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Abstract

We studied the delamination behavior of L-shaped laminated composites numerically and experimentally. In finite-element
modeling, cohesive zone modeling was used to simulate the delamination of plies. Cohesive elements were inserted between
bulk elements at each interlayer to represent the occurrence of multiple delaminations. The laminated composite models were
subjected to several types of loading inducing opening and shearing types of delamination. Numerical results were compared
to those in the literature and of experiments conducted in this study. The results were carefully examined to investigate diverse
delamination initiation and propagation behaviors. The effect of varying presence and location of pre-crack was also studied.

Keywords Delamination - Curved laminate - Cohesive zone modeling - Multiple delamination

1 Introduction

Laminated composites are increasingly being used for a wide
range of applications in industries such as aerospace, auto-
motive, ship building, etc. Since one of the advantages of
composite materials is monolithic construction, bends and
curves are quite common in load bearing structural parts. One
of these shapes is L-shaped laminates commonly formed,
for example, at reinforcing ribs of hollow structures such as
wings and wind turbine blades. The laminates may be formed
from either unidirectional plies or from stacking of different
types of textile composites.

When these L-shaped laminate structural parts are exposed
to loads longitudinal and perpendicular to their legs, delam-
ination occurs at the corner angular part. The delamination
usually occurs due to development of inter-lamina tensile
stress (ILNS) because of the curvature of the bend. In general,
the resistance to delamination and other strength character-
istics of the laminate is influenced by manufacturing quality,
material properties, and geometric configurations. Issues
related to the defect during manufacturing are actively stud-
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ied by different researchers. For instance, Wijskamp et al. [1]
studied shape distortions in composite forming of L-shaped
laminates and other composite manufacturing. Ma et al. [2]
proposed strategies to reduce the defects in the manufac-
ture of contoured laminates. Other important manufacturing
parameter studied by Brillant and Hubert [3] is thickness
variation which was modeled and characterized for the case
of L-shaped out-of-autoclave laminates.

As compared to ILNS, the effect of interlaminar shear
stress (ILSS) on delamination has been relatively well studied
[4-7]. The early works done on this topic such as Martin et al.
[4,5] conducted a series of experiments and analytical work
to predict delamination onset and growth in L-shaped lami-
nates. Different methods of numerical analysis have also been
applied to predict the delamination behavior of laminated L-
shaped composites. Wimmer et al. [6,7] applied the Virtual
Crack Closure Technique (VCCT) and the Linear Elastic
Fracture Mechanics (LEFM) to predict the onset of inter-
face damage and delamination progress. Another method
employed by Gozluklu et al. [8,9] is the Cohesive Zone
Modeling (CZM), where they considered mode mixities with
initial crack. They used explicit dynamic finite-element anal-
ysis in conjunction with the CZM. In Ref. [8], the authors
considered an initial crack placed at the middle of the curved
part and mid-way between the plies. However, the deter-
mination of the location of the pre-crack was not clearly
given. Moreover, the reference did not consider the occur-
rence of multiple delaminations between different plies. In
Refs. [10,11], tests and finite-element analyses with CZM
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were performed to study the delamination behavior of curved
laminates. The predicted numerical results agreed well with
those by tests. In these studies, multiple delaminations were
considered and the effect of various cohesive properties and
analysis parameters were discussed with an emphasis on the
delamination initiation location.

We conducted analysis and experiment to investigate the
delamination behavior of thick L-shape laminated compos-
ites. First, the configuration in Ref. [8] has been taken for the
current study and was analyzed with and without an initial
crack. The present results were compared to those of the ref-
erence for validation. Then, the configuration was extended
to consider the possibility of multiple delaminations between
different plies. Parametric study was also conducted on the
location pre-crack by comparing it to the pristine case. Next,
analysis and experiment were performed for a second config-
uration to further study the multiple delamination behavior of
L-shape laminated composites. In numerical modeling, cohe-
sive elements were inserted between laminae to simulate the
initiation and propagation of delamination. The delamination
behavior under opening and shearing load was systematically
examined with a focus given on the occurrence of multiple
delaminations at the curved part under opening load.

