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A B S T R A C T

Adhesively bonded composite structures, if designed properly, have proven to be stiffer and to possess a higher
specific strength than their mechanically fastened counterparts. To increase the applicability of these bonded
joints in the aircraft industry, a study was performed to investigate the influence of hygrothermal aging on
co-bonded composite stiffened panels with an initial disbond under cyclic compression loading. Experiments
showed that hygrothermal aging led to a decrease in disbond growth throughout cyclic loading. The decreased
disbond growth was likely caused by the increased ductility of the bond due to the presence of moisture. A
higher ductility can lead to crack blunting and stress relaxation, resulting in higher fracture toughness of the
bond. Furthermore, it was shown that hygrothermal aging did not influence the residual strength and stiffness
of the panels after cyclic loading. The experiments were simulated numerically to gain a better understanding
of the crack growth behavior and to aid future numerical crack growth predictions.

1. Introduction

Currently, a conservative design approach, such as safe life design,
is often applied for bonded carbon fiber reinforced polymers (CFRPs) in
primary aircraft structures. Primary aircraft parts made from aluminum
have already shown that adapting to a damage tolerant design method-
ology can lead to significant weight reductions. Before this design
methodology can be applied to CFRP parts, both the static and fatigue
behavior of the bonded structures throughout their service life need to
be fully understood.

The major part of an aircraft structure consists of sheet material,
referred to as the skin, with stiffeners attached to it. Previous research
on bonded CFRP in aircraft has mainly focused on these panel-like
structures [1]. Especially the static buckling [1–3] and post-buckling [1,
3–13] of bonded stiffened panels have thoroughly been researched.
These studies have demonstrated that stiffened panels are capable of
taking on loads far beyond the initial buckling load. However, it has
also been shown that the presence of an initial disbond can poten-
tially lead to excessive disbond growth and premature failure of such
structures [14].
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Intuitively, one may argue that excessive disbond growth may
become even more critical when panel-like structures are loaded cycli-
cally. However, both Davila and Bisagni [15] and Abramovich and
Weller [16] demonstrated that composite bonded panels can safely be
taken into the post-buckling regime repeatedly.

Besides cyclic loads, aircraft have to endure environmental fac-
tors such as UV, moisture, temperature cycling and sometimes even
fire [17–19]. Of these factors temperature effects and moisture are con-
sidered to be the most critical [18]. Currently, the combined effects of
temperature and moisture have not yet been fully understood [18,20].

Although temperature and moisture effects are considered critical
for the performance of a bond, no reference was found incorporating
the influence of environmental effects on the long term behavior of
bonded composite panels subjected to cyclic loads. The present study
has aimed to fill this gap and to increase the knowledge of the perfor-
mance of composite bonded joints. This can lead to an increase of the
usage of bonded CFRP parts in aircraft structures.

This study has focused specifically on the influence of hygrothermal
aging on stiffened CFRP panels with an initial disbond, subjected
to compressive cyclic loading. The disbonded area was monitored
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Fig. 1. Isometric view and front view of the panels. Teflon™ insert is depicted in red. All dimensions in 𝑚𝑚. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

throughout the experiments to determine the influence of hygrothermal
aging on the disbond growth. In addition, the residual strength of all
cyclically loaded panels was determined and compared to the strength
of non cyclically loaded reference panels. After the experimental part
the cyclic disbond growth was simulated numerically using a fatigue
damage model similar to the one proposed by Kawashita and Hal-
lett [21], which has been given in detail in Ref. [22] Such a numerical
simulation using explicit time integration has not previously been per-
formed on sub-component level in the open literature. These numerical
simulations will be a vital aspect in proving that the crack growth of
cyclically loaded bonded parts can be predicted sufficiently accurate.
This may eventually allow aircraft manufacturers to start using the slow
crack growth approach as proposed by the FAA [23].

2. Materials and specimen preparation

2.1. Material and specimen configuration

Separate skins and stiffeners were manufactured out of T800/3900-
2B carbon fiber epoxy using hand lay-up. A material data sheet of
the carbon fiber epoxy and epoxy based adhesive are attached in
Appendix A. The stiffener was pre-cured at 177 ◦C for 7 h. EA 9695
adhesive was then used to bond the stiffener to the skin and subse-
quently the materials were jointly cured at 177 ◦C for 7 h. Relevant
material properties of the adhesive and interface layer can be found
in Appendix A. An initial disbond was created by placing a 100 mm
Teflon™ insert between the skin and stiffener before the second cure.
The dimensions of the panels are given in Fig. 1 and the lay-up of the
panels in Table 1.

