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Flange Delamination Prediction in Composite Structures
with Ply Waviness
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A fracture-mechanics-based delamination prediction strategy for load-carrying composite structures is pro-
posed. This strategy relies on the knowledge of failure modes and local structural details to predict failure based on
coupon-level test data. The methodologypresented effectively predicted delamination initiation of a composite hat
stringer based on fracture toughness test data. In addition, ply waviness was identi� ed as a critical factor in� uenc-
ing the delamination failure load. The � nite element modeling technique was used to model the skin-� ange region,
which included the ply waviness effect. The � nite element analysis results were used to calculate the total strain
energy release rate and its mode I and II components. The � nite element analysis predicted unstable delamination
growth for positive waviness angles and stable delamination growth for negative waviness angles. The same trends
for the relationship between ply waviness angle and the critical load for delamination initiation were observed in
the pull-off specimens previously tested. The predictions captured the trend of the test results.

Introduction

A DVANCED composite structures are being developed as pri-
mary structures for next generation aircraft and rotorcraft for

weightand cost savingsand other gains related to the use of compos-
ites. However, the cost savings cannot be realized by directly adopt-
ing the building block approach for isotropic materials to compos-
ite structures because an enormous amount of testing is required to
certify the composite structures.A change in ply orientationscould
render most of the test results useless. The versatility of composite
materials also exhibits multiple failure modes unique to composite
structures, such as delamination and matrix cracking. Any attempt
to predict failure in compositestructureswithout taking into account
individual failure modes will not be able to go beyond curve � tting
test data.

One of the failure modes observed in advanced composite struc-
tures is skin-stiffener debonding or delamination induced by skin
buckling (Fig. 1). The � ange delamination shown in Fig. 1 is one of
many failure modes that the structural analyst must check. An ex-
ample is the skin-� ange debonding/delaminationof a compositehat
stringer developed for tiltrotorwing and fuselage applications.1 Hat
stringer pull-off tests were performed to simulate the delamination
failure mechanism in the skin-� ange region (Fig. 2).2

A fracture mechanics approach with a mixed mode delamina-
tion criterion accuratelypredicted pull-off loads.2 The secret to this
success is an analyticalmethodology that takes into account the as-
manufacturedlocal details of each individualspecimen, such as ply
termination, resin pockets, and ply waviness at the critical location.
However, this level of detailed analysis may not be practical in the
design process in industry. It is also not necessary once the dom-
inant factor affecting failure initiation is identi� ed. The waviness
angle at the delamination initiation location was identi� ed and ana-
lyzedusing the mixed-mode split (MMS) local � nite elementmodel
con� guration.3 The MMS con� gurationis similar to the well-known
double cantilever beam (DCB) test, but with only one of the beams
under loading (Fig. 3).

The local � nite element model of the MMS con� guration cap-
tured the ply waviness effects on the delamination initiation and
associated critical load and illustrated that very small angles corre-
sponding to a modest amount of ply waviness at the delamination
front lead to signi� cant changesin the delaminationinitiationloads.
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However, the ply waviness effect is much more pronounced on the
delamination initiation load for the MMS than the pull-off load for
the pull-off specimen. Hence, the MMS con� guration could not be
used to predict the skin-� ange delamination directly.

In this paper, the skin-� ange delamination initiation issue (due
to pull-off loads) is further studied, and a prediction strategy is
presented. The analytical predictions are developed based on an
idealized model, but included the ply waviness effect.

Failure Prediction Methodology
The failure modes observed in the pull-off tests2 were domi-

nantly delaminationbetween skin ply and � ange ply starting from a
resin crack for the cocured toughenedepoxycomposite skin stringer
(Fig. 4). For cobondedskin stringers,bothdebondingat the bondline
or delaminationin the skin plies are possible failure modes (Fig. 5).
The analysis is applied to the failure mode shown in Fig. 4, but it
is also applicable to the failure modes shown in Fig. 5 with some
modi� cations.

