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Abstract

A critical failure mechanism for composite skin-stiffened structures in compression is
separation of the skin and stiffener, which can be considered analogous to interlaminar
cracking. This paper presents the extension of a numerical approach developed previously
for simulating the propagation of interlaminar cracks in composite structures. The
degradation methodology was implemented in MSC.Marc, and involves modelling the
structures with shell layers connected by user-defined multi-point constraints (MPCs). User
subroutines were written that apply the Virtual Crack Closure Technique to determine the
onset of crack growth, and modify the properties of the user-defined MPCs to simulate
crack propagation. In previous work, this model was applied only to specimens with Mode
I crack growth, and two methods were proposed for handling the release of failing MPCs.
In this paper, the model and release methods are extended to handle propagation in any
crack growth mode. Numerical results applying the developed methodology are then
compared with experimental results of fracture mechanics characterisation tests for Mode 11
and Mixed Mode I-Mode II. Based on this comparison, the capability of the model to
represent delamination growth in any composite structure is demonstrated. Future work will
focus on the application of the degradation model for the design and analysis of larger and
more complex structures.

Keywords: delamination, Virtual Crack Closure Technique, end notched flexure, mixed
mode I-mode 11, propagation modelling.

1. Introduction

For stiffened structures in compression one of the most critical damage mechanisms leading
to structural collapse is detachment of the skin and stiffener. In co-cured stiffened panels
this is caused by delamination growth at or near the skin-stiffener interface, and in
secondary bonded panels usually also involves adhesive disbonding between the skin and
stiffener. In order to include the effects of skin-stiffener separation in numerical analyses it
IS necessary to capture both its initiation and propagation. This paper is focused on the
growth of an existing skin-stiffener disbond, with the prediction of damage initiation the
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subject of separate work [1]. This work is part of the European Commission Project
COCOMAT, an ongoing four-year project that aims to exploit the large strength reserves of
composite aerospace structures through a more accurate prediction of collapse [2-3].

In structures manufactured from laminated composite materials, skin-stiffener separation
can be considered analogous to interlaminar cracking, for which using fracture mechanics
to predict crack growth has become common [4-5]. In fracture mechanics, the rate of strain
energy released in crack growth is compared to a threshold called the interlaminar fracture
toughness G.. The strain energy release rate G is split into three components for the

separate mechanisms of crack growth: opening (1), sliding (I1) and scissoring (I11). The
three modes of G and G_. are usually applied in single-mode criteria or combined in a

mixed-mode criterion to determine the onset of propagation.

The Virtual Crack Closure Technique (VCCT) is a common method for determining the
components of G along a crack front [6]. The VCCT approach is based on the assumptions
that energy released in crack opening equals the work required for crack closure, and crack
growth does not change the state at the crack tip. VCCT allows crack growth to be analysed
in a single finite element (FE) analysis, and numerous researchers have applied VCCT to
analyse a range of structures, including fracture mechanics test specimens [7-8], bonded
joints [9-10], and skin-stiffener interfaces [11-13].

Analysing a structure with skin-stiffener separation also requires the disbonded area to be
grown during analysis. VCCT has been limited in this respect due to requiring element
edge lengths of the order of the ply thickness [14] and needing complicated algorithms to
monitor the crack front. An alternative approach is with cohesive elements, which are used
to control the relationship between opening stresses and displacements in an interface [15-
16]. However, cohesive elements also require a fine mesh to remain accurate, and can
become prohibitively inaccurate with larger mesh sizes, making their application to large
structures problematic. So, VCCT remains attractive for crack growth analysis as it
provides information on the exact nature of the crack front and crack growth mechanisms,
and is expected to retain an acceptable degree of accuracy with larger mesh sizes.

In this paper, an approach proposed in previous work [17] based on VCCT for the
propagation of interlaminar crack growth in a nonlinear FE analysis is further developed.
This approach involves modelling the structure with two layers of shell elements separated
by a nominal distance and joined using multiple point constraints (MPCs). At the end of
every increment, the strain energy release rates are calculated using VCCT at the MPCs on
the crack front. Upon satisfaction of a single or mixed-mode failure criterion any failing
MPCs are released, and the disbonded area is increased for the following increment.