2.2. Conditioning procedure

The hygrothermally conditioned panels were kept in an environ-
mental chamber at 80 ◦C and 90% humidity for 280–396 days. These
panels are referred to as Room Temperature Wet (RTW). The non aged
panels are referred to as Room Temperature Ambient (RTA). Room
temperature refers to the testing conditions.

Throughout the aging period the moisture content in the panels was
monitored by following the ASTM D5229 [24] standard. This standard
prescribes that the moisture uptake is equal to:

𝜙 =
𝑊𝑡 −𝑊0

𝑊0
⋅ 100% (1)

where 𝜙 is the moisture uptake as a percentage, 𝑊𝑡 is the weight of the
panel at time 𝑡 and 𝑊0 is the weight of the panel before conditioning.
A representative moisture absorption curve is shown in Fig. 2. At the
moment of testing all aged panels absorbed between 0.61% and 0.64%
moisture. This was less than the 0.79% moisture at the saturation point
of the same material combination during coupon level experiments as
performed by Gonzalez et al. [25], indicating that moisture penetrates
into smaller specimens more easily.

Fig. 2. Moisture absorption of panel 405–02 RTW.

3. Experimental procedure

The experimental phase consisted of two types of experiments,
namely cyclic loading and quasi-static compression until failure. Eight
panels were subjected to cyclic loading, during which the disbond
size was measured regularly. The experimental set-up used during
cyclic loading is explained in Section 3.1. After cyclic loading these
same panels were subjected to quasi-static compression to determine
their residual strength. The residual strength was compared with two
reference panels, which were compressed until failure without cyclic
loading. The experimental set-up of the quasi-static experiments is
explained in Section 3.2.

To ensure that the disbonded area had been fully opened before the
experiments started, all panels were pre-cracked using the seven point
bending procedure as described by van Rijn and Wiggenraad [26].
Pre-cracking was required, because during curing of the panels pres-
sure had caused some adhesive to flow from underneath the Teflon
tape, connecting the skin and stiffener at the edges of the flange of
the stiffener. Pre-cracking was stopped when the disbonded area had
reached 100 mm, which was determined visually by the operators.
Since this did not prove to be very precise, small differences in the
disbond size between different panels could be noticed at the start of
the experiments.

3.1. Cyclic loading

Three RTA and five RTW panels were subjected to 300,000 load
cycles between −4.7 and −47.5 kN. During this procedure a frequency
of 5 Hz was applied, which did not result in the material heating
up. This was determined by the use of an infrared camera. Clamped
boundary conditions were used at the loaded ends, complimented by
simple support boundary conditions at the unloaded edges. The latter
were used to avoid unwanted buckling at the edges of the skin. These
boundary conditions can be seen in Fig. 3.
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Table 1
Lay-up of the skin and stiffener. Ply degrees are with respect to the x-axis as displayed in Fig. 1.

Skin Stiffener base Stiffener flange

Number of plies 8 16 24
Lay-up [45◦/90◦/−45◦/0◦]𝑠 [45◦/0◦/−45◦/90◦/45◦/90◦/ [45◦/0◦/−45◦/90◦/45◦/90◦/

−45◦/0◦]𝑠 −45◦/0◦/0◦/−45◦/90◦/45◦]𝑠

Fig. 3. Boundary conditions of the panels.

The testing rig is shown in Fig. 4. It has to be mentioned that the
strain gauges shown in this figure have only been present during the
quasi-static experiments, as their reliability during cyclic loading could
not be guaranteed. Two pairs of strain gauges were placed back-to-back
on the skin to determine the membrane and bending strains, needed for
the characterization of the skin buckling load and further verification
of the numerical model. The last two strain gauges were placed back
to back on the stiffener. The Linear Variable Differential Transformer
(LVDT) was used to determine the in-plane displacement, also referred
to as the shortening.

The size of the disbonded area was measured after 0, 1, 500, 5000,
10,000, 30,000, 50,000, 100,000, 150,000, 200,000 and 300,000 load
cycles. These measurements were performed by ultra-sound inspection
using an Isonic 2006 produced by Sonotron NDT with a 5 MHz probe.
To enable this the panels had to be dismounted and remounted from
the testing rig. As it was assumed that all disbonding took place
in the area surrounding the disbond-bond interface, only this area
was inspected with ultrasound. After scanning, the results were post-
processed in Matlab using a tool developed by Cederløff [27] to obtain
the disbonded area.

The shortening of the panels, up to a load of −47.5 kN, was measured
regularly to assess the global stiffness reduction of the panels. These
load-shortening curves were constructed during the 1st cycle and after
500, 10,000, 50,000, 150,000 and 300,000 cycles. An increase in
shortening can indicate intralaminar or translaminar damage. Both
kinds of damage cannot be noticed by the ultra-sound scanning.

