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ABSTRACT: This paper presents finite element models to determine the Mode I
and Mode II fracture toughness of stitched composites in conjunction with
experiments. Two new test methods to measure the Mode I and Mode II fracture
toughness of stitched composites are developed. From the experimental load–
deflection diagram, the effective fracture toughness can be determined by the area
method. However, in order to comprehensively understand the effect of stitches,
two parameters, Gc-par (parent material’s fracture toughness) and Gc-eff (effective
fracture toughness) are needed to represent the fracture behavior of stitched
composites. Gc-par is the intrinsic property of the parent material and is independent
of stitch behavior. Gc-eff is the effective critical strain energy release rate that includes
the effects of stitching. The purpose of performing the finite element analysis is to
identify the correct physical models that represent the stitch interactions with the
parent laminate and stitch failure mechanisms. Gc-par and Gc-eff can be obtained
through different paths of the J-integral in the FE models. The models help in
understanding the effects of stitch stiffness and spacing on the fracture toughness
without the need for fabricating and testing stitched composite specimens.

KEY WORDS: finite element model, fracture toughness, J-integral, laminated
composites, mode I fracture, mode II fracture, stitching, translaminar reinforcements.

INTRODUCTION TO MODE I TESTING

G
RAPHITE/EPOXY LAMINATED COMPOSITES have very high strength-to-weight and
stiffness-to-weight ratios. They have tremendous advantages over the conventional

materials in many applications, such as aerospace and automotive structures, in which the
aforementioned properties are critical. Also, fiber-reinforced composite materials can easily
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be tailored to obtain desired properties in different directions and can be optimized to
meet specific performance requirements. However, these materials suffer a big deficiency –
lack of through-the-thickness reinforcement. Fracture toughness of these materials is so
low that as crack is initiated between the layers, the delamination can propagate easily.
Through-the-thickness stitching is considered one of the ways to reinforce the laminated
composites and prevent crack propagation.

Mignery et al. [1] investigated the use of stitching with Kevlar� yarns to suppress
delamination in graphite/epoxy laminates. Results showed that stitches effectively arrested
delamination. Dexter and Funk [2] characterized the impact resistance and interlaminar
fracture toughness of quasi-isotropic graphite-epoxy laminates made of unidirectional
Thornel 300-6K fibers/Hercules 3501-6 resin and stitched with polyester and Kevlar yarns.
They experimented with stitch parameters and found a significant drop in damage areas of
stitched laminates compared to unstitched laminates for the same impact energy. The
Mode I fracture toughness, characterized by the critical strain energy release rate, GIc, was
found to be about 30 times higher for the stitched laminates. Ogo [3] investigated the effect
of through-the-thickness stitching of plain woven graphite/epoxy laminates with Kevlar
yarn. The study showed a manifold increase in GIc values at the expense of a slight drop in
the in-plane properties. Pelstring and Madan [4] developed semiempirical formulae
relating damage tolerance of composite laminates to stitch parameters. Mode I critical
strain energy release rate was found to be 15 times greater than in unstitched laminates.
Critical strain energy release rates decreased exponentially with increased stitch spacing.
Dransfield et al. [5] investigated the effect of through-the-thickness stitching of plain
woven graphite/epoxy laminates with Kevlar� yarns. Their study showed a manifold
increase in GIc values at the expense of a slight drop in the in-plane properties. Sharma and
Sankar [6] conducted a study on the effects of stitching on interlaminar fracture toughness
of uniweave textile composites. They used the double cantilever beam setup to test low
density stitched specimens and the University of Florida Compression-After-Impact (UF-
CAI) test fixture to investigate effects of stitching on sublaminate buckling behavior. Their
study showed that stitching had a profound effect on Mode I fracture toughness and CAI
strength. They also found that stitching does not increase the impact load at which
delamination begins to propagate, but greatly reduces the extent of delamination growth
at the end of the impact event. Jain et al. [7–9] used the double cantilever beam (DCB) test
for stitched composites and found that the cantilever arms failed in bending before
crack propagation. They used aluminum bars to bond the surfaces of the specimen
to reinforce the specimen to prevent the specimen arms from failing during the DCB
tests. A comparison of the specimens with tabs and without tabs showed that tabs
altered the failure mechanism of the stitched thread, and that the improvement in
Mode I delamination toughness was underestimated. The fracture toughness of stitched
composites had 10-fold improvement. Sankar and Dharmapuri [10] presented an
analytical model to simulate stitched laminates and also found that Mode I fracture
toughness increases dramatically due to stitching. However, as the stitch density increases
or the strength of a stitch increases, the standard DCB setup cannot be used because the
specimen fails prior to crack propagation. Failure occurred as a result of compressive
instability derived from the high bending moment required for crack propagation. This
resulted in the failure of one of the arms of the DCB specimen.

