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The fatigue life prediction of post-buckled composite structures represents still an unresolved issue due to the
complexity of the phenomenon and the high costs of experimental testing. In this paper, a novel numerical
approach, called “Min-Max Load Approach”, is used to analyze the behavior of a composite single-stringer
specimen with an initial skin-stringer delamination subjected to post-buckling fatigue compressive load. The
proposed approach, based on cohesive zone model technique, is able to evaluate the local stress ratio during the
delamination growth, performing, in a single Finite Element analysis, the simulation of the structure at the

maximum and minimum load of the fatigue cycle. The knowledge of the actual value of the local stress ratio is
crucial to correctly calculate the crack growth rate. At first, the specimen is analyzed under quasi-static loading
conditions, then the fatigue simulation is performed. The results of the numerical analysis are compared with the
data of an experimental campaign previously conducted, showing the capabilities of the proposed approach.

1. Introduction

The potential of composite structures in the aerospace industry have
not yet been fully exploited, especially in the post-buckling regime, due
to the difficulties in controlling and predicting their complex failure
mechanisms. Indeed, typical aeronautical composite stiffened panels
can work in the post-buckling regime, but the prediction of their collapse
mode becomes quite complex, as it is due to the interaction of the post-
buckling deformation with different failure modes, such as intralaminar
damage, delamination, skin-stringer separation [1,2]. The phenomenon
is even more complex for fatigue loading conditions, due to the inter-
action between the geometric nonlinearities of the response, the
different possible damage modes, and the accumulation of cyclic
damage.

Delamination, and in particular in the form of skin-stringer separa-
tion, is among the most critical types of damage in stiffened panels, as it
can be difficult to predict and can rapidly grow under the appropriate
conditions.

Despite the large number of studies, the simulation of interlaminar
damage in composite structures subjected to fatigue load is still an open
question. Delamination growth is usually treated as a crack propagation
problem, and most of the existing numerical approaches make use of
methodologies originated for metallic materials, such as the Paris law
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[31, which is widely used to characterize experimental data in terms of
crack growth rate versus the variation of the energy release rate or the
stress intensity factor during the load cycle [4]. In the last decades, a
variety of numerical techniques have been developed with the aim to
integrate the Paris law in the framework of a Finite Element (FE) anal-
ysis. The Virtual Crack Closure Technique (VCCT) has been employed by
several authors [5-8] to evaluate the energy release rate and therefore
the crack growth rate using the Paris law. The methodology has been
recently introduced in the FE code ABAQUS [9] and has proven to
provide good results in analyzing fatigue-driven delamination at the
coupon level [10,11]. On the other hand, Cohesive Zone Model (CZM)
approaches use interface elements positioned along the surface in which
the crack is expected to growth. Approaches based on CZM have been
widely used to simulate delamination in composite laminates subjected
to static or impact loads [12-15], and recently have been extended by
some authors to take into account degradation due to cyclic load by
incorporating the Paris law within the cohesive constitutive model
[16-21].

In the simulation of crack propagation for constant amplitude fatigue
loading conditions, both VCCT and CZM approaches are usually
implemented with the so called “envelope load method” [22]. This
technique allows to avoid the simulation of the load oscillation during
each fatigue cycle by modelling only the maximum load and keeping it

Received 30 January 2020; Received in revised form 20 March 2020; Accepted 21 March 2020

Available online 31 March 2020
1359-8368/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:c.bisagni@tudelft.nl
www.sciencedirect.com/science/journal/13598368
https://www.elsevier.com/locate/compositesb
https://doi.org/10.1016/j.compositesb.2020.108000
https://doi.org/10.1016/j.compositesb.2020.108000
https://doi.org/10.1016/j.compositesb.2020.108000
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2020.108000&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Raimondo and C. Bisagni

LOCAL
STRESS RATIO

A -

FATIGUE | | FATIGUE
AVIA < »  DAVAGE
MODEL | | INITIATON |

Fig. 1. Main aspects of the ongoing research work on fatigue simulation.

constant. The load variation is taken into account within the damage
model using a scalar parameter, the applied load ratio, which is defined
as the ratio between the minimum and maximum applied load during
the fatigue cycle (Rapplied = Pmin/Pmax)-

