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The in-plane elastic properties and quasi-static fracture response of an orthotropically woven carbon
fiber reinforced composite are investigated using 3D digital image correlation. The elastic properties
are determined as a function of fiber orientation, and the effect of fiber angles on the crack extension
direction is investigated. The modified maximum hoop stress criterion is used to predict the crack exten-
sion angle of the examined material. The predicted angles are in very good agreement with those found
experimentally. Optical observations and local strain data from the quasi-static fracture studies reveal
that crack initiation occurs well before the maximum far-field load is reached.
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1. Introduction

The in-plane elastic properties and quasi-static fracture
response of an orthotropically woven, carbon fiber reinforced com-
posite are investigated using 3D digital image correlation. Of par-
ticular interest in this study are graphite/epoxy composites,
which are especially suitable for many applications because of
their exceptional thermo-mechanical attributes [1]. While this
material may possess many desirable characteristics, a complete
set of mechanical properties, including fracture parameters, is req-
uisite for proper engineering use.

Failure and damage as a result of fracture is a major concern
with the use of any composite material provoking substantial
research in the area [2]. Crack propagation along the laminar inter-
faces, including the effect of strain rate, has been most thoroughly
studied [3–6]. In-plane fracture in composite has been also docu-
mented in the literature [7–11]. Most early experimental work
relied on conventional material testing techniques to obtain
mechanical and fracture properties of composites, point measure-
ments, load data and specimen geometry. These experimental
techniques become more robust with the advent of the full field
measurement technique, digital image correlation (DIC). Most
recently Pollock et al. [12] utilized such full-field measurements
to extract elastic properties of woven glass/epoxy composites
through tensile loading of specimens extracted at different angles
relative to the primary fiber direction.

The advent of DIC has also proven beneficial to the study of frac-
ture mechanics, as seen in pioneering work by McNeill et al. [13],
in which DIC data is used to extract stress intensity factors. Pataky
et al. [14] utilized full-field measurements in conjunction with a
least squares algorithm to investigate mixed mode stress intensity
factors in an anisotropic, single crystal stainless steel. Such work
demonstrates the applicability and accuracy that full-field mea-
surements offer to fracture studies.

However, the examination of criterion that predicts the direction
of crack propagation in woven composites was missing from previ-
ous work. Early work by Erdogan and Sih [15] that considered crack
propagation plane loading of a brittle material was one of the first to
describe such a methodology, suggesting that the crack will initiate
along a path perpendicular to the maximum tensile direction at the
crack tip. Kidane et al. [16,17] extended the method by employing
the minimum energy density criteria to study crack propagation
in functionally graded materials subjected to thermo-mechanical
loading. Saouma et al. [18] extended the maximum circumferential
tensile stress theory presented by Erdogan and Sih [15] to predict
the direction of crack propagation in a homogeneous, anisotropic
specimen subjected to mixed mode loading, documenting the sub-
stantial influence that material anisotropy has on the direction of
crack propagation. Most recently, Cahill et al. [9] presented the
use of the extended finite element method (XFEM) in conjunction
with a modified maximum hoop stress criterion to describe the
direction of crack propagation in a unidirectional fiber reinforced
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Fig. 2. Fiber orientation of the tensile specimens extracted from the woven
composite sheet. The definition for the fiber orientation angle of the tensile
specimens, h, relative to the original sheet axes is shown.
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composite that has a high degree of anisotropy. Although this model
appears applicable in unidirectional composites that exhibit
extreme degrees of anisotropy, the use of this criterion has not been
documented in woven composites, which can often exhibit nearly
orthotropic properties.

The present study focuses on the development of a general and
robust methodology for extraction of mechanical properties and
fracture parameters for orthogonally woven composites using
full-field measurements. To our knowledge, this is the first detailed
study of woven composites where the elastic properties, stress
intensity factor and crack direction are investigated as a function
of fiber orientation using full field measurement technique. The
elastic properties of the examined composite are first determined
experimentally with the help of 3D DIC, based on which the elastic
stress fields are extracted. Stress fields extracted from fracture
experiments, in conjunction with the maximum modified hoop
stress criterion, are then utilized to predict the angle of crack prop-
agation as a function of fiber orientation angle.
2. Experimental procedure

2.1. Material and specimen geometry

The material examined in the present work is a three-layer
orthogonally woven carbon fiber-reinforced epoxy resin matrix
composite with a nominal density of 1384 kg/m3. The plain weave
structure of the laminate consisted of two mutually orthogonal
directions (warp and weft) with an approximate volume fraction
of 70% for the reinforcing carbon fibers. The weave structure can
be seen in a magnified image of the material surface in Fig. 1. Rect-
angular 175 � 25 (mm2) coupon specimens were cut from sheets of
0.8 mm thick material using a CNC water jet. Specimens were
extracted from the plate at fiber orientation angles ranging from
0� to 90� in 15� increments. The schematic orientation of such spec-
imens is given in Fig. 2.