After carefully studying the failure mechanism of the stitched specimens, Chen et al.
[11–13] proposed a conceptual solution for Mode I testing of heavily stitched specimens.
A new fixture was developed as illustrated in Figure 1. The transverse component of the
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force acts to open the crack while the axial component acts to suppress the compressive
instability by applying a tensile force. The fixture was designed such that the initial angles
of the arms can be adjusted for a given stitched specimen. The loading condition of a
specimen is shown in Figure 2. One end of the specimen is clamped and all the forces from
the loading fixture can be moved to the cross sections A and A0. The load is monitored by
a load cell and the displacement is obtained from the crosshead. Figure 3 shows the load
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L2 L2

L3 L3

P

Figure 1. The new Mode I delamination test setup for stitched laminates.
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Figure 2. Loads acting on the specimen in Mode I test.
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versus displacement diagram of this setup. The fixture unzips the stitches one by one and
crack propagation is found to be stable.

INTRODUCTION TO MODE II TESTING

A study by Sharma and Sankar [6] showed that Mode II fracture toughness of stitched
specimens increases with the delamination area bridged by stitches. They showed that in
Mode II loading, stitches do not break as widely expected, but deform the surround-
ing matrix. This deformation absorbs energy from the system and increases the
Mode II fracture toughness. Mode I and Mode II fracture studies by Sharma and
Sankar [6] were concerned only with uniweaves, wherein stitch rows ran parallel to
the fiber direction. Their study indicated that the interactions among stitches, fibers, and
the matrix phase of the parent laminate were quite complicated. Jain and Mai [14]
used two specimen geometries: end-notch flexure (ENF) and an end-notch cantilever
geometry to analyze the effect of stitching on Mode II delamination toughness. They
found that the effect of stitching on both specimen geometries was the same. Massabo and
Cox [15] used the crack bridging concept to study the effect of stitching in Mode II
delamination. Jain et al. [16] investigated the Mode II delamination toughness by using an
end-notched flexure specimen and found that the application of the load to the unstitched
specimens caused the initial delamination to grow in an unstable manner. However,
the delamination growth was stable in stitched laminates. The improvement due to
stitching was in the range of 100–200% with respect to unstitched specimens. It was also
observed that increasing stitch thread diameter or stitch density generally led to larger
improvement in Mode II toughness. Sharma and Sankar [6] used three approaches
(area method, equivalent area method, and classical beam theory) to calculate GIIc.
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Figure 3. Load vs displacement diagram of a stitched specimen tested using the fixture shown in Figure 1.
Each peak load corresponds to a row of broken stitches.
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They determined the location of the crack tip using an optical microscope as well as
ultrasonic C-scan. Results showed that an increase in apparent GIIc of stitched composites
was 5–15 times depending on the extent of crack propagation. The stitches did not
break during these tests. Clara and Barry [17] investigated the accuracy of the four-point
bending end-notched flexure (4ENF) test for determining Mode II delamination
toughness. Results showed that the 4ENF test yields toughness values similar to that
obtained by ENF testing. The ENF tests performed by many researchers [18–22] showed
that stitching indeed increases the delamination toughness of composites. However,
because of the limitations of the ENF setup, a fully developed bridging zone is never
achieved. Thus, the instantaneous strain energy release rate changes as the crack
propagates. Chen et al. [23] used a new setup (cantilever beam setup) to obtain much
longer crack lengths. They incorporated high sensitivity Moiré interferometry [24]
to determine the location of the crack tip and the relative displacement of the two
crack surfaces.

The cantilever beam setup is shown in Figure 4. The length of a specimen for this
setup was 178mm long and 25.4mm wide. A grating, required for Moiré interferometry,
was replicated on the edge of the specimen. The high sensitivity Moiré interfero-
metry setup was used to accurately locate the crack tip and the displacement field
after crack propagation. Using this setup, one can obtain more than 50mm of the crack
extension, which is equivalent to 16 rows of stitches in a high-density specimen
(6.2 stitches/cm2) or eight rows of stitches in a low stitch density specimen (3.1 stitches/
cm2). A typical load versus displacement diagram of the cantilever ENF test is shown
in Figure 5. One can see that the slope of the load–displacement curve is almost con-
stant before the load reaches the critical value of �178N. However, as the load increases,
the slope gradually decreases as the rigidity of the beam decreases due to crack
propagation.