Fig. 4. Testing rig. 1: clamped ends. 2: Linear variable differential transformer. 3:
Anti-buckling supports. 4: Strain gauges, six in total.

3.2. Quasi static compression

A load controlled Baldwin testing machine was used to load the
panels under compression up to failure. The boundary conditions were
similar to those during cyclic loading. Thereafter, the performance
of the panels was determined by comparing buckling load, stiffness
against compression and strength. The buckling load was calculated
using the strain reversal method developed by NASA [28]. This method
generally results in a conservative buckling load [29].

During the quasi-static loading of three panels Digital Image Corre-
lation (DIC) was used to visualize the 2D buckling shape of the back
side of the panel. Fig. 5 shows this DIC set-up. During the experiment
pictures were taken at every −10 kN. These pictures were then post
processed using ncorr V1.2 in Matlab to obtain the 2D displacement
field [30]. It should be noted that the images acquired by the DIC
can only be used in qualitative sense as a 3D DIC set-up is required
to measure out-of-plane displacements correctly. A 3D DIC set-up was
unfortunately not available during this research.

4. Results cyclic loading experiments

During the cyclic loading experiments the disbond size and stiffness
of the panels were regularly monitored. The results of the former are
discussed in Section 4.1 and the latter in Section 4.2.
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Fig. 5. 2D DIC set-up.

4.1. Disbond size

Fig. 6 shows the average growth of the disbond area throughout the
cyclic loading experiments. To obtain this curve, the experimental data
were averaged for both RTA and RTW panels. Subsequently, a power
curve was used to fit the data, which resulted in the lowest Normalized
Root Mean Square Error (NRMSE). Only the data from the first cycle
and onward was considered in this fitting because, despite the pre-
cracking, not all panels appeared to be fully opened before testing. After
the first cycle all disbonds had been fully opened.

Significant was that the growth speed of the disbond area decreased
as the amount of cycles increased. This cannot be distinguished directly
from Fig. 6, due to the log-scale used on the 𝑥-axis, but can be
retrieved from the exponents of the power fit being lower than unity:
these exponents equal 0.1 and 0.24 for RTA and RTW respectively.
The decrease in growth speed is most likely related to a decrease of
stress concentrations in the corners of the bonded area. These stress
concentrations were caused by the diagonal buckling shape as shown
in Fig. 7. The buckling shape was diagonal due to the presence of
±45◦ layers on the outside of the skin. Repeated buckling then caused
the disbonded area to grow diagonal as well, as shown in Fig. 8. As

Fig. 7. Buckling shape of an RTA panel during the first load cycle at a load of −40
kN. This image can be used for qualitative comparisons only. The strains (𝜇𝜖𝑥𝑥) are not
representative because the out of plane displacements cannot be captured correctly by
the 2D DIC set-up.

a result, throughout cyclic loading, the disbonding area adjusted more
and more to match the buckling shape. This caused the aforementioned
decrease of stress concentrations in the highly stressed corners. This
phenomenon occurred in both the RTA and RTW panels, resulting in
similar disbond shapes at the end of the cyclic loading.

Throughout the cyclic loading the disbonded area of the hygrother-
mally aged panels grew significantly less than the disbond of the RTA
panels. Two factors have been identified that likely had contributed to
this phenomenon:

1. Plasticization causing the propagation fracture toughness to in-
crease.

2. The average disbonded area of the RTW panels being 4% larger
than the RTA panels after the first cycle.

Considering the first point, it has been proven that moisture in
adhesives causes plasticization [18,31,32]. Plasticization can lead to
stress relaxation and is cited as a cause for the increased fracture
toughness of bonded composite specimens after moisture exposure [31,
32]. Additionally, Packham [33] stated that plasticization causes crack
blunting. A blunter crack tip leads to lower stress concentrations at the
crack tip and thus less crack growth.

Regarding the second point, after one cycle, the RTW panels had
a 4% larger disbond than the RTA panels. A numerical simulation,
similar to the one discussed in Section 7, showed that this difference

Fig. 6. Average growth of the disbonded area in the RTA and RTW panels.
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Fig. 8. Disbonded area (blue) and bonded area (orange/yellow) of panel 405–02 RTA after 𝑁 = 1 and 𝑁 = 300,000 cycles. Only the colored areas, around the disbond ends are
scanned. The diagonal disbond growth in this panel is representative for both RTA and RTW panels. For illustrative reasons the web of the stiffener has been added in gray. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Load–displacement curves of the seven-point bending tests performed to pre-crack the panels.

can potentially cause a drop of up to 15% in disbond growth after
300,000 cycles.