This represents a strong limitation of the numerical models based on
the load envelope approach since the crack growth rate evaluated with
the Paris law only depends on the local stress ratio, that is the ratio
between the minimum and maximum value of the stress at the crack tip
or, alternatively, the square root of the ratio between the minimum and
the maximum value of the energy release rate (Rpocal = Omin/Omax =
[Gin/Gmax]®), and therefore it is essential to know its value to
correctly simulate fatigue crack propagation [23]. To overcome this
limitation, a numerical approach, called “Min-Max Load Approach”, has
been developed to evaluate the local stress ratio during a fatigue analysis
[24,25]. The methodology has been validated using experimental results
of Double Cantilever Beam (DCB) and Mixed-Mode Bending (MMB)
specimens and then applied to a specimen equal to the MMB but with
different loading conditions able to create a variable local stress ratio.

In this work, the “Min-Max Load Approach” is applied to a single-
stringer specimen with an initial skin-stringer separation, subjected to
fatigue compressive loads [26]. The Single-Stringer Compression (SSC)
specimen was designed to capture the behavior of large multi-stringer
panels, typical of fuselage structures [27-29]. This specimen is rela-
tively small, computationally tractable yet detailed numerical models
can be constructed to account for all damage modes associated with
multi-stringer panels. Despite its small size, the specimen displays a
relative high level of complexity, allowing the study of failure behavior
in the post-buckling regime and providing data to verify quasi-static and
fatigue numerical models thanks to its limited dimensions which make it
computationally feasible.

In section 2, the research context of this work is introduced, while in
section 3 the “Min-Max Load Approach” is described and the adopted
cohesive fatigue damage formulation is briefly summarized. In section 4,
the numerical results of quasi-static and fatigue analysis performed on
the SSC specimen are presented and compared to experimental data.

2. Fatigue life of post-buckled composite structures

The work presented in this paper is part of a research effort with the
objective of developing a numerical methodology for the prediction of
fatigue-life of aeronautical composite structures in the post-buckling
regime. In particular, the main interest is the initiation and propaga-
tion of delamination and skin-stringer separation in composite stiffened
panels under cyclic loads. Although several approaches existent in
literature are able to simulate fatigue damage propagation at the coupon
level, in most cases they are not yet suitable for application to compo-
nent or full-scale structure. The ongoing research work is focusing on
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Fig. 2. Bilinear traction-separation law.

three different but connected aspects needed for a correct simulation of
the fatigue behavior of post-buckled composite structures: the evalua-
tion of the local stress ratio, the definition and implementation of a new
damage constitutive model and the development of a fatigue damage
initiation criterion (Fig. 1).

As stated in the introduction, most of the available numerical models
are based on the envelope load method, where the local stress ratio is
assumed to be equal to the applied load ratio along the crack front
during the propagation of the damage. However, especially for the
analysis of structures in the post-buckling regime, this hypothesis is
proven not to be applicable and numerical approaches able to take this
phenomenon into account are needed. To address this issue, a meth-
odology, called “Min-Max Load Approach” is developed to calculate the
local stress ratio during a fatigue analysis and is described in this paper.

Regarding the fatigue damage model, most of the formulations based
on cohesive elements depend on parameters that have to be determined
by calibration and comparison with experimental results and are only
valid for specific load ratio and mode-mixity. A novel fatigue constitu-
tive model able to overcome these issues is currently under development
and will be later combined with the “Min-Max Load Approach”. Since
the proposed methodology for the evaluation of the local stress ratio can
be used together with any fatigue damage model, an existing model
taken from literature is employed in this paper, introducing some
modifications required to implement the numerical approach.

Finally, although cohesive elements are in principle capable of
modelling fatigue damage initiation, there is no established methodol-
ogy or criterion in literature able to predict the occurrence of fatigue
damage in a pristine structure. Different approaches are currently under
consideration to identify the location of fatigue damage initiation where
cohesive elements have to be placed and to estimate the number of cy-
cles needed for the damage to propagate.