In previous work, an approach that attempted to correlate the VCCT assumptions with the
crack front created was shown to give more accurate results than a simple fail-release
approach for mode | crack growth. In this work, the approach is extended for the analysis of
mixed-mode crack growth. Both propagation methodologies are compared to experimental
results for end notched flexure (ENF) and mixed-mode bending (MMB) tests. Based on a
comparison with the experimental results, recommendations for the future development of
the degradation model are made, especially with reference to the goal of developing an
approach suitable for the collapse analysis of fuselage-representative structures.



2. Analysis

In the modelling approach developed, nominally coincident shell layers are connected with
user-defined MPCs and offset using dummy plies, as shown in Figure 1. The user-defined
MPCs are given one of three “states”, in order to represent the different constraint
conditions within the structure. State 0 is for MPCs in the intact region, state 1 for MPCs in
the intact region on the crack front, and state 2 for MPCs in the disbonded region. User
subroutines were written to control the MPCs state in order to increase the disbonded area
during an analysis. The subroutines were written in Fortran, using the UEDINC and
UFORMSN subroutines provided in MSC.Marc (Marc) [18]. The UEDINC user subroutine
is called at the end of every increment and calculates the strain energy release rates at all
MPCs on the disbond front, then changes the state of any failing MPCs to disbonded for the
next increment. The UFORMSN is used to define the constraint matrix for each user-
defined MPC, which is set using the state of the MPC. Gap elements are overlaid with the
MPCs and are only activated throughout the analysis at the nodes of disbonded MPCs. For
further detail on the modelling approach the reader is referred to Ref. 17.

crack front
)

i
7 "
/ 5

dizhonded intact

User-defined MPCs
& state 0: intact

o state 1: intact, crack front
o state 20 dishonded

Figure 1: Crack growth modelling with user-defined MPCs

The Virtual Crack Closure Technique was used to determine the strain energy release rates
of all MPCs on the crack front. The VCCT equations accounted for arbitrary element sizes,
and an algorithm was written to determine the local crack front coordinate system from the
neighbouring crack front nodes, following recommendation given in Ref. 14. Separately, a
range of different crack front patterns was defined based on the local crack front, and
algorithms were written to apply VCCT to each of these patterns by assuming self-similar
crack growth. Figure 2 shows an example FE model with arbitrary rectangular shell
elements, where the VCCT equations are given by:

11 a
G, =—=—F, (w, —wy, )2,
1 ZAA 21( 2 2)a2
11 a
G, =—EEFX1(”2 —”z')i’ (1)

11 a
Gy = _EﬂFyl(Vz —Vy )i’

where with reference to Figure 2: G;, G, Gy are strain energy release rates in local mode I,
I1 and 111 directions; A4 is the virtual crack growth area; {F,, F,, F.}, and {u, v, w} are
forces and displacements in the local x, y and z directions; a are distances from the crack
front MPC; subscripts 0, 1 and 2 refer to values taken from MPCs of states intact, crack
front and disbonded, and; 2’ is the lower node of the MPC in the disbonded region.
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Figure 2: VCCT model with arbitrary rectangular shell elements

For determining the onset of propagation, two mixed-mode failure criteria were
implemented, in addition to the option for single-mode criteria implemented previously.
The mixed-mode criteria were the Power law and B-K criteria, and are given by:

Power law: (GI /GIC )m + (GI[ /Gnc )n + (Gm/Gmc )p =1 (2)
(G1 +G, +Gy )
(G[C + (Gnc - GIC (GII + Gm )/ (GI + G11 + GI]I )]’7 )

B-K: =1 (3)

where m, n, p and 7 are experimentally determined curve-fit parameters, and usually
m=n=p = is used. Failure is predicted to occur when the equations are satisfied, and as
such the right hand side of the equations is used as a failure index for crack growth.

The propagation method is the way in which the crack front was advanced once the crack
growth criteria were satisfied. Two different propagation methods were implemented,
outlined in Ref. 17. Propagation Method 1 (PM 1) is a fail-release approach, where each
failing MPC is simply released for the next increment. This approach was shown
previously to give conservative results in comparison with experimental mode | specimens,
as it allowed for the VCCT assumption of self-similar crack growth to be violated. This
was due to variations in the crack opening displacements based on the local crack front, and
resulted in the energy released upon crack growth not corresponding to the energy
calculated using VCCT.