2 Analysis
2.1 Configurations

In this study, two configurations of L-shape curved laminates
were considered. The first configuration (Config-I) shown in
Fig. 1 was taken from Ref. [8], and was used for the valida-
tion of the present modeling and to study the delamination
initiation and propagation behavior under various analysis
conditions. The Config-I has equal two arms with each hav-
ing 10 mm straight portions. The thickness and the width of
the laminate were uniform 3 and 20 mm, respectively, and the
inner radius at the bend was 5 mm. An initial crack of 1 mm
length was placed at the middle of the curved part between
plies 12 and 13 from a total of 24 plies. The location and
presence of this pre-crack were later varied for the paramet-
ric study to determine the most critical location. The plies
were unidirectional carbon/epoxy laminae. Each of the plies
had 0.125 mm thickness. The plies are stacked and numbered,
as shown in the figure, ply 1 being the bottom one on the hor-
izontal arm. The top right edge of the L-shaped laminate is
fully fixed as shown in Fig. 1. At the other edge, horizontal
(Fy, u) and vertical (Fy, v) loads were applied alternatively.

The second configuration (Config-II) considered in this
study is shown in Fig. 2 for which both the analysis and
experiment were conducted. The Config-1I has basically the
same curved shape as the Config-I but with difference in
material and dimensions. The laminate consisted of 15 tri-
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Fig.2 Curved laminate configuration II ( Config-II)

axially braided glass/epoxy composite plies. The curved part
had the inner radius of 15 mm connected with two 135 mm
straight arms. The thickness and the width of the Config-II
were 10 and 50 mm, respectively. The laminate was fixed by
4 bolts at the lower right grip part and the vertical load was
applied at the upper arm by a steel bar at 50 mm from the left
end which produces opening deformation of the curved part.
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2.2 Cohesive Zone Modeling

Cohesive Zone Modeling (CZM) is a finite-element modeling
technique in which crack propagation due to progressive sep-
aration of material interface can simulate damage of material.
In CZM, special types of cohesive finite elements are used
to simulate the discontinuity in the material. Dugdale [12]
and Barenblatt [13] are among the pioneers who suggested
the cohesive zone model to simulate the failure character-
istics of brittle materials. The finite-element CZM analysis
was first applied by Hillerborg et al. [ 14] to cracking in a con-
crete beam under bending. Later on, further advances were
made by a number of researchers and successfully applied to
study the linear elastic and elasto-plastic crack propagation
of engineering materials (eg., [15-26]), as well as composite
delamination problems (eg., [27-31]]).

Modeling of material discontinuity using CZM involves
the insertion of ‘zero’ thickness cohesive elements between
the regular bulk finite elements, as shown in Fig. 3. These

cohesive elements are inserted at locations, where delamina-
tion is suspected to happen. The behavior of the bulk elements
is the usual elasto-plastic manner under all loading levels.
However, the cohesive elements between the bulk elements
have a special behavior defined by a specified traction-
separation law (TSL) [17]. These ‘zero’ thickness cohesive
elements represent discontinuity in structure by acquiring a
finite volume when the conditions set by the TSL is satisfied.
Once they deform beyond their limit of TSL, the elements do
not transfer any force, which is essentially equivalent to void
space. Several models of TSLs have been proposed by dif-
ferent researchers over the years, which have been reviewed
in Ref. [17], including exponential [16], cubic polynomial
[18], trapezoidal [15], triangular [18], linear and polynomial
softening [20-22], and hardening—softening [23-26].

In this study, the triangular TSL was used. As shown in
Fig. 4, this TSL is defined by the maximum traction (7,4 ),
cohesive stiffness (K, ), initial failure separation ( o), final
failure separation (6 ), and fracture energy (G.). The maxi-
mum traction is the amount of traction carried by the cohesive
element before fracture initiates. The initial slope of the tri-
angular TSL is the effective cohesive stiffness (K.rr). The
fracture energy, which is the area under the curve, is defined
as the consumed energy through the creation of new frac-
ture surface. The initial and final failure displacements or
separation limits are the values that determine the onset and
propagation of fracture, respectively.