The integration of these three different approaches in a single nu-
merical methodology will allow to take a significant step towards the
developing of cohesive model based numerical tools. These tools will
help in reducing the number of tests required for the design and certi-
fication of structures in composite materials able to work safely in the
post-buckling regime.

3. Theoretical background

In this section, at first, the theoretical background of the cohesive
constitutive model for quasi-static and fatigue crack propagation anal-
ysis adopted in the proposed numerical methodology is summarized
together with the modifications needed to calculate the crack growth
rate in presence of variable local stress ratio. Then, the idea and the
actual implementation of the “Min-Max Load Approach” for the evalu-
ation of the local stress ratio are described in detail.
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Fig. 3. “Min-Max Load Approach” applied to a Double Cantilever Beam.

3.1. Fatigue cohesive model

Cohesive elements have been widely used to model delamination
propagation under quasi-static or impact loading conditions. A bilinear
traction-separation law is assumed, where the stress at the interface
follows a linear increase up to the interface strength of the material, o,
and then starts to decrease up to the complete failure of the element. The
area under the traction-separation law represents the critical energy
release rate of the material, G.. The constitutive response is graphically
illustrated in Fig. 2.

The interface degradation is driven by a damage parameter which
depends on the opening displacements of the cohesive element, as
shown in equation (1):

f __ A0

@ -2
where 1 is the cohesive equivalent displacement, A’ is the damage onset
displacement and A is the cohesive displacement at failure. The scalar
damage parameter, d, represents the overall damage in the material and
is related to the ratio between the dissipated energy due to the damage
and the fracture toughness of the material.

In presence of fatigue loading conditions, the constitutive model can
be extended taking into account the variation of the damage parameter
with the number of cycles which can be expressed as a sum of a quasi-
static damage rate (dds/0N) and a fatigue damage rate (ddy/0N) as
illustrated in equation (2):

od dd,  ods

The term related to the damage created by static overloads (dds/0N)
develops according to equation (1), while several formulations can be
found in literature for the calculation of the fatigue damage rate (dd;/
ON). As stated in the previous section, for the purpose of this work the
choice of the constitutive model is not relevant since the proposed
methodology can be integrated with any cohesive fatigue formulation.
In this work, the following equation is adopted [17]:

ad; 1 [A(1—d)+dA"” da 3
NTle AN N ®
where ¢z is the length of the cohesive zone and da/dN is the crack
growth rate.

The crack growth rate is evaluated using a semi-empirical fatigue
delamination growth law which allows, with a single formula and three
independent material parameters, to calculate the crack growth rate
taking into account changes in the mode-mixity and in the local stress
ratio [30]. The main assumption is that the local stress ratio and the
mode-mixity only affect the slope of the crack growth rate curve (da/dN)

as a function of the normalized energy release rate (Gpqx/G.), as shown
in equation (4):

bor —hgp
i - |: Ginax :|('*Rumz)l+a(we ’

dN Ge(p) @

where C, bg; and h are material dependent parameters, ¢ is the mode-
mixity (¢ = Giimax/Gmax) and Gpayx is the peak value of the energy
release rate, defined as the sum of the maximum value of energy release
rate mode I (Gpnax) and mode II (Gimay):

Grax = Gimax + Girmax (5)

The parameter a(¢p) is function of the mode-mixity and of the frac-
ture toughness G¢(¢):
Ge(p) — Gie
a(p)=——"—F— (6)
@) Guc — Gic
The mixed-mode fracture toughness is evaluated using the formula
proposed by Benzeggangh and Kenane [31]:

Ge(p) =Gic + (Guc — Gic)o'" )

where 7 is an experimentally determined coefficient.