The disbond size of the RTA panels after one cycle was likely smaller
than that from the RTW panels because the non-aged material behaved
more brittle during pre-cracking. This can be concluded from the more
jagged behavior of the RTA panels in Fig. 9, which indicates shock wise
crack growth. Furthermore, the load required to start disbond growth
during pre-cracking was significantly lower for the RTW panels than
for the RTA ones. This indicates a decrease in fracture toughness at the
crack initiation point.

The fact that the initiation fracture toughness decreased, whereas
it has been mentioned before that the propagation fracture toughness
increased, can possibly be explained by the way in which the bond is
exposed to the humid environment. The original crack tip had been
exposed to four edges, two of which were directly exposed to the hot
and humid environment. However, as the crack grew, it encountered
material that had only been exposed to two indirect edges at the time
of conditioning, which made it harder for the moisture to penetrate.
Halliday et al. [31] proved that this causes the fracture toughness at the
crack initiation point to be affected differently by hygrothermal aging
than the crack propagation fracture toughness.

4.2. Stiffness

At set intervals a monotonic test was performed to determine
whether cyclic loading and correlated disbond growth had influenced

the stiffness of the panels. Fig. 10 shows a representative example of
the load shortening curves of one panel throughout the testing phase.

The fact that cyclic loading did not lead to stiffness losses is in line
with the results obtained by Abramovich and Weller [16]. It confirms
that the disbond size has limited influence on the stiffness of the
panel, as previously suggested in references [8,9,14]. Moreover, it is an
indication that if any intralaminar or translaminar damage was present
in the panel its influence was limited.

5. Quasi-static compression

5.1. Buckling load

An overview of the buckling loads of the RTA, RTW and reference
panels can be seen in Table 2. It turned out that hygrothermal aging
did not significantly influence the buckling load of the panels. This
was likely due to the direct relation between the buckling load and
stiffness. The stiffness is dominated by the carbon fibers which are not
affected by the presence of moisture [34]. Furthermore, for the set-up
used in this work the observed buckling shape of the aged and non aged
panels were similar. The effect of the internal load redistribution due to
moisture uptake is low, as the strain levels due to hygrothermal ageing
are low. This is confirmed by a study of Emam and Eltaher [35].

On the other hand, cyclic loading did influence the buckling load
of the panels, as demonstrated by the fact that the buckling load of
the cyclically loaded panels was 28% lower than that of the reference
panels. This could be related to two factors:
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Fig. 10. Typical load-shortening curve throughout the cyclic loading experiments.

Table 2
Disbond lengths and buckling loads of the quasi-static experiments. The reference panels
were not cyclically loaded.

Average disbond
length [mm]

Average buckling
load [kN]

RTA panels 112.6 −16.3
RTW panels 115.9 −16.4
Reference panel RTA 107.9 −22.7
Reference panel RTW 107.3 −22.8

1. Larger disbond size of the cyclically loaded panels
2. Local decrease in stiffness due to the cyclic out-of-plane bending

Firstly, due to the disbond growth that occurred during cyclic load-
ing, the cyclically loaded panels had a larger disbond at the onset of the
quasi-static experiments than the reference panels. A numerical linear
buckling analysis confirmed that for this case a larger disbond could
indeed have decreased the buckling load by roughly 3.5%. The fact
that the experimental buckling load decreased by 28% has indicated
that the influence of the disbond size is limited.

Secondly, cyclic out-of-plane bending can cause a decrease in the
out-of-plane bending stiffness [36]. Due to repeated bending of the skin
in the disbonded area this can occur locally in the skin without influ-
encing the overall stiffness of the panel against compression. Since the
C-scanning device could only pick-up disbonding, it was not possible to
verify whether this had indeed happened locally in the disbonded area.
However, a linear buckling analysis did confirm that a local decrease in
out-of-plane buckling stiffness in the disbonded area could have caused
a decrease in buckling load similar to the one presented in this study.

5.2. Compression stiffness and residual strength

The hygrothermal aging did not significantly influence the stiffness
and strength of the panels after cyclic loading. These conclusions are
based on the unchanged membrane strain in the stiffener, which can be
seen in Fig. 11. Before collapse, the RTA panels withstood on average
−119 kN and the RTW panels −117.3 kN.

The limited influence of hygrothermal aging on the strength and
stiffness of the panels, even after cyclic loading, has probably been
due to the dominance of the fiber and fiber matrix interface on these
properties. Both the fiber and fiber matrix interface are not influenced
significantly by moisture [34].

