hun-
dreds of cycles, the crack growth rate started increasing and reached its maximum value
steadily followed by a sudden jump at the final stage of the failure. Excluding the un-
steady final crack growth regime, the maximum da/dN values were 2.7x10+, 1.8x10-* and
1.3x10* mm/cycle for 3 mm adherend thickness when subjected to load values of 3250 N,
3000 N and 2750 N, respectively. The respective values were 6.3x10, 3.7x10% and 2.3x10°
mm/cycle for 6 mm adherend thickness. Firstly, it was noticed that da/dN got larger for
smaller adherend thickness. Secondly, the change in da/dN with a change in the applied
load to the SL] was affected by the adherend thickness. For instance, the crack growth rate
increased 2.08 times when the load was increased from 2750 N to 3250 N for ¢ = 3.0 mm,
while this ratio corresponded to 2.74 for t = 6.0 mm. This result revealed that the sensitivity
of crack expansion rate to the applied tensile loading was more prominent for the SLJ with
thicker adherends.
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Figure 4. da/dN vs. SERR for the SLJ exposed to 2750 N, 3000 N and 3250 N loads for adherend
thicknesses of 3.0 mm (a) and 6.0 mm (b).

Fig. 5 compares the da/dN with respect to the strain energy release rate (SERR) for
various loadings and adherend thicknesses. da/dN vs. SERR was described using the Paris
Law in the constitutive equations, where C and m were identical for the configurations
studied here. Thus, all the numerically obtained data fell well on the identical curve. It
should be emphasized that these constants were obtained as a result of exhaustive cali-
bration effort, where the predicted failure cycles of SLJs with 3.0 mm and 6.0 mm ad-
herend thicknesses exposed to fatigue loads of 3000N and 2500 N were matched with
those obtained experimentally (see Fig. 2).

It was noticed that both da/dN and SERR became larger for higher fatigue loads (see
Fig. 5). It is important to underline that the points denoting the larger values in the plots
for both parameters represented the unsteady final crack growth regime. The maximum
SERR values were compared for all the relevant configurations excluding the final instable
regime. They were 165.7, 138.4, 116.4 J/m? when the SL] was subjected to load values of
3250 N, 3000 N and 2750 N for t equalled to 3 mm, respectively. The corresponding values
were 82.2, 63.8 and 50.2 J/m? for ¢ equalled to 6 mm. It was observed that they were larger
more than twice for f = 3.0 mm in comparison with those of t = 6.0 mm for the identical
loading. As the SL]J of thinner adherends were exposed to higher load density compared
to those of thicker ones, more energy was released for them.
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Figure 5. da/dN vs. SERR for the SL] exposed to 2750 N, 3000 N and 3250 N loads for adherend
thicknesses of 3.0 mm (a) and 6.0 mm (b).

In the next section, the effect of adherend thickness and fatigue load applied on the
failure mechanisms of the SLJ was investigated. For that purpose, distributions of peel
and shear stresses were evaluated. Fig. 6 presents the distributions of S;3 and S33 through-
out the overlap length in the adhesive layer with 3.0 mm and 6.0 mm adherend thickness
subjected to 2750 N fatigue load at different loading cycles, namely, just after the static
loading, N¢/4, 2Ns/4 and 3Ny/4. When the S;, values were checked just after the static load-
ing, they started getting smaller at the ends of the overlap length for ¢ = 3 mm due to the
damage in shear mode, while this was yet to start for 6 mm. On the other hand, the S,
values were maximum at the tips of the adhesive layer. From this, it was concluded that
shear failure were pronounced - rather than the peeling effects - in the damage of the
adhesive layer for the static loading applied. When the distributions of S;, and S,, were
compared for ¢ =3 mm and 6 mm, it was noticed that they were much larger at the end of
the overlap length rather than its center for the former thickness, while they were more
homogenous with less stress gradients for the latter one. It was concluded that the load