2.2. Mechanical testing

To obtain mechanical properties, tensile tests were performed on
rectangular coupon specimens. Loading was applied monotonically
until failure using displacement control at a rate of 1.5 mm/min.
Loading rate was chosen such that sufficient number of data points
and images could be collected, at a sampling rate of 2 Hz, to charac-
terize each specimen, while the rate is sufficiently low to be consid-
ered quasi-static. Tests were conducted on an MTS 810 tensile load
frame fitted with hydraulic grips. Specimens were fastened into the
machine with approximately 30 mm in length held by each of the
hydraulic grips, with 6 mm thick aluminum tabs placed on either
1mm 

Fig. 1. Magnified image of the as-manufactured structure of the carbon-fiber
reinforced composite used in this work. Fiber bundles oriented along 0� and 90�
directions within the surface weave geometry are evident. The yarn dimension
within the material is approximately 2 � 2 (mm2).
side of the specimen thickness within the grips to protect against
damage from the serrated, hardened steel grips. Load and displace-
ment data were acquired from the load cell and displacement sen-
sors, while stereovision was simultaneously used to acquire pairs
of images during the loading process from one side of the specimen
that had been painted to obtain a speckle pattern with random con-
trast variations (see Fig. 3c).

2.3. Quasi-static fracture testing

Quasi-static experiments were performed on initially flawed
specimens using an MTS 810 tensile frame. The geometry of the
fracture specimens is shown in Fig. 3. The 160 � 50 (mm2) single-
edge notched specimens were extracted from 0.8 mm thick sheets
using a procedure similar to the aforementioned procedure. Again,
fiber orientation angles (h) were varied from 0� to 90� in 15� incre-
ments. An initial 25 mm long notch was cut into each specimen
using the CNC water jet to produce an a/W ratio of 0.5. Prior to test-
ing, the notch on each specimen was struck with a razor blade to
effectively produce a sharp crack; approximate crack length was
26 mm in all experiments. To perform each fracture experiment,
specimens were fastened into the hydraulic grips utilizing alumi-
num tabs to protect the roughly 30 mm length portion of the spec-
imen held in each grip. Loading was applied monotonically at a
loading rate of 0.72 mm/min until failure. It is noted that the loading
rate for each fracture test is kept lower than the rate used for the
unflawed sample test so that enough data and images are acquired
at 2 Hz sampling rate, as the test duration for fracture test is shorter
than the unflawed tensile test. Synchronized load, axial displace-
ment and stereo images were collected at 2 Hz. Each experiment
was tested at least twice to ensure the results obtained during
mechanical and fracture tests are repeatable.

2.4. Digital image correlation (DIC) method

During the entirety of the present experimental study, full-field
strain and displacement fields were obtained with the use of stereo-
vision in conjunction with 3D DIC. To facilitate use of the DIC
method, the surface of each specimen was first coated with a thin
layer of white paint. A fine, high contrast speckle pattern of black
paint was then sprayed on the white surface. A typical speckle pat-
tern applied on the specimen’s surface, along with its gray scale his-
togram, is shown in Fig. 3. Specimen response during tensile and
fracture experiments was observed using a pair of Point Grey Grass-
hopper 5 megapixel cameras fitted with 35 mm lenses, operating at
a resolution of 2448 � 2048 pixels. External lights sources were
used to promote uniform illumination of the specimen in the region
of interest.



Fig. 3. Illustration of fracture specimen (a), with a close-up details of the crack-tip vicinity (b). (x–y is the basic testing coordinate system, where x is parallel to the initial
notch axis and y is parallel to loading axis. 1–2 is the fibers coordinate system, where 1 is parallel to 0� fibers and 2 is parallel to the 90� fibers.) A typical speckle pattern (c)
with its relative gray-scale histogram (d) is also shown.
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System parameters obtained from calibration for the stereo cam-
era arrangements used in both the mechanical testing and the frac-
ture testing are shown in Table 1. The camera 1 and camera 2
coordinate systems, as well as the camera orientation angles a, b,
and c are also depicted, with the Z-axis nominally along the optical
axis of each camera. From the calibration data, stereo angles (bs) for
the mechanical and fracture testing were 21.8� and 36.5�, respec-
tively. Images collected were analyzed using commercial software
Vic-3D (VIC-3D website: www.correlatedsolutions.com) with sub-
set and step sizes of 25 and 3 pixels, respectively.
Table 1
System parameters obtained from calibration of the stereo camera arrangements used
in the mechanical and the fracture testing.