A comparison of the cyclically loaded panels to the reference panels
is shown in Fig. 12. This figure shows the load shortening of one
typical RTA and RTW panel as well as the reference panels. Because
of malfunctioning of one strain gauge in the RTA reference panel
during testing, the load shortening curves are shown here instead of
the membrane strain.

Fig. 11. Membrane strain in the stiffener as a function of the load.

Fig. 12. Typical load shortening curves of the quasi-static residual strength tests and
ultimate strength tests of the reference panels.

Based on Fig. 12, cyclic loading had no significant influence on the
overall strength and stiffness of the panels. This is in line with the
research performed by Davila and Bisagni [15] and Abramovich and
Weller [16] and can, at least partially, be explained by the limited
amount of disbond growth during the cyclic loading: 100–300 mm2

in comparison to an original disbond size of at least 6400 mm2. This
amounted to 1.5–4.5% growth in comparison to the original size. The
constant strength and stiffness could be an indication that no significant
intralaminar and translaminar damage had occurred.

An impression of the panels after failure can be seen in Fig. 13.
All panels failed by either complete disbonding, or locally in the skin
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Fig. 13. Examples of a local failure in stiffener/skin (top) complete disbonding. Panel
RTW 405-01.

and stiffener. The type of failure was randomly distributed among the
RTA/RTW panels and cyclically loaded/reference panels. This indicates
that aging and cyclic loading had not influenced the way in which
the panels had failed. Analyses on post-mortem specimens showed that
most of the tested panels disbonded within the adhesive layer. This has
been classified as cohesive failure according to the ASTM D5573 [37]
standard.

6. Numerical model

A numerical model of both cyclic loading and quasi-static compres-
sion until failure was created with Abaqus CAE™ 6.14–1 finite element
software. Due to limited availability of the material properties of the
RTW panels only the RTA panels were simulated.

An overview of how the geometry of the panels was modeled in
Abaqus can be seen in Fig. 14. A separate interface layer of cohesive
elements was used to model the adhesive. Thereafter, tie constraints,
with the skin and stiffener serving as master surfaces, were applied
to connect the interface to the CFRP parts. The cohesive elements can
loose their stiffness, which gives a similar type of failure for adhesive
and cohesive failure of the interface. To prevent interpenetration, a
general surface contact between the skin and stiffener’s flange was
used.

Elements of 0.4 × 0.4 mm were used in the first 10 mm of the
disbond-bond interface. This fine discretization was mainly required to
accurately model the disbond growth during the cyclic loading. After
10 mm, a transition similar to the one used by [38] had been applied
to increase the mesh size gradually. This resulted in 3.2 × 5 mm sized
elements at the ends of the panel. These element sizes were deemed
suitable after a careful mesh convergence analysis was performed,
requiring less than 1% difference in the disbond growth and maximum
load at failure

6.1. Interface damage model

The damage in the interface layer, also referred to as disbonding,
was modeled by using the cohesive zone model developed by Oliveira
et al. [22]. This model has demonstrated that it is able to simulate
static and high cycle fatigue damage at coupon level accurately, as well
as efficiently [22]. The constitutive law for the cohesive zone model
has been defined in terms of a bi-linear traction-separation relationship
between two adjacent layers, given as follows:

𝜎𝐼 = 𝐾𝐼 (1 −𝐷𝐾 ) ⟨𝛿𝐼 ⟩ −𝐾𝐼 ⟨−𝛿𝐼 ⟩

𝜎𝐼𝐼 = 𝐾𝐼𝐼 (1 −𝐷𝐾 )𝛿𝐼𝐼
𝜎𝐼𝐼𝐼 = 𝐾𝐼𝐼𝐼 (1 −𝐷𝐾 )𝛿𝐼𝐼𝐼

(2)

where the subscripts 𝐼 , 𝐼𝐼 , 𝐼𝐼𝐼 refer to the pure disbonding modes
(𝐼 = 33, 𝐼𝐼 = 13, 𝐼𝐼𝐼 = 23), 𝜎𝑖 are the respective stresses associated
with each disbonding mode acting on the interface, 𝐾𝑖 are the interface
stiffnesses associated with each disbonding mode, 𝛿𝑖 are the respective
relative displacements between two adjacent layers and ⟨⋅⟩ = max (⋅, 0)
are the Macaulay brackets. The stiffness damage variable 𝐷𝐾 has been
calculated from the strength damage variable 𝐷𝑆 as follows:

𝐷𝐾 (𝑛) = 1 −
𝛿0

(

1 −𝐷𝑆
)

𝛿0 +𝐷𝑠
𝑆 (𝛿𝑓 − 𝛿0)