A cycle-jump strategy is employed in the fatigue model to save
computational resources, meaning that not all the cycles of the loading
history are simulated. The increment in the damage parameter after a
cycle-jump can be calculated as reported in equation (8):

od’ Adipax
LAN; with AN; = —2% _ (€)]

ON 301,!
mlax N

where &’ 4n; is the damage variable at integration point J at cycle
Ni i aNis &’; is the damage variable at integration point J at cycle N, o’/
ON is the damage rate at integration point J at cycle N; evaluated using
equation (3), and AN; is the number of cycles that can be jumped. The
value of AN; is calculated to ensure that the maximum increment in the
damage variable among all the integration points after each cycle jump
is below Adpg, a parameter defined by the user, representing the
sensitivity of the analysis.

dt'J+AN; = d[j +

3.2. Min-Max Load Approach

The analysis of fatigue crack propagation under constant amplitude
loads is usually performed using the envelope load method which con-
sists in simulating a constant load equal to the maximum load during the
fatigue cycle and taking into account the load variation within the
damage model using the applied load ratio. The main assumption in
using this approach is that the stress state at the crack tip changes,
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Fig. 4. Flowchart of the operations within the UMAT subroutine.

during each load cycle, in exactly the same way as the applied load. This
implies that the local stress ratio is equal to the applied load ratio. While
this assumption could be realistic for fatigue crack propagation in some
cases, there are several situations where the applied load ratio differs
from the local stress ratio, which can also change during the crack
propagation and along the delamination front [23]. As an example,
when a stiffened panel oscillates between pre- and post-buckling con-
ditions during the fatigue cycle, due to the large variation of the panel
deformed shape between the minimum and maximum load, the value of
the local stress ratio is not equal to the applied load ratio and cannot be
predicted in advance.

The proposed numerical methodology called “Min-Max Load
Approach” allows to evaluate the local stress ratio during a fatigue crack
propagation analysis. To calculate the local stress ratio it is necessary to
know the stress state of the structure when it is subjected to the
maximum and to the minimum load of the fatigue cycle. In this meth-
odology, a single FE analysis with two identical models representing the
same structure but with different constant applied loads is performed.
One model analyzes the structure with the applied load equal to the
minimum value of the fatigue cycle, while the other one the structure at
the maximum load. The two FE models are discretized so that each
element belonging to one configuration, the maximum or the minimum
load, has the same element number of the corresponding element on the
other configuration, with a constant offset. This technique allows to
identify during the analysis to which model the element belongs. The
main idea of the approach, applied to a DCB specimen, is schematically
illustrated in Fig. 3.

The two models exchange information between each other to eval-
uate the local stress ratio and to perform the fatigue calculation. In
particular, the minimum value of the energy release rate at the crack tip
due to external loading is extracted from the model subjected to the
minimum load during the fatigue cycle and is transferred to the model
representing the structure at the maximum load. The knowledge of the
minimum and maximum value of the energy release rate allows to
calculate the local stress ratio for each element on the delamination
front and to evaluate the crack growth rate using equation (4). The crack
growth rate is then related to the increment in the damage variable of
the cohesive elements using a fatigue cohesive model. Indeed, one of the
advantages of the proposed approach is that it can be used in conjunc-
tion with any constitutive model. Once the fatigue calculations are
performed, the increment in the damage state of the cohesive elements is
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Fig. 5. Single-stringer compression specimen: geometry (dimensions in mm).

sent to the elements of the minimum load configuration to ensure that
both models have the same representation of the crack.

The “Min-Max Load Approach” is implemented inside the FE code
ABAQUS using a User Material Subroutine (UMAT) [9], written in
Fortran language, which allows to define a completely user-defined
material behavior and to share the information between the two
models. The flowchart of the operations performed within the UMAT is
shown in Fig. 4.

During the analysis for each load increment, at first, the element
number of the integration point under consideration is used to identify
to which model the element belongs. If the element is part of the min-
imum load configuration, after the cohesive displacements are updated,
the value of the damage parameter is acquired from the corresponding
element in the other configuration, the stresses are updated and the
calculation of the energy release rate is performed. If, on the contrary,
the element is part of the maximum load configuration, the damage
variable and the stresses are updated, then the energy release rate is
calculated and, using the minimum value of the energy release rate
taken from the corresponding element of the other configuration, the
local stress ratio is evaluated and used to perform the calculation of the
crack growth rate using equation (4). The exchange of variables between
the two models is carried out using a COMMON BLOCK, a Fortran-
specific tool which allows to transfer information between subroutines.