Parameter Mechanical testing Fracture testing

Camera 1 Camera 2 Camera 1 Camera 2

Center (x) (pixels) 1238 1223 1237 1187
Center (y) (pixels) 1038 1073 1022 1016
Focal length (x) (pixels) 5174 5158 5198 5152
Focal length (y) (pixels) 5174 5157 5198 5152
Skew (�) 0.796 �0.913 0.524 1.105

Alpha (�) 0.354 �0.735
Beta (�) 21.856 36.47
Gamma (�) 0.364 �0.307
Tx (mm) �146.8 �185.45
Ty (mm) �2.169 0.181
Tz (mm) 29.08 68.63
3. Data analysis

3.1. Elastic properties

Elastic stress-strain relation of an orthotropic lamina under
plane-stress conditions can be written in matrix form as [12]:
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where eij and rij are the components of the strain and stress tensors,
respectively. In order to determine the in-plane mechanical proper-
ties of the woven composite as a function of fiber orientation, off-
axis tensile specimens were tested. The tensile load, however, was
applied along the specimen axis, making an angle h with the princi-
pal horizontal fiber orientation (see Fig. 2).

The stress components along the material axes 1 and 2 can be
written in terms of the axial stress, rh, and the fiber orientation
angle, h, as:

r11 ¼ rh cos2 h r22 ¼ rh sin2 h r12 ¼ �rh sin h cos h ð2Þ

Using the quadratic elasticity potential function and the stress com-
ponents shown in Eq. (2), the stored energy, w, can be written as a
function of axial stress, in-plane elastic constants and the fiber ori-
entation angle as [6,12]:

w ¼ 1
2
r2

h

1
E1

cos4 hþ 1
G12
� 2t12

E1

� �
sin2 h cos2 hþ 1

E2
sin4 h

� �
ð3Þ

where subscripts 1 and 2 in the present work denote the material
property at h = 0� and h = 90�, respectively. Using the definition of
axial strain for a linear elastic material, eh can be written as:
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Fig. 4. Typical tensile stress–strain curves as a function of fiber orientation (a) and a
close-up view of the linear elastic region (b). A linear regression method was used
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eh ¼
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where
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By performing tensile experiments to obtain rh � eh curves in the
linear region for h = 0� and h = 90�, d1 and d2 can be determined,
respectively. At this point, the only unknown parameter would be
d3, which can be numerically assessed using a linear least square
optimization process which involves the minimization of the fol-
lowing metric [12]:

U ¼
XM

J¼1

XN

i¼1

ei
h�

ri
h�
� h2ðh�; d1; d2; d3Þ

E1

" #2
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d1
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where M is the number of specimens tested at angle h⁄ and N denotes
the number of rh � eh data obtained for each specimen. From values
of rh and eh measured at several load magnitudes for specimens with
h⁄ = 15�, 30�, 45�, 60�, 75�, the value of the parameter d3 can be
obtained from the optimization process. Additionally, the Poisson’s
ratio as a function of fiber angles, t(h), can be experimentally
obtained by finding the ratio of transverse to longitudinal strain com-
ponents for each specimen. Once d3 and t(h) are obtained, shear mod-
uli at different angles, G(h), of the material can be determined from
Eq. (5). Note that the level of accuracy of the results depends on the
number of specimens tested at each h⁄, as well as the number of data
points obtained in the linear region of rh � eh curves. The procedures
that are followed to obtain the mechanical properties can be summa-
rized as follows:
� Measure the linear portion of tensile r � e of a specimen loaded

along with fiber angle h = 0� and determine d1 according to Eq.
(5).
� Measure the linear portion of tensile r � e of a specimen loaded

along with fiber angle h = 90�, and determine d2 according to Eq.
(5).
� Determine the Poisson’s ratio from tensile experiments of spec-

imens with fiber angles are oriented at
h = 0�, 15�, 30�, 45�, 60�, 75�, 90�.
� Measure rh � eh values at several loads within the linear defor-

mation region from tensile experiments for specimens with
fiber angles are oriented at h = 15�, 30�, 45�, 60�, 75�.
� Since d1, d2 and rh � eh values at different angles are known use

Eq. (6) to determine the unknown d3 using a linear least square
optimization process.
� Once d3 is obtained, Eq. (5) can again be used to find the values

for shear moduli at different angles.