The values of these parameters are obtained in different
ways. The fracture energy is a material property determined
by experiments. For composite delamination, it can be mea-
sured from experiments like the Double Cantilever Beam
(DCB) [27], End Notched Flexure (ENF) [28], and Mixed
Mode Bending (MMB) [29]. The maximum interface trac-
tion was observed to have some influence in the predicted
results as studied by Refs. [30-32]. Ref. [31] studied the
effect of Timax on the accuracy of the results and on the conver-
gence behavior which is also dependent on the mesh size and
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Table 1 Elastic properties

E11 (GPa) E5; (GPa) E33 (GPa) V2 V13 V23 G12 (GPa) G13 (GPa) G23 (GPa)
Config-1 138 10 10 0.3 0.3 0.27 5.24 5.24 3.93
Config-11 33 2.5 20 0.3 0.3 0.3 2.2 5 2
Table2 Cohesive properties K (MPa) T) (MPa) T, (GPa) Gc (N/mm) G1c (N/mm) 1 (B-K)
Config-1 10° x Exn 60 80 0.352 1.002 1.75
Config-II 10° x Ep 15 77 0.6 1.25 1.8
Table 3 Constituent properties .
for Config-II Name Used for E (GPa) Strength (MPa) Elongation (%)
Fiber TR50S-12L Axial tow 240 4900 2.0
37-800WD Bias tow 255 5490 2.2
Matrix 2.904 74.3 4.97

other parameters which are discussed further below. Another
important parameter to be determined is the cohesive stiffness
for which different guidelines have been given by different
authors. In Ref. [31], it was shown that the cohesive stiffness
may have significant effect resulting in much softer elastic
response known as added compliance effect if either the num-
ber of cohesive elements is large or they have finite thickness.
Since the cohesive elements are needed to simulate the frac-
ture only, their effect on the compliance should be minimized.
The value of Kcf becomes especially important when the
number of cohesive elements inserted in the model is large
and when cohesive elements are inserted in multiple layers.
To minimize the added compliance, K.ff should be kept as
large as possible as compared to the bulk element stiffness
[31]. However, too large, a value may increase numerical
error and create problems in solution convergence. In this
study, a series preliminary analyses were performed and the
cohesive stiffness value was selected that produced less than
0.5% difference in the elastic response compared to the bulk
element-only model.

2.3 Material Properties

The material properties required to conduct CZM analyses
are divided into two. The first is the continuum properties of
the material in damage-free regions, while the other is the
de-cohesion properties of the material near crack initiation
and propagation. As briefly discussed before, the modeling
technique involves two types of elements. The first is the
bulk finite elements that behave in elastic manner. The other
types are the cohesive elements whose properties are defined
by the type of TSL adopted in the model.
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Tables 1 and 2 summarize the elastic and cohesive proper-
ties used in the current paper. Here, subscripts 1 and 2 indicate
the major in-plane and out-of-plane directions, respectively,
while subscript 3 indicates the minor in-plane direction. For
the Config-I, the laminate was made by stacking T300/977-2
carbon/epoxy laminae. Since it was adopted from Ref. [§8], the
elastic and cohesive properties were also taken from the same.

For the Config-II, the lamina material was triaxially
braided carbon/epoxy composite with two types of carbon
fibers of TR50S-12L and 37-800WD [32]. The constituent
fiber and matrix properties are given in Table 3. The overall
fiber volume fraction (vyr) of the triaxially braided lam-
ina was measured to be 47.38%. The effective properties for
triaxial braid lamina were obtained using multi-scale analy-
ses: micro- and meso-mechanics. Herein, a brief description
is given. (The detailed process is found in Ref. [33].) First,
the effective properties of axial and bias tows were calcu-
lated micromechanically, since the tows consisted of fiber
and matrix. In this case, several approaches can be used
including rule of mixtures [34], SME [35], finite-element
unit-cell analysis, etc. In this study, a commercial software
GENOA/MCAQ [36] was used to obtain the tow properties.
Next, a finite-element meso-scale unit cell analyses were per-
formed to obtain the effective properties of triaxially braided
composite. For this, the unit cell of triaxially braided com-
posite was modeled, as shown in Fig. 5, using the measured
dimensions of axial and bias tows. Since the tow path of
the bias tows continuously changes, material directions were
defined for proper material property transformations. Finally,
the effective properties given in Table 1 were obtained from a
series of analyses simulating uniaxial and shear tests in each
direction.
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For the cohesive properties of Config-1I, currently, no
standard test method exists to measure the interlaminar frac-
ture properties of textile composites. While the fracture
properties textile composites can be obtained by applying test
methods for unidirectional composites (eg., Refs. [37,38]), in
this study, the values of interlaminar fracture energy and max-
imum traction of Config-II were determined instead from a
series of preliminary analyses as the ones that matched the
experimental load—displacement curves. For Config-1I, the
initiation and growth of the first delamination were mainly
in mode 1. Thus, the maximum traction and fracture energy
of mode I were determined to be the ones that produced
the matched value of the peak load and the following load—
displacement curve of the test. Cohesive properties of mode
II were similarly determined.