The methodology has been preliminarily validated in Refs. [24,25]
for fatigue crack propagation under pure mode I and mixed-mode con-
ditions performing numerical simulations on 2D plane strain models of
DCB and MMB specimens. It has then been adopted to analyze a spec-
imen similar to the MMB but with modified loading conditions such as to
produce a variable local stress ratio different from the applied load ratio.
Comparisons with an analytical model based on the corrected beam
theory have demonstrated the ability of the approach to predict the local
stress ratio and the fatigue damage propagation without providing any
information on the applied load ratio in the constitutive model. The
developed “Min-Max Load Approach” is extended here to 3D cohesive
elements to enable the simulation of fatigue crack propagation in a
larger specimen with a higher degree of complexity subjected to cyclic
compressive loads between pre- and post-buckling conditions, the SSC
specimen. This is the type of application in which the knowledge of the
local stress ratio is crucial for the evaluation of the crack growth rate.

4. Single-stringer compression specimen

The numerical approach described in the previous section is applied
here to analyze a SSC specimen with an initial skin-stringer delamina-
tion. At first, the geometrical and FE models are introduced, and the
results of a quasi-static analysis are presented. Then, the “Min-Max Load
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Table 1

Material properties of IM7/8552.
Property Unit Value
E; [MPa] 150,000
Ez [MPa] 9080
G2 [MPa] 5290
Ni2 0.32
Gic [kJ/m?] 0.277
Gac [kJ/m?] 0.788
n 1.63

POTTING UX=UY=UZz=0

A‘{/ Tie Constraints

POTTING
uy=Uz=0

APPLIED LOAD

Fig. 6. Single-stringer compression specimen: finite element model and
boundary conditions.

Approach” is adopted to simulate the evolution of the skin-stringer
separation when the specimen is subjected to a cyclic load between
pre- and post-buckling condition. For both quasi-static and fatigue an-
alyses, the numerical results are compared with data of an experimental
campaign previously conducted.

4.1. SSC specimen description and FE model

The SSC specimen consists of a skin co-cured with an omega-shaped
stringer. An initial delamination is induced in the center of the specimen
using a Teflon film placed between the skin and a stringer flange during
manufacturing. The geometrical characteristics of the specimen are
displayed in Fig. 5.

The skin is made of 8 plies of carbon-epoxy IM7/8552 with the
stacking sequence [45/90/-45/0];, while the stringer has 7 plies with
the layup [-45/0/45/0/45/0/-45]. The ply thickness is 0.125 mm. The
material properties taken from Ref. [29] and adopted in the numerical
analyses are shown in Table 1.

The SSC specimen is discretized in the FE code ABAQUS [9] using
continuum shell elements (SC8R) with a size of approximately 2 mm. A
layer of zero-thickness cohesive elements (COH3D8) is placed in the
areas potentially involved in the delamination growth between the skin
and the stringer flange where the Teflon film is located. In the initially
delaminated region where the Teflon film is located, no cohesive
element is positioned while a contact condition is enforced between the
skin and the stringer flange to avoid elements compenetration. A finer
discretization is adopted in a 40 mm region on the upper and lower side
of the skin-stringer separation with an element length of 0.05 mm in the
propagation direction. To reduce the total number of elements and
decrease the computational times, the stringer flange and the portion of
the skin below the stringer flange where the Teflon film is located are
connected to the surrounding part of the structure using tie constraints.

Two references points, one at each end of the specimen, are defined
and rigidly connected to the nodes located on the edges to uniformly
apply the load. All the degrees of freedom are blocked for the reference
points on the encased end of the specimen, while on the opposite end the
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Fig. 7. Comparison between numerical and experimental quasi-static load-
displacement curves.

specimen is allowed to move only along the longitudinal axis. The
potting is numerically simulated constraining the lateral and out-of-
plane displacements of the nodes and allowing them to move along
the axial direction. The details of the FE model and the boundary con-
ditions are illustrated in Fig. 6.

The nodal coordinates of the model are perturbed using the dis-
placements obtained from an eigenvalue buckling analysis. The dis-
placements are scaled to a maximum value of 0.01 mm and added to the
nodal coordinates to promote a smooth transition through the buckling
bifurcation point and to avoid convergence issues.

4.2. Quasi-static analysis

At first, a quasi-static analysis is performed applying a compressive
load to the reference point. The force versus displacement curve is
presented in Fig. 7 and compared with the experimental data [29].