(3)

where 𝛿0 and 𝛿𝑓 are the displacements at crack initiation and at
element failure. These have been obtained from a stress based crite-
rion proposed by Ye [39] and an energy based criterion proposed by
Benzeggagh and Kenane [40]. Further details about the expressions for
𝛿0 and 𝛿𝑓 can be found in Ref. [22]. 𝐷𝑠

𝑆 is the quasi-static damage
parameter, which together with the fatigue damage parameter 𝐷𝑓

𝑆
forms the strength damage variable 𝐷𝑆 :

𝐷𝑆 = 𝐷𝑠
𝑆 +𝐷𝑓

𝑆 (𝑛) (4)

where 𝑛 refers to the current number of cycles. The expression for the
quasi-static damage parameter is given by

𝐷𝑠
𝑆 =

(

𝛿 − 𝛿0
𝛿𝑓 − 𝛿0

)

(5)

𝛿 is the magnitude of the resultant displacement vector for mixed-mode
loading, defined as

𝛿 =
(

⟨𝛿𝐼 ⟩
2 + 𝛿2𝐼𝐼 + 𝛿2𝐼𝐼𝐼

)1∕2
(6)

The expression for the fatigue damage parameter has been based on
the work of Kawashita and Hallett [21] and is given by:

𝐷𝑓
𝑆 (𝑛) = 𝐷𝑓

𝑆 (𝑛 − 𝛥𝑛) + 𝛥𝐷𝑓
𝑆 (7)

with

𝛥𝐷𝑓
𝑆 =

𝛥𝑛
(

1 −𝐷𝑠
𝑆
)

𝑙𝑒𝑙,𝜙
𝐶
(

𝐺𝑚𝑎𝑥(1 − 𝑅2)
𝐺𝑐

)𝑚

(8)

𝛥𝑛 is the cycle increment; 𝑅 = 𝐺𝑚𝑖𝑛∕𝐺𝑚𝑎𝑥; 𝐶 and 𝑚 are the Paris Law
parameters defined in terms of the empirical model proposed by Blanco
et al. [41] for mixed-mode loading; and 𝑙𝑒𝑙,𝜙 is the effective element
length.

To reduce the computational cost, the envelope approach [38] has
been used. In this approach only the maximum load is computed and
the minimum load is estimated by the load ratio 𝑅. In this case all
the local load ratios were assumed to be equal to the applied ratio.
In the present work a small load ratio was applied (𝑅 = 0.1). Since
this results in a negligible minimal load in the entire structure, it is a
justified approach. However, more accurate results could be obtained
by computing the load ratio locally, as proposed in [42,43], which
is particularly important for higher load ratios in the post-buckling
regime.

More in depth information of the damage model can be found in the
work of Oliveira et al. [22]. The cohesive zone based damage model
has been implemented in Abaqus as a user-defined material model in
eight node brick elements with reduced integration. Eight node brick
elements have been used because twenty node quadratic brick elements
were not available in Abaqus Explicit.

6.2. Intralaminar damage model

Linear shell elements with reduced integration were applied to
model the laminates. The damage itself was modeled using Hashin’s
damage model [44,45], which had already been available in Abaqus
and primarily intended for fiber reinforced polymers [46]. However,
as it could only model static damage, it did not take the cyclic loading
damage in the CFRP into account. It was already shown in Section 5
that fatigue damage in the CFRP did not influence the overall stiffness
and strength of the panel.
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Fig. 14. Overview of the geometry in the numerical model.

Fig. 15. Numerical load applied for the fatigue and residual strength simulations.

6.3. Finite element simulation

The simulation was performed using the dynamic explicit solver
through the dynamic relaxation method, with geometrical non-
linearities activated. To speed up the simulation mass scaling was
applied. A target stable time increment of 10−6 seconds was used, as
this resulted in high computational speed, while keeping the kinetic
energy below a set criterion of less than 10% of the total energy.
Moreover, several stable time increments were tested and compared
with respect to disbond growth, failure mode and maximum load at
failure. For this simulation no artificial damping was required.

The load was applied in three steps. Step one, lasting 0.1 pseudo
second, was to gradually build up the load from 0 to −47.5 kN. During
the second step the load was kept constant for 0.1 pseudo seconds.
Meanwhile, a numerical frequency of 3,000,000 Hz was applied to
simulate cyclic loading. The last step served to simulate quasi static
compression until failure, during which compression load was applied
under displacement control over the course of 0.5 pseudo seconds.

These steps are displayed in Fig. 15. All relevant material properties
as used in the numerical simulation are given in Appendix B.