F

Location of grating for moire analysis

Figure 4. Schematic of the cantilever beam setup for Mode II test.
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FINITE ELEMENT ANALYSIS FOR MODE I

The purpose of performing the finite element analysis was to identify the correct
physical models that represent the stitch interactions with the parent laminate and stitch
failure mechanisms. The observations from the experiments and the test data were used in
generating the models. Specifically, one is interested in strain energy release rate around
the crack tip and stresses in the stitches in the bridging zone. The J-integral was used to
calculate Gc-par (parent G or strain energy release rate at the crack tip) by using a contour
that does not include the stitches in the bridging zone. Gc-eff (effective energy release rate)
was also calculated by the J-integral contour, which included the stitches in the bridging
zone. The comparison of Gc-par and Gc-eff will give us the effectiveness of stitching in
laminated composites. The FEA modeling was performed at two levels, two-dimensional
(2D) models and full three-dimensional (3D) simulation. The 2D solid model, which uses
less computer resources, provides a fairly accurate displacement field. However, it cannot
be used to accurately determine the stress field and the value of J-integral. We used the 3D
shell elements to determine the stress field in each ply and the 3D solid element to calculate
the J-integral. It should be pointed out that the midplanes of the 3D shell elements are
different from ones used in regular laminated composites and the J-integral cannot be
obtained using this model. J-integral obtained from the 3D solid model matches the
experimental results well.

Specimen Description and Properties

The specimen was made up of 4 stacks. Each stack consisted of 7 plies, which were
oriented at [45/�45/0/90/�45/45�]. The materials used in each stack have slightly different
properties as shown in Tables 1 and 2.

The specimens were 178mm long and 18.0mm wide with 1600 denier Kevlar� stitches.
Each stitch consists of two of the Kevlar yarns. The stitch density was 8� 1/500 which
corresponded to 6.2 stitches/cm2 (40 stitches/in.2). The pitch or the distance between two
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Figure 5. Load vs displacement diagram for the Mode II test.

1316 L. CHEN ET AL.

 at UNIV OF FLORIDA Smathers Libraries on May 22, 2009 http://jcm.sagepub.comDownloaded from 

http://jcm.sagepub.com


adjacent stitches in the same row was 3.2mm (1/8 in.), and the spacing between two
adjacent stitch rows was 5.1mm (1/5 in.).

J-integral, Parent Gc, and Effective Gc

J integral is defined as follows:

J ¼

Z
�

U0n1 � Ti
@ui
@x1

� �
ds ð1Þ

Here, U0 is the strain energy density, n1 is the x-component of the outer normal vector
along the path shown in Figure 6 assuming crack propagation along the x-direction, ui is
the displacement along the i-direction and Ti is the component of the surface force along
the i-direction.

In order to thoroughly understand the effect of the stitches, one should carefully
examine the bridging zone, where the stitches partially connect the two ligaments of the
laminate and prevent crack propagation. Three parameters, Gc-eff, Gc-par, and crack
opening displacement (COD), can be used to characterize the stitch’s effect on the bridging
zone. The experimental methods of measuring the fracture toughness, e.g., DCB, ENF
specimens, are useful, but the measured effective fracture toughness values are specific to
the particular specimen configuration as the effective fracture toughness depends on the
specimen thickness, laminate orientation, and stitch properties. The FE model, however,
provides flexibility. In addition to Gc-eff, one can obtain Gc-par and COD from the FE
model. One can also easily change the model and adjust the parameters (such as the
density of stitching and diameter of the stitches) to predict the effective fracture toughness
without making new specimens. The J-integral is path independent when the crack

Table 1. Thickness, material, and ply orientation for each material stack.

Ply number Thickness (mm) Orientation (�) Material system

1 0.161 45 AS4-3501-45
2 0.161 �45 AS4-3501-45
3 0.326 0 AS4-3501-00
4 0.178 90 AS4-3501-90
5 0.326 0 AS4-3501-00
6 0.161 �45 AS4-3501-45
7 0.161 45 AS4-3501-45

Table 2. Elastic constants for different stacks.

Material system E1 (GPa) E2 (GPa) �12 G12 (GPa) G13 (GPa) G23 (GPa)

AS4-3501-45 103.7 11.03 0.34 5.52 5.52 3.58
AS4-3501-00 105.5 11.03 0.34 5.52 5.52 3.58
AS4-3501-90 102.6 11.03 0.34 5.52 5.52 3.58
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surfaces are free of traction. However, due to the presence of stitches in the bridging
zone, the two crack surfaces are not truly separated since they are still partially connected
by the unbroken stitches. Hence, for stitched laminates, J-integral is path dependent when
the bridging zone exists. If the path of the contour (Spar) is chosen to be very close to the
crack tip and the load applied corresponds to crack propagation, J-integral should be
equal to Gc-par, which is a parent material property regardless of whether the specimen is
stitched or not. On the other hand, if the path of contour (Seff) includes unbroken stitches
in the bridging zone, the J-integral should be equal to Gc-eff, which should be larger than
Gc-par and will reach a constant value when the bridging zone is fully developed and the
contour incorporates all the unbroken stitches in the bridging zone. Subsequently, as the
crack continues to propagate, the bridging zone will eventually reach a constant length
and move with the crack tip (steady state conditions). The dashed line of the contour in
Figure 6 was used to calculate Gc-par and the solid line of the path that includes all
unbroken stitches in the bridging zone was used for calculating Gc-eff. For any closed curve
(Figure 6), J-integral should be zero no matter whether the material is stitched or not, and
it can be expressed as:

GS-eff þ GS1 � GS-par þ GS2 ¼ 0 ð2Þ

Here Seff is a contour which includes all stitches in the bridging zone, Spar does not
include any stitches and is very close to the crack tip, S1 is along the top crack surface and
S2 is along the bottom crack surface. For an unstitched material, there are no traction
vectors (surface forces) on the two crack surfaces, and hence both GS1 and GS2 should be
zero. Then from Equation (2), GS-eff ¼ GS-par.

However, for a stitched material, there are some unbroken stitches in the bridging zone,
which still connect the two crack surfaces together. The traction vectors are not zeros
anymore and are applied by the unbroken stitches in the bridging zone.

The relationship between Gpar and Geff for Mode I can be expressed as:

GS1 þ GS2 ¼

I
S1þS2

�Ti
@ui
@x1

ds ¼� 2
X @v

@x

����
����
i

�Fi ð3Þ

Fi

Unstitched material Stitched material

Figure 6. Contours of J-integral including and excluding the stitches.
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Here vi is the vertical displacement at the position of the stitch i and Fi is the force in the
stitch i. Due to symmetry, the upper and lower integrals will be equal, and hence the factor
2 is applied in the above equation. Then we obtain

GI-eff ¼ GI-par þ 2
X @v

@x

����
����
i

�Fi ð4Þ

Similarly for Mode II,

GI-eff ¼ GI-par þ 2
X @u

@x

����
����
i

�Fi ð5Þ

Here ui is the horizontal displacement at the position of the stitch i, and Fi is the axial
force in the stitch i.

The interpretation of Equations (4) and (5) for discrete reinforcements will be the
subject of a forthcoming paper. At present, we will use a simpler method in which the
stitches are smeared over the bridging zone and the stitch forces are replaced by
continuous traction. Then the summation in Equation (4) can be written as:

GI-eff ¼ GI-par þ

Z c

0

p
@v

@x
dx ð6Þ

where c is the bridging length and the distributed forces p(x) due to the stitches can be
expressed in terms of the smeared stitch stiffness k as:

pðxÞ ¼ 2kvðxÞ ð7Þ

In Equation (7), 2v represents the crack opening at a given distance x in the symmetric
Mode I case. The foundation spring constant k can be related to the axial stiffness ks of a
single stitch as:

k ¼ Nks ¼
ks

bd
ð8Þ

where N is the number of stitches per unit area, and b and d are, respectively, the stitch row
spacing and the number of stitches per unit length in a given row. Note that the dimension
of ks is force/length and that of k is force/length3. Substituting (7) into (6) and performing
the integration we obtain:

GI-eff ¼ GI-par þ
1

2
Nks 2vcð Þ

2
ð9Þ

where 2vc is the crack opening displacement at the end of the bridging zone. Thus the
difference between GI-eff and GI-par is actually the strain energy density (strain energy per
unit area) of the stitches at the tip of the bridging zone. Similar results were obtained using
analytical methods by Sankar and Dharmapuri [10].
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2D Solid Modeling

MODELING PROCEDURE
After carefully observing Mode I specimens, we found that all stitches were broken

without being pulled out. Test results also show that there was no ploughing action for
Mode I and the average breaking strength for 1600 denier Kevlar was around 347N with a
failure strain of �5%. There were two yarns in one stitch; therefore, the average failure
strength of each stitch was about 694N. The same ultimate strength and strain can be used
for all stitches and the stitch can be simply modeled as an elastic spring.

The parent laminates comprised 3D orthotropic materials, where material properties
were strongly dependent on the fiber orientation with shear coupling in the laminates.
In the 2D model, instead of specifying the detailed behavior of each individual layer,
‘effective Ef ’ is used to represent the flexure modulus of the structure. The model was used
to calculate the displacement of the laminates; and the strain and stress in the stitches.
However, it cannot be used to obtain the stress distribution in each ply. One should be
cautious when attempting to use this model to calculate the J-integral since it is directly
related to the strain energy density and the gradient of the displacement. Later, the
J-integral acquired from this 2D solid model will be verified using a full 3D simulation.