2.4 FE Modeling

The finite-element modeling of the L-shape curved laminate
was made by separately modeling every ply and joining them
with zero thickness cohesive elements. Four node plane strain

Pure resin
pocket

Bias tow
(+9

Axial tow
Bias tow (-6)

(b) finite element unit cell mesh

elements were used as bulk elements with every ply having
three elements across the thickness.

In CZM, the size of cohesive elements near the fracture
region is an important aspect for the accuracy and conver-
gence of the analysis. The cohesive zone is defined as the
region within cohesive zone size (I.,) distance from the crack
tip. This distance is the distance from the crack tip to the point
where the maximum cohesive traction is attained. As given
by Turon et al. [31], the cohesive zone size is expressed as

lczzM

@) ey

where E is the Young’s modulus, G, is the fracture tough-
ness, 79 is the maximum interfacial traction, and M is a
parameter that depends on each cohesive zone model. One
of the widely applied cohesive zone models is that of Hiller-
borg et al. [14] in which the value of M is approximately one,
which was adopted in this study also.

Once [, is estimated, the cohesive element size (4¢) can be
determined. If the number of cohesive elements in [, is N¢,
then the following relation can be used for the determination
of the element size:

lCZ
he = N ()

Different suggestions were made for the minimum number
of elements to be included in the cohesive zone. This number
is important to decide the optimal size of elements between
accuracy of analysis and computational efficiency. Moes and
Belytschko [39] recommended the use of more than ten ele-
ments in the zone, while Davila et al. [40] suggested that
using three elements would be sufficient. Other suggestions
were also summarized by Turon et al. [31].

Based on the properties given in Tables 1 and 2, the cohe-
sive zone sizes for the Config-I and Config-1I were calculated
from Eq. (1) to be 0.987 and 6.7 mm, respectively. In this
study, the sizes of the cohesive elements (and thus the size
of bulk elements) in the direction of crack propagation were
determined so that at least ten elements in the cohesive pro-
cess zone following the recommendation of Ref. [39].
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(a) specimen
Fig.7 Specimen preparation and test setup. a specimen, b test setup

In the present study, the analysis was performed using
Abaqus. Figure 6 shows the mesh for the Config-1. This
mesh consisted of 22,392 plane strain bulk elements and
7153 cohesive elements. Three elements per ply were used in
the thickness direction for accurate simulation. Cohesive ele-
ments were inserted to the pre-generated bulk element mesh
using in-house. Surface-to-surface contacts were defined to
avoid penetration of delaminated plies after delamination in
multiple interlayers. The mesh for the Config-II was gener-
ated similarly using 13,770 bulk elements and 4284 cohesive
elements for the laminate part. Additional 262 bulk elements
were used to model the steel bar. Surface-to-surface con-
tact was defined between the steel bar and the laminate to
allow the load applied to the steel bar was transformed to
the laminate. For both configurations, general static analy-
ses were performed by applying displacement loads in the
desired direction.

The quadratic stress criterion (QUADS) was used for fail-
ure initiation. For failure evolution, energy-based criterion
was used with BK law [29] for the mixed mode behavior.
It should be noted that, in the preliminary analyses, a very
abrupt delamination initiation and propagation was found
within a very short increase of applied load. This pattern
repeated as multiple delaminations occurred at various loca-
tions in different layers in different load levels. To capture
accurately the delamination initiation points as well as cor-
rect delamination mode, the analysis was divided into several
steps and the load increment was carefully controlled.