Fracture Mechanics Approach
The failure modes shown in Figs. 4 and 5 are best analyzed by a

fracture mechanics approach.The failure mode shown in Fig. 4 in-
dicates a resin crack is formed precedingthe delaminationinitiation
and growth that fails the pull-offspecimen.Hence, it is assumed that
a crack has formed in between the resin pocket and the ply termina-
tion before delamination initiation and growth. The failure predic-
tion in this case is simpli� ed to the predictionof delaminationinitia-
tion and growth. The strain energy release rate is most often used to
analyze composite delaminations. The strain energy release rate is
the measure of the loss of strain energy as new delaminationsurface
area is created. Delaminations are typically mixed-mode-fracture
phenomena, consistingof a combinationof an opening mode I, due
to interlaminar tension, a sliding shear mode II, due to interlaminar
shear, and a scissoring shear mode III, due to antiplane shear. The
total strain energy release rate GT consists of contributions due to
openingmode fractureG I , slidingshear fractureG I I , and scissoring
shear fracture G I I I . Hence, GT =G I + G I I + G I I I . Test methods
have been proposed in the past to characterize fracture toughness in
each of the three delaminationmodes. A comparison of the delami-
nation onset strain energy release rate or fracture toughness among
the three delamination modes is given in Ref. 4. For the symmetric
balanced layups consideredhere, the extension–twist and bending–

twist couplings are negligible.Hence, under the plane loading state
introduced here, G I I I =0, GT =G I + G I I , and the delamination
initiation is governed by GT and mixed-mode ratio (G I I / GT ). To
implementthe fracturemechanicsanalysis,a � nite elementmodel is
required to calculate GT and G I I / GT . Delamination initiates when
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Fig. 1 Skin buckling-induced � ange-skin debonding.

Fig. 2 Hat-stringer pull-off test.

Fig. 3 MMS con� guration.

Fig. 4 Skin-� ange delamination failure mode.

a) Debonding failure

b) Matrix crack and delamination failure

Fig. 5 Other skin-� ange debonding or delamination failure modes.

Fig. 6 Development of mixed-mode criterion.

the applied GT reaches the material fracture toughnessG c at the ap-
plied mixed-mode ratio. To sum up into a mathematical expression,

GT (G I I / GT ) = G c(G I I / GT ) (1)

For the pull-off tests, GT is proportionalto the square of the applied
load P , that is,

GT = k P2 (2)

where k is the constant of proportionality determined from the � -
nite element analysis. Hence, the critical load Pc at delamination
initiation is calculated as

Pc =
p

G c / k (3)

Mixed-Mode Fracture Toughness
Figure 6 demonstrates the development of the mixed-mode frac-

ture toughness data. The data for IM7/E7T1-2 graphite/epoxy uni-
directionalcompositesshown in Fig. 6 were generatedfrom a round
robin series of interlaboratory tests conductedwithin the American
Society for Testing and Materials Committee D-30 on composites.
The average mixed-mode fracture toughness along with the scatter
ranges is plotted against the mixed mode ratio G I I / GT . When the
mixed-mode ratio is zero, the toughnessvalue is the mode I fracture
toughness G I c obtained from the DCB test. Pure mode II corre-
sponds to the mode II fracture toughness G I I c obtained from the
end notch � exure (ENF) test. In between these extremes, the mixed
mode bending (MMB) test5 was used to generate the mixed-mode
toughness values. An equation resulting from a regression cubic
curve � t to these test data de� nes the mixed-mode delamination
fracture toughness for each mixed-mode ratio. The cubic � t to the
data shown in Fig. 6 is given by

G c = M0 + M1(G I I / GT ) + M2(G I I / GT )2 + M3(G I I / GT )3 (4)
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Fig. 7 Mode I and II strain energy release rates.

where the � tting parameters are M0 =167.49 Jm ¡ 2, M1 =439.65
Jm ¡ 2 , M2 = ¡ 688.98 Jm ¡ 2 , and M3 =2207.5 Jm ¡ 2, respectively.
The discrepancies in M1– M3 between here and Ref. 3 are in the
location of the decimal point only, which is the result of the dif-
ferences in unit de� nition for (G I I / GT ). The unit of (G I I / GT ) in
Eq. (1) of Ref. 3 is in percentage (% or G I I / GT £ 100) instead of
(G I I / GT ).

Strain Energy Release Rate Components
As the preceding sections demonstrated, two of the three quan-

tities, GT , G I , and G I I , need to be determined from � nite element
analysis.The virtual crack closure technique(VCCT)6 is often used
in numericalmethods to calculatethe strain energyreleaserate com-
ponents.The VCCT uses the nodal forces ahead of the delamination
front and the displacementsbehind the front to determine the strain
energyreleaseratecomponents.A simple formulafor calculatingthe
strain energy release rate components for a two-dimensional four-
node element was given by Rybicki and Kanninen7 and is brie� y
describedhere for completeness.This formula uses the forces at the
crack tip and the relative displacements of the crack faces behind
the crack tip to calculate the mode I and II components. The strain
energy release rate components can be calculatedfrom the work re-
quired to close the delaminationby oneelement length n a (Fig. 7) as

G I =
Fy j d yi

2n a
(5)

G I I =
Fx j d x i

2n a
(6)

where Fx j and Fy j are the forces in the x direction and y direction
at node j and d xi and d yi are the relative crack face displacements
between nodes i and i 0 , located at a distance n a behind the crack
tip in the x direction and y direction, respectively.