The specimen was assumed to have both geometric and material property symmetry
about the middle surface and each ply was assumed linearly elastic with no shear coupling.
In reality, there were þ45 and �45� plies in laminates and shear coupling should exist.

The effective modulus can be easily calculated using the laminate theory as:

Ef ¼
8

h3

XN=2

j¼1

ðExÞjðz
3
j � z3j�1Þ ð10Þ

Here, N is the total number of plies and zj is the distance from the neutral surface to the
outside of the jth ply. Ex is the modulus along the x-direction and can be expressed as:

Ex ¼
1

ð1=E1Þ sin
4 �þ �ð2�12=E1Þ þ ð1=G12Þ½ � sin2 � � cos2 �þ ð1=E2Þ sin

2 �
ð11Þ

� ¼ 45� ! Ex ¼ 14:54 ðGPaÞ

� ¼ 0� ! Ex ¼ 105:5 ðGPaÞ

� ¼ 90� ! Ex ¼ 11:03 ðGPaÞ

where, E1, E2, and G12 are the major modulus, minor modulus, and the shear modulus of
each ply, respectively, and � is the angle between the major material axis and global x-axis.
The effective modulus (Ef) of this specimen was equal to 47.78GPa and was used in our
2D solid model.

Figure 2 shows the loading condition of the Mode I specimen, where all forces
transferred from the loading fixture are moved to cross section A. As the crack pro-
pagates, the crack length L, measured to the crack tip at B, increases accordingly. Due to
stable crack propagation, the total number of peak loads in the experiments matches the
total number of broken rows of stitches (Figure 3). In this model, we used the critical loads
as well as the corresponding crack length from experiment as input data to the FE model.

1320 L. CHEN ET AL.

 at UNIV OF FLORIDA Smathers Libraries on May 22, 2009 http://jcm.sagepub.comDownloaded from 

http://jcm.sagepub.com


Table 3 lists the 10 peak loads and the corresponding 10 crack lengths from one of the
Mode I tests.

It should be mentioned that the peak loads (P1–P20) and the crack lengths are obtained
directly from the test data. The loads (Fx, Fy, Mz) at the cross section A are calculated by
an iterative method based on the geometry of the loading fixture and the dimensions of the
specimen.

Figure 7 shows the schematic drawing of the 2D solid model for the new Mode I test.
The mesh around the crack tip is much denser than that of other areas and in this case,
more accurate COD can be obtained around the crack tip. The stitches are connected on
the top and bottom surfaces of the specimen. The position of the first row of stitches can
be determined by trial and error until its strain reaches the failure strain under the critical
load. The bending moment is applied through the equivalent couple FM (MZ ¼ FM � d ).
The corresponding location of each peak load was obtained directly from the test data.

Fy

Fx

Fx

FMFM

Fy FMFM

d

a

Fx, Fy, Mz = FMd and a (crack length) are the input data

Crack tip

First stitch

Second stitch

Stitches are connected
to the top and bottom of 
the specimen

Two crack surfaces along this line

Figure 7. Schematic of 2D solid model of stitched composites under Mode I.

Table 3. Input data for peak loads and corresponding crack lengths from one of the
Mode I tests.

P1 P3 P5 P8 P10 P12 P14 P16 P18 P20

Loads (N) 3176 3714 4523 5057 5417 4248 4688 5071 4786 5071
Fx (N) 806 918 1087 1184 1244 967 1046 1118 1034 1081
Fy (N) 1588 1857 2262 2528 2710 2124 2344 2536 2392 2536
Mz (Nm) 13.37 9.39 5.18 0.69 �2.45 �2.47 �5.59 �7.83 �8.66 �10.07
Crack length h5 (mm) 15.5 21.8 28.2 36.8 44.2 50.5 56.9 63.2 69.6 75.9
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In the model, there was a total of 20 peak loads, which correspond to 20 locations of the
broken rows of the stitches.

RESULTS FROM THE 2D SOLID MODEL
Figure 8 shows the principal strain distribution under the peak load P1 (3176N) and

the crack length h5 (15.5mm). Although these strains are of no significance in fiber
composites, the purpose of the figure is more to depict the FE model. There are two rows
of stitches in the bridging zone. The maximum strain of the stitches in the bridging zone
was 5.34%, which is approximately equal to the failure strain of a stitch.