@ Springer

(b) test set-up

3 Experiment

Delamination tests were performed for the laminate of the
Config-II. The detailed specimen dimensions, grip, and load-
ing scheme are shown in Fig. 2. Test specimens were
manufactured by vacuum assistant resin transfer method
(VARTM). Triaxially braided preform mats were placed on
L-shape mold, bagged with release fabric, flow medium and
vacuum film, injected resin, and cured at the designated tem-
perature. Then, the cured curved laminate was cut to specified
dimensions and four bolt holes were made by machining at
the grip part, as shown in Fig. 7a.

Figure 7b shows the test setup. The lower end of the spec-
imen was fixed to steel grip block by four bolts and the load
was applied at 50 mm from the edge of the upper arm by steel
bar. The load applying cross-head speed was 2 mm/min. The
history of load and cross-head displacement was recorded.
The delamination propagation image at one side of the spec-
imen was also recorded by high resolution camera.

4 Results and Discussion

In this section, numerical and experimental results are dis-
cussed. First, the delamination of the L-shaped laminate of
Config-I with a pre-crack was analyzed under vertical load-
ing that caused the delamination propagating in shear mode.
The result compared to that in Ref. [8] for model verifica-
tion. Then, parametric studies were conducted on Config-I
by varying the loading direction and pre-crack conditions in
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each loading direction. Next, the analytical and experimental
delamination results of Config-II were examined. Compar-
isons of different cases are also given.

4.1 Delamination Behavior of Config-I

Figure 8 shows the load—displacement curves for Config-
I subjected to a vertical loading applied at the lower edge.
In this case, a pre-crack of 1 mm length was located at the
mid-interface of the center of the curved region. As seen in
the figure, the numerical result matched excellently to that
of Ref. [8] validating the present finite-element modeling. In
the figure, the load increased, reached its peak value, dropped
abruptly, and then started to increase again. The load drop
occurred within a very short increment of displacement and
corresponded to the point when the delamination initiated
and propagated at the tips of the pre-crack. Once started,
the delamination propagated very fast in the curved region.
However, as the delamination approached the boundary of
the curved-straight region. The propagation speed slowed
down quite a bit and a slow-steady propagation followed in
the straight region, which corresponded to the slow increase
of the load after the sudden drop.

In Fig. 8, the pre-crack was placed at the mid-interface of
the center of the curved region. However, this location was
found not to be the primary candidate of delamination initia-
tion location. Figure 9 shows the delamination initiation and
propagation history for the same configuration without pre-
crack. Delamination propagation history can be seen from the
shear stress distribution, since this stress is the main cause
for delamination in the case of vertical loading. The delam-

0.2 04 0.6 0.8
v (mm)

Fig. 9 Delamination propagation history for vertical loading without
pre-crack

ination started at the mid-plane between plies 12 and 13 of
the upper arm part at approximately 7.4 mm away from the
right end. Once generated, the delamination propagated very
quickly in both directions, resulting in the significant load
decrease. After the delamination propagated past the curved
part and reached the starting point of the lower straight arm
part, the delamination growth slowed down again and had
the slow-steady propagation afterwards.

The effect of pre-crack location was assessed under the
vertical loading. In Fig. 10, three load—displacement curves
were compared. The first is the case where there is no pre-
crack (Fig. 9), the second is where the pre-crack is located
mid-way along the curved part (Fig. 8), and the third is where
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the pre-crack is located at the upper arm 7.4 mm away from
the right end. (This was the corresponding delamination initi-
ation location for no pre-crack case.) Comparing the results,
the case where the pre-crack was located at the upper arm
showed the smallest peak load. The case with no pre-crack
has reasonably higher peak load from the three. The relative
reduction of the peak load compared to the one without pre-
crack was 7.2 and 17.0% when the pre-crack was located at
the mid-way of the curved part and at the upper arm, respec-
tively, which indicated that the existence and location of the
pre-crack had an important effect resulting in marked reduc-
tion in the strength of the L-shape composite laminates.
Similarly, the delamination behavior of Config-I was also
studied under horizontal loading or opening loading. (This
loading opens the curved part.) A horizontal displacement
was applied at the lower edge in the negative direction to
have an opening deformation of the curved part. Figure 11
shows the load—displacement for the case without pre-crack.
In this case, the displacement was continuously applied to
allow multiple interface delaminations occurring in various
locations. The first delamination occurred at a larger dis-
placement magnitude than that for the vertical loading case. It
occurred between plies 10 and 11 at approximately 6 = 22.5
from the upper end of the curved part. In Fig. 11, the circled
numbers correspond to the deformed shapes of the laminate
at the specific level of loading, and indicate major milestone
points in delamination propagation history. A delamination
corresponded to a sudden drop in the load—displacement
curve and then the supported load again increased until the
next delamination. In the figure, the load drop correspond-
ing to this delamination is the part of the load—displacement
curve from points 1 to 2. The first delamination propagated
up to both ends of the arms before the second delamination
started. After the first delamination, the curve increased up
to point 3, where the second delamination occurred between
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plies 16 and 17, also at the upper end of the curved part.
Unlike the first one, this delamination propagated to the end
of the upper arm only. Then, the third delamination occurred
between plies 4 and 5 followed by several delaminations at
different locations.