The trend of the numerical results in Fig. 7 is similar to the experi-
mental data, although the predicted stiffness is slightly higher and the
maximum load is lower. These differences may be due to a combination
of multiple factors, such as the geometrical imperfections of the test
specimens, the alignment of the loaded surfaces or the boundary con-
ditions assumed for the potting. Furthermore, the interface properties
adopted in the numerical analysis are experimentally evaluated ac-
cording to the ASTM standard using DCB or MMB specimens with
delamination positioned between 0° plies, while, in the tested speci-
mens, the skin-stringer separation is located between —45° and 45°
plies, resulting in much higher values of the fracture toughness.

In the numerical analysis, the skin-stringer delamination starts to
propagate around an applied load of 18.5 kN. After this point the
propagation rapidly becomes unstable and the analysis terminates at 20
kN when the delamination reaches the boundary of the finer cohesive
elements area. In Fig. 8, the out-of-plane displacements at different
applied loads are presented together with the damage state of the
cohesive elements at the end of the quasi-static analysis.

Comparing Fig. 8a and b, it can be observed how, due to the prop-
agation of the skin-stringer delamination, the skin is forced to buckle in a
single half-wave mode, while in the opposite side the skin buckles in a
three half-waves mode. The growth of the delamination is not sym-
metrical but rather tends to grow more on the upper side, as it can be
noted in Fig. 8c where the cohesive elements completely damaged are
reported in red.

4.3. Fatigue analysis

The experimental fatigue tests performed on the SSC specimen in
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Fig. 8. Out-of-plane displacements of SSC specimen at: a) 16.5 kN; b) 20 kN. c) Cohesive damage state at 20 kN.
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Fig. 10. “Min-Max Load Approach” applied to the SSC specimen.

Ref. [29] were conducted cycling the specimen between pre- and
post-buckling conditions. The reason why the “Min-Max Load
Approach” is essential for the analysis of this problem is graphically
illustrated in Fig. 9.

Two points A and B located on the delamination front of the skin-
stringer separation, due to the changing in deformed shape in the
post-buckling regime, locally experience two different load oscillations.
This results in two different local stress ratio both different from the
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Table 2
Fatigue parameters for IM7/8552.
Parameter Unit Value
c [mm] 3.51E-2
bor 14.05
h 1.47

applied load ratio. It is evident that using the applied load ratio to
calculate the crack growth rate would results in an incorrect prediction
of the damage propagation. Indeed, the local stress ratio is not only
different for each point along the crack front, but it changes during the
analysis due to the propagation of the delamination which modifies the
post-buckling shape of the specimen. On the other hand, the applied
load ratio is constant and its value is not equal to the local stress ratio in
any point.

The experimental fatigue tests were conducted cycling the specimen
between 2.3 kN and 23 kN. The same load cycle cannot be adopted in the
numerical analysis otherwise the maximum load would exceed the nu-
merical quasi-static ultimate load, resulting in a complete separation of
the skin from the stringer in the first load cycle. For this reason, the
numerical fatigue analysis is performed with a maximum load of 18 kN,
right before the beginning of the unstable propagation in the quasi-static
analysis, and an applied load ratio of 0.1.

The “Min-Max Load Approach” is implemented discretizing two
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U, u2
+2.471e-03
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-1.207e-03
-3.046e-03

-1.040e-02
-1.224e-02
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-1.592e-02
-1.776e-02
-1.960e-02

b)

U, U2
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-1.816e+00
-2.401e+00
-2.985e+00
-3.570e+00
-4.155e+00
-4.740e+00

b) ©)

Fig. 12. Out-of-plane displacements at maximum load and delamination front after: a) 5000 cycles; b) 7800 cycles; c¢) 8100 cycles.

+1.000e+00
+9.167e-01
+8.333e-01

+5.833e-01
+5.000e-01
+4,167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

b)

Fig. 13. Distribution of the state variable related to the local stress ratio at: a) first cycle; b) 10,000 cycles.

identical models of the SSC specimen, one subjected to the maximum
and one to the minimum load of the fatigue cycle. The sequence of op-
erations performed during the analysis, according to the procedure
described in section 3.2, is graphically explained in Fig. 10.