Propagation Method 4 (PM 4, where PM 2 and PM 3 were previously investigated in Ref.
17 and were unsuitable in this work), compares the current local crack front shape with the
proposed shape following crack growth, and conservatively adjusts the G values to account
for any differences in assumed energy. The crack growth criteria are then reapplied to these
adjusted G values and any MPCs no longer failing are removed, and the process is
repeated. This approach was previously shown to give more accurate results in comparison
with mode | experiments. Developing this approach for mode | crack growth involved an
extensive parametric investigation to determine appropriate modification factors, f, based
on the local crack front and crack type pattern. In this work, the model was extended to all
three modes, which involved similarly extensive parametric studies on nominal mode Il and
mode Il specimens, the results of which are presented in Figure 3. In this, the crack front
pattern is the local crack front before growth consisting of a central MPC and up to two
neighbouring crack front MPCs (crack types 7, 8 and 9 are on a structural edge), and
growth types 1 and 2 correspond to the growth of 1 and 2 of the neighbouring local crack
front MPCs. It is worth noting that based on the studies the modification factors for modes
I1 and 111 were less necessary than those found previously for mode I, particularly in mode
I1, where many of the factors equalled one.
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Figure 3: Modification values for PM 4, for each crack front and growth type

3. Results and Discussion

Experimental tests

ENF tests were performed at the German Aerospace Center (DLR) to determine the mode
Il fracture toughness of the unidirectional carbon fibre prepreg IM7/8552 using the German
standard [19,20]. The specimens were cut from previously tested mode | specimens to
obtain a mode | pre-crack. Table 1 summarises the specimen details, where “//” is used to
denote the location of the delamination within the laminate. Note that in contrast to the
unidirectional laminate specified in the standard, a multi-directional laminate was used, as
multi-directional laminates find far greater application in aerospace design. A quasi-
isotropic lay-up was used that was symmetric about the central 0°//0° interface, to minimise
anticlastic curvature, which follows the recommendations given in Ref 21. The ENF test

setup is given in Figure 4(a).



Nine ENF specimens were loaded in three-point bending until the onset of crack growth, at
which point the test was stopped. The applied load and loading displacement output from
the testing machine were used to determine the experimental mode Il fracture toughness.
There was some scatter in the experimental results, as is typical for ENF specimens [22],
though the structural stiffness of all tests was very close. The results for test #2 were close
to the average for all specimens, so were used as the basis for comparison with numerical
results. The load-displacement graph for specimen #2 is given in Figure 5. For this
specimen, crack growth initiated at an applied displacement of approximately 1.43 mm, or
622 N, and the experimental mode Il fracture toughness was 517 J/mm.

MMB tests were performed at RWTH Aachen University to investigate the mixed mode I-
mode |1 properties of woven fabric prepreg 950-GF3-5H-1000 using the American standard
[23,24]. In the MMB test, shown in Figure 4(b), an end notched specimen is loaded in
three-point bending by a central roller that is connected to an end loading hinge, so that the
specimen undergoes simultaneous mode Il bending and mode | peeling crack opening. The
proportion of each loading action, the mixed-mode ratio G, / (G; + Gy) or G/ Gy, is
controlled by the distance between the load application points, known as the lever arm, c.
Three mixed-mode loading ratios were tested, 25%, 50% and 75%, with the corresponding
lever arm lengths calculated according the standard, and included with the specimen
parameters in Table 1.

Eighteen MMB specimens were tested, consisting of six tests each for 25%, 50% and 75%
nominal mixed-mode ratios. MMB specimens were loading in three-point bending until
increased loading leads clearly reduction in the reaction load of the specimen, at which
point the test was stopped. The applied load and loading displacement output from the
testing machine were used to determine the experimental total fracture toughness, which
was then split into its components using equations in the standard. The experimental results
for all tests showed very good agreement at each mixed-mode ratio, both in terms of the
structural stiffness and delamination onset load. The results for test specimens 5.5, 4.3 and
3.1 were close to the average for the 25%, 50% and 75% tests respectively, so were used as
the basis for comparison with numerical results. The load-displacement graph for the MMB
tests is given in Figure 5. Based on the tests, the experimental fracture toughness values
were used to curve-fit coefficients « and # for the Power law (assuming m = n = p = &) and
B-K criteria. Previous experimental results for pure mode I and mode 11 tests conducted at
RWTH Aachen University on the same material [23] were included in the curve-fitting
data, and the results are shown in Figure 6. Note that the experimental mixed-mode ratios
for MMB vary slightly from the nominal values.