Finite Element Analysis
The skin and � ange are assumed to consist of 10 § 45-deg plies

each of IM7/E7T1-2 graphite/epoxy tape. The material properties
for unidirectional IM7/E7T1-2 lamina and E7T1-2 neat resin are
given in Table 1. The transverseshear modulus G23 is assumed to be
G23 =V f £ G12 =0.6 £ 5.52 =3.31 GPa, and Poisson’s ratio m 23 is
calculated from m 23 =(E22 /2G23 ¡ 1) =0.46, where V f is the � ber
volume fraction. In the followingcross section modeling, the three-
dimensional lamina properties are converted to two-dimensional
cross section properties using the classical lamination theory. For
simplicity, the §45 layups are converted into two-dimensional or-
thotropic cross section properties given in Table 2, where subscript
x denotes the in-plane coordinate axis and y denotes the through-
thickness local coordinate axis.

Finite Element Models
A typical � nite element model of the skin-� ange region on one

side of the hat stringer is shown in Fig. 8. The critical region where
the delamination initiates is at the skin-� ange built-up area on ei-
ther side of the stiffener.Hence, only a section of the skin and � ange
on one side of the hat stringer is modeled. A statically equivalent
clamped boundary condition is placed at the cutoff location. As
shown in Fig. 8, the lengths of the skin region, the tapered region,

Table 1 IM7/E7T1-2 lamina properties

Material Property

IM7/E7T1-2 E11 = 163 GPa (23.6 msi)
E22 = E33 = 9.65 GPa (1.4 msi)
G12 = G13 = 5.52 GPa (0.8 msi)

m 12 = m 13 = 0.33
Ply thickness h = 0.214 mm (0.00843 in.)
E7T1-2 resin E = 3.45 GPa (0.5 msi)

m = 0.41

Table 2 IM7/E7T1-2
cross-section properties

Property Value

Ex x 19.7 GPa (2.85 msi)
Eyy 11.7 GPa (1.7 msi)
Gx y 4.42 GPa (0.64 msi)
m xy 0.104

Fig. 8 Finite element model of the skin and � ange.

and the � ange region are denoted as L1 , L2 , and L3, respectively.In
this study these lengthdimensionsare assumed to be L1 =25.4 mm,
L2 =12.7 mm, and L3 =12.7 mm. Figure 9 shows the materials
property sets at the critical location,where the shaded triangles rep-
resent resin pockets and the darkest inclined rectangle region rep-
resents ply waviness. A closeup look of the deformed shape at the
criticallocationillustratesthe resincrackanddelaminationas shown
in Fig. 10. The � nite element mesh consists mostly of four-noded
quadrilateralshell elements (CQUAD4). The point circles in Fig. 10
denote double nodes with � xed multipoint constraints. The multi-
point constraintswere released systematicallyto calculatethe strain
energy release rate componentsas a functionof delaminationlength
a. Convergence was evaluated by re� ning the elements around the
delamination tip region. There were no signi� cant changes in the
calculatedmode I and II strain energy release rate components from
an initial element length of one-half of a ply thickness down to a
quarter of a ply thickness. Subsequently, a half-ply thickness ele-
ment length was used in the delamination tip region for all of the
models.

The rectangular coordinate system at the corner of Figs. 8 or
9 is the global coordinate system, whereas the rotated rectangle
coordinate system at the tip of the tapered region is the local coor-
dinate system. The ply waviness angle is de� ned as the minimum
anglerotated(counterclockwisepositive) from the local x axis to the
global x axis. The positive ply waviness angle is shown in Fig. 9.
The modes I and II strain energy release rate components for the
inclined delamination are calculated from

G I = (1/ 2n a)
¡
Fy j d yi cos2 a + Fx j d xi sin2 a

¢

+ (1/2n a)(Fyj d xi + Fx j d yi ) sin a cos a (7)

G I I = (1/2n a)
¡
Fy j d yi sin2 a + Fx j d x i cos2 a

¢

¡ (1/2n a)(Fyj d xi + Fx j d yi ) sin a cos a (8)

where a is the ply waviness. The forces and displacements in
Eqs. (7) and (8) are in terms of global coordinates.
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Fig. 9 Material property sets for the skin-� ange region.