Comparing the two loading directions, some differences
can be observed. First, the horizontal loading case has fail-
ure load one third of the vertical loading case. It attained this
smaller failure load at larger displacement than the vertical
loading case. This means, the L-laminate is more flexible but
weaker when it is loaded horizontally. The second observa-
tion is that in the horizontal loading case crack initiated in
the curved part, while it started in the upper arm for the case
of the vertical loading.

The pre-crack was also found to affect the delamination
behavior under horizontal loading. As shown in Fig. 12,
the existence of pre-crack greatly diminished the peak load
value under the horizontal load. Here, the 1-mm pre-crack
was located at 6=22.5° and between plies 10 and 11
(r=6.25mm), at & = 22.5° and between plies 12 and 13
(r =6.5mm, mid-plane), and at & = 45° and between plies
12 and 13 (r =6.5 mm, mid-plane). The figure shows that all
cases with pre-crack had significant first peak load reductions
ranging between 35.1 and 41.2% compared to that without
pre-crack. It was found that, after the first delamination, the
cases with no pre-crack and with pre-crack between plies 10
and 11 showed almost identical load—displacement curves.
This behavior was also observed for the cases, where the pre-
crack was placed between plies 12 and 13. In addition, similar
delamination shapes at the applied displacement u =5 mm,
although now shown here, were obtained for group of cases
that had the same interface location of the first delamina-
tion or the pre-crack, indicating that the load—displacement
curves and the delamination pattern were dependent on the
location of the first delamination.
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4.2 Delamination Behavior of Config-II

The delamination behavior of Config-II was studied both
numerically and experimentally. Figure 13 compares the
load—displacement curves obtained from experiment and
analysis. The comparison between test and analysis results
is given in Table 4. As can be seen in both the figure and
the table, the two curves matched reasonably well in the
first half portion of the graph when the applied displace-
ment (v) was between 0 and 14mm, correctly predicting

No pre-crack

1 \

pre-crack at & = 45°, r = 6.5 mm

/] To=225 r=65mm
0 =225° r=625mm
O T T I I

0 1 2 3 4 5
v (mm)

the first and the second major drops. However, they did
not beyond whenv was larger than 15mm. As discussed
below, when v was less than 14 mm, there occurred four
delaminations with only one propagating through the curved
part. Thereafter, however, many delaminations developed
and grew simultaneously interacting with one another. The
complicated interaction of the many delaminations in the
diverse locations and different ply interfaces was not able to
be accounted for accurately with the present modeling. In
addition, two-dimensional assumption in the width direction
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Fig. 13 Experimental and analytical load—displacement curves for
Config-II

Table 4 Comparison of peak loads and corresponding displacements
for Config-II

P (N)
Test  Analysis

v (mm)
Diff. (%) Test

Analysis  Diff. (%)

Istpeak 1123 1130 0.62
2nd peak 797 809 1.50

10.15 9.80 3.44
1375 14.43 4.95

and the random distribution of geometric and material prop-
erty variation could be factors which were not considered
herein. These were thought to result in the mismatch in the
latter half part.