The crack surface opening displacement (COD) versus distance behind the crack tip is
shown in Figure 9. From a more detailed view in the vicinity of the crack tip, one can see

Figure 8. Principal strain distribution in the 2D Model in Mode I analysis.
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Figure 9. Crack opening displacement (COD) vs distance from the crack tip for Mode I.
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that CODs are almost the same (Figure 10) under various loading conditions. The stress
intensity factor is directly related to COD which indicates that GIc-par is approximately
constant under various peak loads. GIc-par is an intrinsic property of the parent material
and this model verifies our assumption. When the location is close to the crack tip, COD
versus location can be roughly expressed as �close ¼ C1

ffiffiffi
x

p
(Figure 10) while moving away

from the crack tip, the relationship between COD and the position is approximated as
�away ¼ C2x

2 (Figure 9). Table 4 gives the GIc-par and GIc-eff by using J-integral under
various loading conditions. One can see that the values of GIc-par are approximately
constant, however GIc-eff varies considerably.

Three-Dimensional Shell Element Modeling

MODELING PROCEDURE
The model described in section on ‘‘2D Solid Modeling’’ uses the effective Ef to

represent the global flexural modulus of the structure, which provides realistic
displacement values. However, the model cannot be used to obtain the stress field of
each layer. Due to the symmetric geometry of the specimen and small shear coupling
effect, 3D shell elements are an efficient choice. The 3D shell model used here is not like
the traditional plate model. From Figure 11, one can see that instead of using the x–z
plane, one uses the x–y plane as the midplane for 3D shell elements. Hence, there are a
total of 28 midplanes for the 28 plies in this specimen and the ‘thickness of the shell
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Figure 10. COD vs distance close to the crack tip.

Table 4. Values of GIC-par and GIC-eff under various loads.

P1 P3 P5 P8 P10 P12 P14 P16 P18 P20

Loads (N) 3176 3714 4523 5057 5057 4248 4688 5071 4786 5071
Gc-par (N/m) 473 560 735 875 980 630 735 823 578 630
Gc-eff (N/m) 16,293 17,675 21,035 23,275 25,393 19,443 21,193 23,170 21,438 22,750
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element’ is equal to the ‘width of the specimen’ (along the z-direction). Since each ply is
oriented in the x–z plane, one must calculate Ex and Ey for each layer as the input
properties for the 3D shell elements. Table 5 gives the material properties for 0, 45, and
90� layers. Unlike the 3D solid model, rotational degrees of freedom of the 3D shell
model are active and the bending moment can be directly applied to the nodes. This is
not an exact model for this structure but yields useful information about the stress field in
each ply.

RESULTS AND DISCUSSION
The shell model is depicted in Figure 12. The peak load and corresponding crack length

are 3185N and 15.5mm, respectively. By comparing to Figure 8 of the 2D solid model
under the same loading conditions, one can note that the strain field is similar in both
cases. The maximum stitch strains in the 2D solid model and the 3D shell model are 5.18%
and 5.34%, respectively. The relative difference of these two maximum strains is about
3%. If one only needs to obtain strain and displacement fields, the 2D solid model is an
efficient choice. Figure 13 gives the Mises stress distribution in the 3D shell model. Under
this loading condition, the force of the first stitch in the bridging zone is 730N and this
stitch is about to break or has already broken. The maximum stress on the parent laminate
is located in the zero degree layers with a value 1137MPa and is less than the ultimate
strength (1448MPa) of the AS4-3501 material. As the stress in the stitch reaches the failure
stress under this peak load, the maximum stress of the parent laminate is still well below
the failure stress.

This model indicates that our new fixture can effectively break stitches and maintain the
parent laminate intact. However, this 3D shell model cannot provide accurate J-integral
around the crack tip. In order to obtain GIc-par and GIc-eff, a full 3D model is needed to
simulate the Mode I test.

X

Y

Z

Mid-plane for 3D-shell element

One of the plies of the laminate

Figure 11. Schematic drawing of the midplane for 3D-shell elements.

Table 5. Material properties for the shell elements.

Material Ex (GPa) Ey (GPa) �12 Gxy (GPa) Gxz (GPa) Gyz (GPa)

AS4-3501-00 103.7 11.03 0.34 5.52 5.52 3.58
AS4-3501-45 14.55 11.03 0.34 5.52 5.52 5.52
AS4-3501-90 11.03 11.03 0.34 5.52 5.52 5.52
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Three-dimensional Solid Model

In this model, the parent laminate was modeled using 3D orthotropic materials and
stitches are modeled as bar elements. The material properties and orientation of the plies
are shown in Tables 1 and 2. A total of 16,004 elements were used in this 3D model.
Because the specimen undergoes large deformation, geometrically nonlinear analysis is used.
Figure 14 shows the schematic drawing of the full 3D solid model of the new Mode I test.

Figure 12. Principal strain distribution in the 3D-shell model for Mode I.