3.2. Crack-tip displacement fields

The in-plane Cartesian displacement components, u and v, in
the vicinity of stationary and propagating cracks in orthotropic
materials can be written as [7,19]:
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where KI is the stress intensity factor for Mode-I fracture, and sij

denotes the components of the material’s compliance matrix as pre-
sented in Eq. (1). The results obtained from the tensile experiments
were used to determine the material’s compliance matrix. Quanti-
ties r and u in Eq. (7) are the radial and angular coordinates of an
arbitrary point. Expressions for p and q are defined as:

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Where the quantity a1 is given as:

2a1 ¼ aþ a1 � 4b1b2; a2 ¼ aa1 ð9Þ

With
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1Þ

a1 ¼
c22
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2Þ

2b1
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ð10Þ

cij in Eq. (10) are the elements of the material’s stiffness matrix. In
this case also, the cij matrix was obtained as the inverse of the mate-
rial’s compliance matrix (sij), which was determined earlier based
on the elastic properties found from the tensile experiments. M1
to find the elastic moduli of the specimens in this region.
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Fig. 5. Longitudinal and transverse strain as a function of stress for tensile
specimens of (a) h = 0� and (b) h = 45�.
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and M2 are non-dimensional parameters, defined as the ratio of the
crack tip velocity to the longitudinal wave velocity, cl, and shear
wave velocity, cs, of the materials as:
M1 ¼
c
cl

M2 ¼
c
cs
; cl ¼

ffiffiffiffiffiffiffi
c11

q

r
cs ¼

ffiffiffiffiffiffiffi
c66

q

r
ð11Þ

In the case of stationary and/or quasi-static crack growth, the crack
tip velocity, c, is assumed to be zero. The parameters li(i = 1 . . . 6)
and Ac66 in Eq. (7) are also written as:
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Fig. 9. Crack bridging as a result of fiber pull-out and fiber cross-over at early stages of crack growth for specimens of (a) h = 45� and (b) h = 90�.
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The displacement components at arbitrary radial and angular
positions in the crack tip vicinity were used to find the stress
intensity factor, KI, based on an over-deterministic least square
algorithm [20–22]. To avoid any possible error introduced by the
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tion of KI for each specimen. The numerical analysis was per-
formed using an in-house computer code written on the
MATLAB™ platform.
3.3. Criterion for crack propagation direction
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Fig. 12. (a) Variation of Mode-I stress intensity factor, KI, with fiber orientation. (b)
The fracture loads (corrected and uncorrected) and their difference as a function of
fiber orientation.
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in which the hoop/circumferential stress is maximum [23]. The
modified criterion, as proposed by Sauma et al. [18] takes into
account the angular variation of the fracture toughness of the
material, making it effective for orthotropic materials considered
in this work.

The modified hoop stress for orthotropic material can be
expressed as [18]:

rmod
hoop ¼

rx sin2 uþ ry cos2 u� rxy sin 2u
E2
E1

cos2ðu� hmaterialÞ þ sin2ðu� hmaterialÞ
ð13Þ

where hmaterial denotes the fiber orientation angle with respect to
perpendicular to the loading direction. E1 and E2 denote the mate-
rial’s elastic moduli along its principal fiber directions, obtained
from the tensile experiments in the present work. Note that, the
stress components rxx, ryy and rxy are functions of angular position,
u, and the fiber orientation angle, hmaterial, [19].
4. Results and discussion

4.1. Elastic properties

Following the experimental procedure described earlier, the
elastic properties of the examined materials were determined as
a function of fiber orientation angles. Typical stress–strain curves
for the composite as a function of fiber orientations angle are
shown in Fig. 4. The elastic portion of the stress–strain relation
has been magnified and shown in Fig. 4. As clearly seen in Fig. 4,
the stress–strain relations are consistent with previous studies
[12] and show different trends for different fiber orientations. For
the case of 0� and 90� fiber orientations, the failure was abrupt
with small strain and high failure stress; no progressive failure
was observed. On the other hand, failure in the case of off-axis fiber
orientation is progressive, leading to a relatively large strain before
complete failure. This is expected since the fibers are in the princi-
pal loading direction and are the primary load carrying members.
Since the matrix has little or no contribution to the tensile strength
for 0� and 90� specimens, the stress strain results exhibit a mono-
tonic linear response. In the case of off-axis specimens, the matrix
takes the load initially, as none of the fibers are aligned with the
loading direction. As the loading process progresses, the fibers
begin sharing the load and a non-linear stress-strain response with
progressive damage occurs. A similar response was observed by
Pollock et al. [12] for an orthotropic woven glass–epoxy composite.