7. Numerical results

As a first check, the numerical buckling shape as shown in Fig. 16,
was compared to the buckling shape observed by the DIC set-up, as
presented in Fig. 7. Unfortunately, the use of a 2D DIC set-up in com-
bination with 3D effects had eliminated the possibility of a quantitative
comparison. Therefore, it can only be said that both displayed a similar
diagonal buckling shape.

A comparison of the numerical and experimental disbond growth
over the course of 300,000 cycles can be seen in Fig. 17. To be in line
with the experiments, the disbond growth was measured from the first
cycle onward.

It turned out that the growth of the disbonded area of the numerical
model matched well with the experiments. After 300,000 cycles the
difference was roughly 13%. Furthermore, the growth rate throughout
the simulation corresponded well to the experiments. One of the main
differences came from the fact that the numerical disbond had grown
more diagonal than the experimental disbond, as can be seen by com-
paring the experimental disbond displayed in Fig. 8 and the numerical
disbond in Fig. 18.

The reliability of the numerical model can be further improved by
ensuring all material input parameters are known beforehand. Unfor-
tunately, the Paris law parameters and the B–K interpolation exponent
of the threshold strain energy release rate (𝐺𝑡ℎ) from the material
combination used in the present research were not known prior to
simulation. Instead, both parameters had to be obtained from co-cured
HTA/6376C [41,47]. This material was chosen because it had the most
similar strain energy release rate properties 𝐺𝐼,𝑡ℎ, 𝐺𝐼𝐼,𝑡ℎ, 𝐺𝐼,𝑐 and 𝐺𝐼𝐼,𝑐
for which the Paris law parameters and B–K interpolation exponent
were available in open literature. Furthermore, the static strength of the
interface layer was also not known prior to modeling. After calibration
the static shear strength of the adhesive EA 9695 was used as the static
interface strength of the model.

Fig. 19 compares the membrane strain in the stiffener during the
quasi-static compression of the RTA panels to the numerical results.
Likewise during the experiments, the cyclic disbond growth did not
cause any loss in overall stiffness of the panel. Also the residual load
of the numerical panel corresponded well to the experiments.
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Fig. 16. Out-of-plane displacement (U3 in mm) in the skin at −47.5 kN.

Fig. 17. Numerical disbond growth.

Fig. 18. Left: Numerical disbond shape (blue) after 1, 30,000, 100,000 and 300,000 cycles Right: The location of the bond-disbond interface shown in the left figure is marked
orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

8. Conclusions

The present study has confirmed previous research in which hy-
grothermal aging decreased the fracture toughness at the crack initi-
ation point of bonded composite structures. However, it also demon-
strated that moisture uptake can influence the disbond growth of
bonded composite panels in a positive way. This is because stress
relaxation and crack blunting, both being a result of plasticization, were
probably responsible for an increased propagation fracture toughness
after moisture uptake. This increase in fracture toughness led to a lower

disbond growth during cyclic compressive loading after hygrothermal
aging.

Additionally, the results of the residual strength tests have con-
firmed earlier research that composite bonded panels with a disbond
can safely be taken into the post-buckling regime repeatedly. Moreover,
the results of the present study have added to this knowledge by
showing that hygrothermally aged co-bonded panels perform equally
well after cyclic loading as non aged panels.

Overall, it can be concluded that in the current set-up, being co-
bonded parts conditioned up to 396 days, hygrothermal aging did not
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Fig. 19. Comparison of the numerical and experimental membrane strain in the
stiffener.

negatively influence the lifetime of components during, and after, cyclic
loading.

Finally, the present study has also shown that cyclic disbond growth
on sub-component level can be modeled efficiently and accurately with
the applied cohesive zone model. This can aid the aircraft industry in
the prediction of disbond growth in structural parts, as required by the
slow crack growth approach proposed by the FAA [23].

Factors such as the used material, lay-up configuration and the
bonding method are likely to have influenced how the structure reacted
to moisture exposure and cyclic loading. Therefore, it is recommended
to further investigate how sensitive the conclusions taken from the
present research are to these parameters. Moreover, the current bound-
ary conditions, in the form of anti-buckling supports, limited the out-of-
plane displacement of the buckled skin. Removing these supports would
increase the out-of-plane displacement and therefore likely the total
disbond growth. It is recommended to further investigate the influence
of this on the behavior of the panels as well. Lastly, it is recommended
to further validate the numerical model decreasing the uncertainties
in the material parameters. In the present study the Paris parameters
and B–K interpolation coefficient were not known before the start of
the modeling, instead values were used from a material with similar
fatigue behavior.
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Table A.3
Material data sheet — T800-3900-2B pre-preg tape [50,51].