Figure 13. Mises stress distribution in the 3D-shell model for Mode I.
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The positions of the stitches in the bridging zone are determined by the method used in the
2D solid model. Because the crack front is along a line, the J-integral is calculated through
the two lines of the nodes – one represents the nodes on the ‘front surface’ (the nodes in
front of the crack tip on the front surface) and the other as the nodes on the ‘back surface’
(the nodes in front of the crack tip on the back surface). In 3D solids, J-integral is not
strictly path independent and the contour has to be shrunk to a point at the crack tip to
obtain the G-value. However, since there are no significant gradients in the thickness
direction in the present case, and hence the G can be obtained using an arbitrary contour
as in-plane problems [25].

The 3D model can be used to verify the 2D model discussed in the previous section.
Figure 15 gives the comparison of COD in both models under the same peak load P12.
When the position is very close to the crack tip, CODs from both models are almost
identical. Moving away from the crack tip, the difference increases slightly and the
maximum error is still <8%. COD distributions under various peak loads are shown in
Figure 16 and CODs are almost the same for different peak loads when the position is
close to the crack tip. The stress intensity factor is directly related to COD and this model
shows that the stress intensity factors (KIc-par) are approximately the same for various
crack lengths.

From Table 6, one can note that the 2D and 3D model results do not agree well for
G. The relative errors for GIc-par and GIc-eff can be as high as 88% and 50%, respectively.
It should be mentioned that Ex is only 14.54GPa for the 45� layers in the 3D model,
while Ef (effective modulus) is 42.13GPa in the 2D solid model. Thus approximating
the laminate as a homogeneous continuum could have contributed to the errors in the
J-integral.

One 3D element

Fixed surface

First two parallel stitches

Second two parallel stitches

X

Y

Z

Crack front line

Figure 14. Schematic drawing of the 3D solid model of the Mode I specimen.
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Figure 15. Comparison of COD between 2D and 3D models.
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Figure 16. Crack opening displacement vs position in the 3D model.

Table 6. Comparison of GIc-par and GIc-eff between the 2D and 3D solid models.

Load P1 P3 P5 P8 P10 P12 P14 P16 P18 P20

3D Model GIc-par (N/m) 263 315 420 490 560 368 420 473 406 438
2D Solid
model

GIc-par (N/m) 473 560 735 875 980 630 735 823 578 630
Relative

error %
80.0 77.8 75.0 78.6 75.0 71.4 75.0 74.1 43.5 44.0

3D Model GIc-eff (N/m) 11,848 12,530 14,193 15,715 16,853 13,668 14,613 15,768 14,718 15,505
2D Solid
model

GIc-eff (N/m) 16,293 17,675 21,035 23,275 25,393 19,443 21,193 23,170 21,438 22,750
Relative

error %
37.9 41.1 48.2 48.1 50.7 42.3 45.0 46.9 43.9 45.6
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Effect of Stitch Area of Cross Section and Stitch Density

The stitch cross-sectional area and the stitch density are the two most important factors
that affect the effective fracture toughness in stitched laminates. The 3D model can be used
to understand the effects of varying the stitch diameter and density on the effective
fracture toughness.

First, the density of stitching is doubled and the stitch diameter is kept constant. In order
to obtain the effective energy release rate GIc-eff, the intrinsic fracture toughness GIc-par

should be fixed. Loading conditions and the distance between the first stitch and the crack
tip shown in Figure 17 were adjusted until the stress of the first stitch in the bridging zone
reaches its ultimate strength and GIc-par is equal to the value obtained from the original
specimen. After the new bridging length (Ls2 in Figure 17) and the new critical loading
condition were determined, GIc-eff was calculated.

Next, the cross-sectional area of the stitch yarn was doubled and the density of stitching
was kept constant. Following the same procedures, the new Ls2 and the new critical load
were determined and GIc-eff was calculated accordingly.

Table 7 provides results for these two simulations and it is apparent that increasing the
cross-sectional area of the stitch has profound influence on GIc-eff. The effective fracture
toughness GIc-eff increases by 54% as the cross section is doubled, while it increases by
28% with doubling of the stitch density.

L

A

B B

First row of
stitchesLs2

((density doubled)

A

Specimen with the double stitch density

Figure 17. Simulation of the specimen with the twice stitch density.

Table 7. Effects of varying the stitch yarn cross section and the stitching density on GIc-eff.

Stitch parameters GIc-eff (N/m) Increase in GIc-eff

1600denier Kevlar yarn with a stitching density of 40 stitches/in.2 12,600 –
1600denier Kevlar yarn with a stitching density of 80 stitches/in.2 16,100 28%
3200denier Kevlar yarn and a stitching density of 40 stitches/in.2 19,425 54%
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FINITE ELEMENT MODEL FOR MODE II

Modeling Procedure

Experiments reveal that for Mode II tests, there is a ploughing action between the
stitches and the matrix [6]. Additionally, the stitches seem to undergo elastic-perfect plastic
behavior before breaking. These observations were made during shear tests depicted in
Figure 18.