In Fig. 13, the circled numbers indicate a part of major
milestones of the delamination initiation and propagation
history, for which deformed shapes are plotted in Fig. 14.
The first delamination initiated at the interface between
plies 6 and 7 (out of total 15 plies) and approximately
30" from the lower end of the curved part when v was
9.8 mm. It propagated quickly through the curved part in
both directions and caused a significant drop in the load
(point 1). The second delamination occurred when v was
11.66mm at the lower arm-curved part transition region
between plies 7 and 8 (point 2), and the third delami-
nation followed right after at the upper arm-curved part
transition region between plies 6 and 7. However, these
delaminations propagated only in the transition region and
did not propagated through the mid-way of the curved
part, causing only small load drops. The fourth delamina-
tion occurred at the upper transition region between plies
8 and 9, which did not cause a notable load drop either.
The fifth delamination occurred when v was 14.6mm at
the mid-way part of the curved region between plies 3
and 4 (point 3). The fifth delamination caused the sec-
ond significant load drop; however, the size of the load
drop was smaller and the slope was less stiff compared
to those of the first delamination. This was because the
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amount of elastic energy released at the first delamination
was much larger than that of the fifth delamination. In addi-
tion, while only one delamination growth constituted the
energy release at the time of the first delamination, the
energy was released by 5 delamination growths, resulting
in much less stiff load-drop curve. When v was increased
further, several new delaminations initiated and grew near
the end region of the curved part, not showing notable
decrease in the load, until the eighth delamination developed
at the mid-way of the curved part between plies 12 and 13
(point 4).

Figure 15 compares the delamination shape when
v=25mm. In the experimental image, delaminations were
marked by red lines to help viewing. The general delam-
ination pattern obtained from the experiment and analysis
matched reasonable well. Although the shapes did not
match exactly, the predicted delamination shape was thought
to be acceptable considering the complicated interaction
during growth between delaminations as discussed pre-
viously. Both results showed that multiple delaminations
developed in various interfaces, and that the delaminations
mainly initiated and propagated in and near the curved
part.

The delamination pattern of the Config-II was different
from that of the Config-Iunder opening load. For the Config-
I, multiple delaminations occurred too but some propagated
through the curved part and the straight arm parts reaching
to the end of the specimen. In addition, contact occurred
between some of the sub-laminates after delamination. In
contrast, the delamination developed in and near the curved
part and did not propagate to the grip or the loading point in
Config-II. No contact between separated sub-laminates was
observed, either. This difference was thought to be related to
the difference of mode mixity resulting from the difference
of moment—shear ratios, as well as the difference in fracture
properties. Under the opening load, the delamination initi-
ated near the mid-way of the curved part was predominantly
in the opening mode (mode I), but when it propagated to
the straight arm parts, it became an opening—shearing (mode
I-mode II) mixed mode crack. Since the maximum traction
and fracture energy values of mode I are smaller than those
of mode II, the delamination initiates and propagates rel-
atively easily near the mid-way region of the curved part,
while these are less easy in the straight arm parts. (This
explains the slowing down of the delamination propagation
near the curved-straight boundary region.) Between the two
configurations, the Config-II had the larger moment to shear
force ratio at the curved part than the Config-I due to the
longer arm length to thickness ratio. As a result, the delam-
ination mode of the Config-II was more in opening than in
shearing compared with that of Config-I, and thus tended
to have the delamination development concentrated in the
curved part.
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5 Conclusion

The delamination behavior of L-shaped laminated com-
posites was studied using cohesive zone modeling. Two
configurations were considered: one taken from a reference
against which the numerical result was validated ( Config-
I), and one for which both experiment and analyses were
performed ( Config-II). In the finite-element modeling, first
bulk element mesh was generated and then cohesive ele-
ments were inserted between all ply interfaces. The predicted
load—displacement curve matched accurately to that in the
reference for Config-I and to that by experiment for Config-
II, which validated the present numerical modeling.

It was found from parametric studies for Config-I that gen-
erally the horizontally loaded case had lower failure strength
and higher failure displacement as compared to the vertical
loading one. For pristine model, the delamination initiation
occurred at the mid interlayer of the upper arm under verti-
cal loading, while it occurred at 22.5° location of the inner
interlayer under horizontal loading. For both loading cases,
the maximum loads were significantly dependent on the exis-
tence and the location of pre-crack. Between Config-I and
Config-II under opening load, different delamination prop-
agation pattern was obtained due to different loading arm

(a) experiment

(b) analysis

lengths. Most delaminations developed and stayed in the
curved part for the latter configuration with a longer arm
length, while many propagated well out of the curved part
for the former one with shorter loading arm.
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