Description Parameter Magnitude Unit

Strength
Tensile 𝑆𝑇

1 2793 MPa
Tensile 𝑆𝑇

2 36 MPa
Compression 𝑆𝐶

1 1432 MPa
Compression 𝑆𝐶

2 226.8 MPa
In-plane shear 𝑆12 63.8 MPa
Intralaminar shear 𝑆13 88.1 MPa

Young’s modulus
Tensile 𝐸𝑇

1 142–173 GPa
Tensile 𝐸𝑇

2 7.8–9.6 GPa
Compression 𝐸𝐶

1 125–153 GPa
Compression 𝐸𝐶

2 9.9–12.1 GPa
In-plane shear 𝜇12 3.5–4.3 GPa

Fracture toughness
Tensile 𝐺𝑇

𝐼𝑐 165 N/mm
Tensile 𝐺𝑇

𝐼𝐼𝑐 10 N/mm
Compression 𝐺𝐶

𝐼𝑐 25 N/mm
Compression 𝐺𝐶

𝐼𝐼𝑐 2 N/mm

Poisson’s ratio
Tensile 𝜈𝑇12 0.343 –
Tensile 𝜈𝑇21 0.024 –
Compression 𝜈𝐶12 0.339 –
Compression 𝜈𝐶21 0.015 –

Other
Glass transition temperature 𝑇𝑔 166–204 ◦C
Density 𝜌 1.58 ⋅ 10−9 ton/mm3

With 1 being the fiber direction, 2 the in plane direction perpendicular to the fibers
and 3 the out of plane direction perpendicular to the fibers. 𝐼 and 𝐼𝐼 refer to the mode
I and II opening respectively.

Table A.4
Material data sheet adhesive EA 9695 [52].

Description Parameter Magnitude Unit

Normal strength 𝑆1 6.9 MPa
Shear strength 𝑆2 = 𝑆3 31 MPa
Young’s modulus 𝐸 3100 MPa
Glass transition temperature 𝑇𝑔 95–150 ◦C
Poisson’s ratio 𝜈 0.33 –

Table A.5
Mixed mode fracture toughness parameters as obtained from [48] and [49].

Description Parameter Magnitude Unit

Mode I fracture toughness 𝐺𝐼𝑐 0.235 N/mm
Mode II fracture toughness 𝐺𝐼𝐼𝑐 6.961 N/mm
B–K mixed mode interpolation coefficient 𝜂 8.48 –

Appendix A. Material properties

The material properties of the T800-3900-2B tape, as obtained
from Toray, are given in Table A.3. Table A.4 contains the mate-
rial properties of adhesive EA 9695 as obtained from Henkel. Lastly,
the mixed mode fracture toughness of the interface layer was previ-
ously determined by Brito [48] and Brito et al. [49] and are given in
Table A.5.

Appendix B. Input parameters numerical model

The material properties that were not exactly defined (CFRP) or
were determined through calibration (strength of the interface layer)
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Table B.6
Material properties of the CFRP as used in the numerical model [50,51].

Parameter Magnitude Unit

𝐸1 125 GPa
𝐸2 9.9 GPa
𝜇12 3.5 GPa
𝜈12 0.34 –

Table B.7
Strength of the interface layer as used in the numerical model, based on the static
shear strength of the adhesive: EA 9695 [52].

Parameter Magnitude Unit

𝑆33 31 MPa
𝑆12 31 MPa
𝑆23 31 MPa

Table B.8
Additional material properties in the interface layer as required by the cohesive zone
model.

Description Parameter Magnitude Unit

Element size along crack direction 𝑙𝑒 0.2 mm
Mode I Paris constant 𝐶𝐼 0.00221a [41] –
Mode I Paris exponent 𝑛𝐼 5.09a [41] –
Mode II Paris constant 𝐶𝐼𝐼 0.122a [41] –
Mode II Paris exponent 𝑛𝐼𝐼 4.38a [41] –
Mixed mode Paris interpolation constant 𝐶𝑏 609,000a [41] –
Mixed mode Paris interpolation exponent 𝑛𝑏 5.48a [41] –
Fatigue threshold value mode I 𝐺𝐼,𝑡ℎ 0.0627b [53] N/mm
Fatigue threshold value mode II 𝐺𝐼𝐼,𝑡ℎ 0.0593b [53] N/mm
B–K interpolation exponent for 𝐺𝑡ℎ 𝑛𝑏,𝑡ℎ 2.737c [47] –

aObtained from co-cured HTA/6376C [41].
bObtained from coupon level experiments of a previous test campaign [53].
cObtained from co-cured HTA/6376C [47].

are given in Tables B.6 and B.7. The cohesive zone model also required
additional input parameters for the interface layer which had not
yet been mentioned in Appendix A. These parameters are given in
Table B.8.
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