In order to investigate the contribution of an individual stitch, a novel shear loading
fixture was developed as shown in Figure 18. In this specimen, a Teflon film was placed in
the entire interlaminar plane before curing. Thus, the shear load is transferred from one
half of the specimen to the other half by the stitches. An extensometer was mounted
to measure the relative displacement between the crack surfaces. When the relative
displacement reached 0.08mm, the load on a stitch reached the maximum value 299N.
The failure displacement was about 0.2mm.

From the load–deflection diagram (Figure 19), one can note that the behavior of a stitch
in Mode II loading is totally different from that in Mode I loading. In the Mode I
test, there is no ploughing action between stitches and the parent laminate, however in
Mode II, the stitches plough through the matrix which creates local damage in the parent
laminate. Although the stitch itself does not undergo plastic deformation, the interaction
of the stitch with the surrounding material can be represented by an elastic-plastic relation
as shown in Figure 19. In order to represent this behavior, ‘very short bar elements’

Extensometer

Figure 18. Novel shear test to determine the behavior of stitches under shear loads.
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oriented along the crack surfaces are used to simulate the interaction between the stitches
and the matrix. The length of the bar element was 0.125mm and the stitch behavior can be
idealized as an elastic-perfectly plastic material as shown in Figure 19.

The specimen used for the Mode II test was 165.1mm long and 25.4mm wide with
an initial crack length of 74.9mm. High-sensitivity Moiré interferometry was used to
determine the crack lengths and the relative displacement between the two crack surfaces.
Table 8 lists the six peak loads with respect to six different crack lengths. Similar to the
case of Mode I, we can use the FE models to determine GIIc-par and GIIc-eff.

Figure 20 shows the schematic drawing of the full 3D solid model of the Mode II test.
It should be emphasized that the number of the stitches in the bridging zone depends on
the crack length and the loading conditions. For instance, under the peak load P5, there
are 3 rows of the stitches in the bridging zone while under the peak load P6, there are
4 rows of the stitches in the bridging zone.

Results and Discussion

Figure 21 shows CODs under three peak loads when the position is very close to the
crack tip. They are almost the same. These results, again, verify our assumption – that
GIIc-par is a parent material property.

Table 9 presents the comparison of GIIc-par and GIIc-eff under different loading
conditions. The effective Mode II fracture toughness is strongly dependent on the crack
length and the number of stitches in the bridging zone. Usually, the more stitches that are
involved in the bridging zone, the larger the GIIc-eff. We expect that as the crack continues
to grow, the first row of stitches will finally break and at this moment, the bridging zone

Load (N)

Displacement (mm)

299

0.082 0.202

Ploughing through matrix

Figure 19. Load–deflection relation for a stitch in Mode II specimens.

Table 8. Loads and crack lengths for the Mode II test.

P1 P2 P3 P4 P5 P6

Load (N) 140.6 176.6 207.7 233.1 218.4 279.3
Crack length (mm) 74.9 77.0 78.7 81.3 89.9 98.3
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One 3D element

First set of parallel bar elements
one end connected to top
surface, another end connected
to bottom surface.
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Second set of parallel bar
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Figure 20. Schematic drawing of 3D solid model for Mode II specimens.
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Figure 21. Crack opening displacement in Mode II specimens at different loads.

Table 9. Comparison of GIIc-par and GIIc-eff under different loading
conditions.

Load P1 P2 P3 P4 P5 P6

GIIc-par (N/m) 245 298 280 333 296 228
GIIc-eff (N/m) 298 543 718 1015 928 683
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will reach its maximum length. After that, GIIc-eff will reach the maximum value and will
remain approximately constant as the crack continues to propagate.

CONCLUSIONS

Two new test fixtures were developed to determine the effective Mode I and Mode II
fracture toughness of stitched composites and the test data was used to obtain Gc-eff by
the conventional area method. Two parameters (Gc-par and Gc-eff) were proposed to
represent the fracture toughness of stitched composites. Several FE models were developed
to characterize the behavior of stitched composites. Two-dimensional solid models yielded
good displacement fields while 3D shell element provided the accurate stress fields in
each ply. Computational requirements were low for both 2D solid model that uses
homogenized material properties and 3D shell element. However, Gc-par and Gc-eff

can be accurately determined only using a 3D solid model that model the individual layers.
The J-integral around a contour that is very close to the crack tip yields the intrinsic
fracture toughness of the composite material system. A contour that includes all the
unbroken stitches yields the effective fracture toughness of the stitched laminate. From
the 3D simulation, it has been found that increasing the cross-sectional area of the stitches
is more effective in increasing the fracture toughness than increasing the density of
stitching.
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