Table 1: Geometry and material specifications for ENF and MMB tests, dimensions in mm

ENF MMB
Length, L 100 100
Width 25 25
Pre-crack a, 30 30
25%: 77.2
MMB lever arm, ¢ — 50%: 42.1
75%: 30.0
Layup [(0,90,+45,—45)25 /l (0,90,+45,—45)25] [05 1l 05]
Ply thickness 0.152 0.35
Total thickness 4.864 35
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Numerical analysis

For both the ENF and MMB tests, models were generated at four mesh densities, and were
characterised according to the element length in the direction of the crack growth: 5 mm,
2.5 mm, 1.25 mm and 0.125 mm, and are summarised in Figure 7 and Table 2. All models
consisted of a pre-crack region of only gap elements between sublaminates, a crack growth
region with the user defined MPCs, and the remainder of the structure tied with standard
pin-jointed MPCs, where the latter section typically used a coarser mesh than the crack
growth region. The support and load application for all models are given in Figure 7, where
the MMB loading rig was modelled using rigid links of approximate dimensions. Note that
in Figure 7, slight modifications were made to the ENF specimen length and MMB lever
arm distance, in order to match the initial experimental stiffness. This can be considered
similar to determining the effective support condition, and was necessary so that the
boundary condition modelling did not affect the comparison of crack growth prediction.

\\\“\ user defined MPCs:

pre-crack

¥ " region crack growth region
EMF initial crack
front location
] 13 mm B0 mm a5 mm 117 mm
I | | | |
: |
: I } f
0.002 mm . Z2(3)
offset  support roller load roller support pin
BC 3 -2 mm in 3 direction BC 123 % (1)
MMB i oy i
o = = — 59 mm G|||.-"IIGT [
o—— rigid link 25% 7T4.5
E0%% 40.5
master = slave + &
initial crack — 17 mm Th% 29.5
front location
: =
T T T load
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offset | | o3
0 4Smm  7Srmm 95 mm 145 mm (3]
support pin support roller
BC 123 BC 3 #(1y

Figure 7: ENF and MMB FE modelling, 2.5 mm model shown in top figure



Table 2: ENF and MMB model details

ENF MMB
Model [mm] 5 2.5 1.25 0.125 5 2.5 1.25 0.125
Nodes 612 798 2846 18,698 466 1660 3638 20,142
Elements 616 1033 4008 27,515 537 2057 4298 19,519
User-defined MPCs 132 132 525 3417 132 462 441 3618
Gap elements 186 341 1344 8991 162 572 903 402

The four mesh density models were run with the two propagation methods and three failure
criteria for both ENF and MMB specimens. All models were run on a 2.4 GHz Dual Core
AMD Opteron processor using the nonlinear solver in Marc, with a full Newton-Raphson
procedure applied and the Marc default tolerance of 0.1 on load residuals. The 5 mm,
2.5 mm and 1.25 mm models were all run for the full displacement loading, while the 0.125
mm models were only run up to a displacement around 0.1 mm past the crack initiation
point, to reduce run times due to the increment size being dependent on the element length.
Analysis results are presented below, where Figure 8 and Figure 9 are typical comparative
curves of applied load versus displacement for the ENF and MMB maodels, Figure 10 gives
the distribution of G along the crack front for both models, and Figure 11 shows the
deformed shape and crack length of the MMB 50% model at 3 mm applied displacement.
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Figure 8: ENF models, applied load versus displacement
(a) PM 1, Power law, varying mesh density (b) varying propagation method
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All models displayed similar behaviour regardless of propagation method, which involved
an initially linear region leading up to the initiation of crack growth, and crack growth
characterised by reductions in the load-carrying behaviour corresponding to advances in the
crack front. This behaviour was reflected in the *“saw-tooth” appearance of all load-
displacement curves, where in general the increasing and decreasing load values
corresponded to when the crack front was stationary or advancing. A curved crack front
was seen for all models, where the ENF models showed crack growth first occurring at the
edges of the specimen, whilst MMB models showed first failure in the specimen centre.
This was due to the distribution of G along the crack front, shown in Figure 10, where the
variation was due to the anticlastic curvature of the structure, which is a phenomenon for
fracture mechanics characterisation tests that is well-known both analytically and
experimentally [21,25].

In comparison with the experimental results, all models gave very good predictions of the
crack growth initiation as shown in Figure 8 and Figure 9, and were able to represent the
specimen behaviour in crack growth. In ENF testing, the applied loading is stopped at the
onset of crack growth, due to the prevalence of unstable crack growth [5]. This behaviour
was reflected in the FE models, which showed rapid crack growth up to a crack growth
length around 17 mm or applied displacement around 1.6 mm, after which crack growth
occurred at larger intervals in a more stable manner. For the MMB models, the load-
displacement behaviour in crack growth compared well with the experiment, while the
failure predictions appeared to be related to the mode-mix ratio, and were more accurate for
the 25% models, as shown in Figure 9.