The fatigue parameters adopted to calculate the crack growth rate
according to equation (4) are taken from literature and reported in
Table 2 [30].

In Fig. 11 the deformed shapes of the two configurations are shown
at the beginning of the fatigue analysis.

The specimen oscillates between pre- and post-buckling conditions in
each load cycle. During the simulation, as the skin-stringer separation
advances, the out-of-plane displacements increase and the specimen
jumps through different buckling modes. The deformed shapes of the
maximum load configuration with the out-of-plane displacements
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a)

Fig. 14. Comparison between numerical and experimental out-of-plane dis-
placements: a) Min-Max Load Approach at 10,000 cycles; b) digital image
correlation at 11,850 cycles.

b)

contour plot are shown with the corresponding evolution of the skin-
stringer separation in Fig. 12 at different load cycles.

Initially (Fig. 12a), the skin buckles in three half-waves mode on both
sides of the specimen. After about 7800 cycles (Fig. 12b) the portion of
the skin on the opposite side of the delamination reverses its buckling
direction, while under the delamination the skin starts to shift into a
single half-wave mode. Then, at around 8100 cycles (Fig. 12c) the
growth of the delamination between skin and stringer causes the stringer
flange to snap from a single half-wave mode to a two half-waves buck-
ling mode.

The propagation of the delamination is clearly affected by the
sequence of buckling events which themselves are influenced by the
growth of the delamination. The delamination grows slowly in the first
7000 cycles, then, the changes in the buckling mode shape leads to an
increase in the crack growth rate. The analysis is terminated after 10,000
cycles because at that point one of the delamination fronts has reached
the end of the refined cohesive zone.

During the fatigue analysis, within the UMAT, the value of the local
stress ratio for each cohesive element is stored in a state variable. In
Fig. 13, the distribution of the state variable corresponding to the local
stress ratio is shown at the first cycle and at the end of the analysis, after
10,000 cycles.

Since the specimen oscillates between pre- and post-buckling con-
ditions during the fatigue cycle, the cohesive stress is almost zero in the
minimum load configuration and then the local stress ratio is close to
zero. Without using the “Min-Max Load Approach” it would not have
been possible to capture this behavior and a constant value of 0.1 equal
to the applied load ratio would have been assumed for all the cohesive
elements throughout all the analysis.
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Comparisons in terms of deformed shape and delamination length
with experimental digital image correlation data and ultrasonic scan
taken from the skin side of the specimen are reported in Fig. 14 and
Fig. 15, respectively.

In Fig. 14, the numerical out-of-plane displacement distribution at
the end of the fatigue analysis can be qualitatively compared to the
experimental observations. The side of the skin where the delamination
is located buckles in a large single half-wave shape due to the propa-
gation of the skin-stringer delamination, while on the opposite side the
skin presents a three-half waves mode shape. The comparison with
experimental data shows an excellent agreement in terms of post-
buckling mode shape.

In Fig. 15, the final length of the skin-stringer delamination predicted
by the numerical simulation, compared with the value measured
experimentally, shows that the developed approach is able to capture
the evolution of the damage propagation, although it should be taken
into account that the numerical analysis is performed at a lower
maximum load with respect to the experimental test. Clearly, for a real
comparison it is necessary to improve the quasi-static model by exper-
imentally characterizing the interface between the skin and the stringer.

5. Conclusions

In this paper, the behavior of a single-stringer composite specimen
with an initial delamination subjected to post-buckling compressive
fatigue load has been numerically investigated using an innovative
approach, called “Min-Max Load Approach”. The methodology, in a
single finite element analysis, simulates the structure at the maximum
and minimum load of the fatigue cycle, allowing to capture the actual
value of the local stress ratio. The results of the numerical analysis have
proven to be consistent with the data obtained from an experimental
campaign previously performed, showing the potentialities of the pro-
posed approach, although the numerical simulation has been conducted
at a lower maximum load with respect to the experimental test. Further
experimental data is required to correctly characterize the quasi-static
and fatigue damage propagation of the considered interface.
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