was shared more equally by the material points along the overlap length for larger thick-
ness of the adherends. When the fatigue loading was applied, the damage increased at the
both tips of the adhesive layer and finally the complete damage was reached. Then the
elements there could not carry any loading and both stress components became zero.
When the portion of completely damaged elements were compared for increasing number
of cycles from Ny/4 to 3Ny/4, they were increasing. For instance, for 3Ny/4, while almost 24%
(x/L = 0.12) of the overlap region was damaged for f =3 mm, it was around 16% for t =6
mm. For this loading cycle, the maximum stress was reached when x/L = 0.25 and 0.20 for
t =3 mm and 6 mm, respectively. In other words 50% of the adhesive layer were not dam-
aged yet for the first thickness and 60% for the second one. It was noted that less portion
of the adhesive layer were subjected to the damage for thicker adherends for the identical
fatigue loading period.
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Figure 6. Plot of stress components S12 (a) and S22 (b) (in MPa) along the overlap length for the SLJs
exposed to 2750 N load for adherend thicknesses of 3.0 mm (left) and 6.0 mm (right).

4. Concluding remarks

This study looked into how the fatigue damage evolved in the SL]'s adhesive layer
during a tensile test. Its advanced FE model was created for this purpose and tested
against the experimental data from the literature. The fatigue damage model, which was
then used to predict the behavior of the adhesive layer, was incorporated in the cohesive
zone model. From this study, the succeeding conclusions were achieved:

e  The SLJs with thicker adherends were observed to be more sensitive to amount of

load applied in terms of its service life.

The life span of the SLJs changed more dramatically when subjected to lower amount
of load.

A smaller thickness of the adherend in SL] resulted in a decrease in the fatigue load
limit, but led to an increase in fatigue stress limit.



e  When the fatigue load was increased, the crack initiation in the adhesive layer took
place at later stage when considering the failure cycle, i.e. an increased Ni /Ny with
shorter crack propagation duration was noticed.

e  The crack propagation rate was not significant while the fatigue damage was still
accumulating along the overlap length. Afterwards, it started increasing and reached
its maximum gradually followed by a sudden jump at the final unsteady stage of the
failure. The change in crack propagation rate with a change in the amount of tensile
loading applied was less for the SL] with thinner adherends.

e It was noted that larger share of the adhesive layer were damaged for thinner ad-
herends for the identical fatigue loading period.

Nomenclature
a crack length
da/dN crack expansion rate
B local mixed-mode ratio
C constant in Paris law
cz cohesive zone
D;, Diyan;, fatigue damage variables at time step i and i + AN, respectively
Dfiqricr Difiic  static damage at the present and next incements, respectively
Diotar total damage
E Young’s Modulus
E. mixed-mode Young's Modulus
FE finite-element
G, mixed-mode fracture toughness
Gax area under the traction separation curve
Grormai,c critical strain energy release rate for the opening mode
Gshear,c critical strain energy release rate for the shear mode
Gep threshold value for the strain energy release rate
K interface stiffness for the opening mode
Kp mode dependent penalty stiffness
Kshear penalty stiffness for the shear mode
m constant in Paris law
ley length of the cohesive zone
la length of the damaged area
¢ size of the finite element
Ni crack initiation cycle
Nr failure cycle
n material constant used in Benzeggagh-Kenane criterion



R load ratio

SERR strain energy release rate

SLJ single lap joint

UMAT user material available in Abaqus

A displacement jump

2° onset displacement jump

A critical displacement jump

Amax maximum displacement jump

aD/oN fatigue damage evolution variable

dly/ON expansion rate of the length of the damaged area
AN; skipped number of cycles

ADiax selected maximum damage increase in the computations
Anormar separation in Mode 1 (opening mode)

Ashear separation in Mode 2 (shear mode)

Oy yield strength

Thormal,c interfacial strength for the opening mode

Tshearc interfacial strength for the shear mode

Tc mixed-mode interlaminar strength

9 Poisson’s ratio

) Macauley operator
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