For all models, reducing the element length also required a reduction in the increment size,
to ensure that the load was not increased disproportionately to the crack growth. The result
of this was that the increase in mesh density doubly penalised the total analysis time due to
the increase in both computational expense and required number of increments. However,
though the more refined models gave finer detail of the G distribution and crack front
shape, the mesh density did not significantly affect the overall structural response and crack
propagation behaviour. The application of the different failure criteria had mixed results,
with the B-K criterion giving earlier and more accurate predictions of crack growth for the
ENF models, though this situation was reversed for the MMB 50% and 75% models, and
the two criteria gave identical results for the MMB 25% models.

In terms of the propagation method, PM 1 and PM 4 gave almost identical results for the
ENF tests, which is not surprising given that the mode 1l modification factors were almost
all equal to one. For the MMB models, the use of the modification factors in PM 4 resulted
in a delay in the failure predictions of around 15%-20% for both the displacement and load
at the initiation of crack growth. This modification gave improved predictions for the 25%
and 50% models, though led to overestimation for the 75% models. In spite of this, all
models showed that the crack opening displacement after crack growth remained largely
dependent on the shape of the local crack front, and that the modification factors applied in
PM 4 continued to provide a conservative and realistic reduction of the assumed energy
released in crack growth.
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Discussion

The comparison with experimental results indicated that the accuracy of the failure
predictions was dependent on the mixed-mode ratio, where the 75% MMB models
overestimated the crack growth initiation while the 25% and 50% models gave accurate or
slightly underestimated predictions. This is related to the experimental curve-fit of the
Power law and B-K coefficients, where in Figure 6 both criteria over-predicted the G data

range for the 75% results, whilst under-predicted the 25% and 50% results. In a similar
way, the B-K criterion predicted higher G, values than the Power Law for the range of

mixed-mode ratios considered, which corresponded to later predictions of crack growth for
all MMB models. This highlights the difficulty in finding a failure criterion that remains
accurate across the range of mixed-mode loading conditions, especially considering the
variability common in fracture mechanics tests. This is further reinforced by the fact that
the coefficients from Figure 6, whilst providing a good fit of the experimental data, could
not represent the average experimental result for any of the mixed-mode data sets.

The results of this work have confirmed previous observations that the VCCT approach
developed can remain accurate for the predictions of load-carrying capacity with large
mesh sizes, which is necessary for its application to aircraft components. Further work will
focus on the analysis of “bi-material” interfaces between two dissimilar sublaminates,
which occur frequently in stiffened structure design and have been reported by other
researchers to affect VCCT calculations accuracy [14]. Separately, an approach to represent
the interlaminar damage mechanisms such as fibre fracture and matrix cracking has been
developed for application in parallel to the interlaminar damage propagation developed in
this paper. This will allow for a more complete analysis of the damage mechanisms acting
in composite skin-stiffened structures, and this approach will be further validated and
applied using the large amount of experimental results from the COCOMAT project.

4. Conclusion

A method to analyse the propagation of delaminations in composite structures has been
developed. The model was implemented for nonlinear finite element analysis using user
subroutines in Marc. In the developed approach, user-defined MPCs were applied to control
the connection of two shell element layers. At the end of every increment, fracture
mechanics calculations were performed using VCCT and any failing MPCs were released
for the next increment. Using this approach, the disbonded area could be grown during an
analysis and the structural degradation due to disbonding represented.

Numerical predictions using the degradation model with the two propagation methods were
compared to experimental results for end notched flexure and mixed-mode bending
specimens. In general, close comparison was observed for all aspects of structural
behaviour, including the load-carrying capacity, deformation and crack propagation. In
terms of the propagation methods, more realistic results were achieved by modifying the
strain energy release rate values based on the crack front created in the next increment. This
approach was shown to give more accurate results than a simple fail-release approach, as it
gave a closer relationship between the assumed and actual energy released in crack growth.
Importantly, it was also shown that the use of VCCT with relatively large elements gave
almost identical results to even a ply-thickness element length model. The future
development of the degradation model was discussed, with reference to the application of
the method to the design and analysis of skin-stiffened composite fuselage designs.
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