Fig. 10 Deformed shape of crack and delamination.

Fig. 11 Mode I strain energy release rate.

Strain Energy Release Rate
The total strain energy release rate and mode I and II components

are calculated for three different ply waviness angles under an as-
sumed load P / 2 =1.75 kN/m (10 lb/in.). These waviness anglesare
4.8, 0, and ¡ 4.8 deg. The mode I and II components G I and G I I ,
the total strain energy release rate GT , and the mixed mode ratio
G I I / GT are plotted in Figs. 11–14, where â is the projectionof de-
lamination length a to the global x axis. As the ply waviness angle
changes from negative ( ¡ 4.8 deg) to positive (4.8 deg), Figs. 11–13
indicate increasing mode I, mode II, and total strain energy release
rate, whereas Fig. 14 shows decreasingmixed-mode ratio G I I / GT .
Hence, as the ply waviness angle increasesfrom ¡ 4.8 to 4.8 deg, the
delamination initiation load decreases. As the delamination length
increases, the mode I and II strain energy release rate components

Fig. 12 Mode II strain energy release rate.

Fig. 13 Total strain energy release rate.

and the total strain energy release rate increase for 4.8- and 0-deg
ply waviness angles, whereas they decease slightly for the ¡ 4.8-
deg angle. This indicates unstable delamination growth for 4.8-
and 0-deg ply waviness angles and stable delamination growth for
¡ 4.8 deg.

Delamination Prediction
After the determination of the mixed mode ratio G I I / GT , the

corresponding critical strain energy release rate can be determined
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Fig. 14 Mode II to total strain energy release rate.

Fig. 15 Critical strain energy release rate.

Fig. 16 Critical delamination initiation load.

from Eq. (4). Figure 15 shows the critical strain energy release rate
as a function of delamination length for the G I I / GT ratios shown
in Fig. 14. This re� ects that higher G I I / GT has higher Gc . Three
schematic scatter bars are shown in Fig. 15 to re� ect the uncertainty
due to the MMB data scatter, as shown in Fig. 6.

The failure load can be determined from Eqs. (2) and (3). If the
nominalappliedload is representedby P and thecorrespondingtotal
strain energy release rate is GT , the critical load for delamination
initiation can be evaluated from

Pc =
p

Gc / GT P (9)

The critical load as a function of delamination length is plotted in
Fig. 16 for the three ply-waviness angles studied. The critical load
decreases as the delamination length increases for 0- and 4.8-deg
waviness angles, whereas it remains � at for ¡ 4.8 deg. The scatter is
smaller for the critical load as compared with the respective critical
strain energy release rate because of the square root relationship

Fig. 17 Delamination initiation loads vs ply waviness angles (degrees).

between Pc and Gc [Eq. (9)]. The coef� cient of variation for Pc is
roughly one-half of the coef� cient of variation for G c. For delami-
nation initiation prediction, the � rst set of values corresponding to
the half-ply thickness delamination length should be used.

The experimental results in Ref. 3 and the present numerical pre-
dictionsareplotted in Fig. 17.The presentnumericalanalysisclearly
captured the trend of the experimentalresults. The numerical results
seem to show a slightlymore pronouncedply wavinesseffect,which
re� ects that, at the critical location, the as-manufacturedspecimens
have smaller taper angles than the idealized models. The predicted
loads are consistantly smaller than the actual experimental loads,
which can be attributed to that the idealizedmodel has a larger resin
pocket than the as-manufactured specimens. The larger the resin
pocket, the lower the failure load should be.

Conclusion
Delamination initiation and growth was predicted for skin-

stiffener structure under pull-off type loading using a fracture-
mechanics approach. The example presented demonstrates the ef-
fective predictionof delaminationfailure using only fracture tough-
ness test data. In addition, ply waviness was identi� ed as a critical
factor in� uencing the delamination failure load. As the ply wavi-
ness angle varies from ¡ 4.8 to 4.8 deg, the failure load decreases.
The positive (including zero) waviness angle results in unstable de-
lamination growth, whereas the negative waviness angle seems to
producestabledelaminationgrowth.The presentnumericalanalysis
captures the trend of available experimental results.
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