From the full-field displacement data obtained using 3D DIC,
longitudinal and transverse strain components were also deter-
mined for each tensile specimen. Fig. 5 depicts the longitudinal
and transverse strain components for specimens of h = 0� and
h = 45�. The ratio of transverse to longitudinal strains increases sig-
nificantly as fiber orientation angle increases from 0� to 45�, indi-
cating that the apparent Poisson’s ratio will vary substantially as
a function of fiber orientation relative to loading axis. The experi-
mentally determined values of the apparent Poisson’s ratio exhib-
ited by the material are plotted with respect to the fiber
orientation angle in Fig. 6. The values obtained here are in a good
agreement with literature data [24].

Once the elastic moduli and the apparent Poisson’s ratio of the
composite specimens at different fiber orientation angles are
obtained, the method described earlier was used to extract the



(a) (b)

Fig. 13. Stress contours for specimens of (a) h = 45� and (b) h = 90�. The original crack tip is located at (0, 0) and the stress values are in MPa. Dimensions are also in mm.
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material’s shear modulus. Using a least-square approach and Eq.
(6), the values for di’s in Eq. (5) are calculated as:,
d1 ¼ 0:02167 GPa�1 d2 ¼ 0:01733 GPa�1 d3 ¼ 0:31432 GPa�1

Then using d3 along with the other elastic constants found ear-
lier, the material’s apparent in-plane shear modulus G(h) as a func-
tion of fiber orientation angle h are obtained, as shown in Fig. 7a.
Having all the necessary parameters, the theoretical variation of
E(h) was calculated from Eq. (4) and the results were compared to
the experimental findings. Fig. 7b demonstrates the comparison
between the theoretical and experimental results. A numerical
comparison of the experimental and analytical results shows a rel-
ative small difference, less than 3%, in all the cases, confirming that
the theoretical formulation presented above has a high level of
accuracy which was achieved in all of the results found in this
work. Another point worth mentioning is that the material
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properties of the specimens at 0� and 90� fiber orientation angles
are not the same, and as shown in Fig. 7 the elastic moduli are
not distributed symmetrically with the fiber orientation. A similar
behavior was reported in the work performed by Pollock et al. [12],
with this phenomenon explained as being the result of a different
number of reinforcement fibers used along the 0� and 90�
directions.
4.2. Stress intensity factor and crack propagation direction

Several typical far-field quasi-static loading histories for single
edge cracked specimens with different fiber orientations with
respect to the initial crack direction are shown in Fig. 8. A constant
increase in the load magnitude prior to fracture, followed by a sud-
den drop, was observed for specimens with h = 0� and h = 90�, typ-
ical of a brittle fracture response. By increasing the specimen fiber
orientation angle from 0� to 45�, both the peak value and the load-
ing slope were remarkably reduced, reaching minima for the spec-
imen with h = 45�. The same trend was found when varying h from
90� to 45� as well. The gradual crack growth observed for speci-
mens with h approaching 45� is consistent with the failure mode
observed in unflawed samples in Section 4.1, indicating a change
in failure mechanism for specimens with fiber orientation angle
deviating from the loading axis. From a magnified image of a
typical failure surface, shown in Fig. 9, it was observed that for
specimens with fibers aligned with the loading axis, the failure is
predominantly by fiber fracture. In the case of off-axis specimens,
failure is associated with matrix cracking and fiber pullout. Fig. 9
shows a typical failure mode during early stages of crack propaga-
tion for two different cases with fiber angles h = 45� and h = 90�.
4.2.1. Stress intensity factor
To quantify the stress intensity factor, both the load and displace-

ment/strain fields from DIC measurements are considered. How-
ever, the comparison made between the load data and the images
taken during the loading process revealed that crack initiation takes
place well before the load magnitude reaches its peak value. A mag-
nified view of the crack tip area at different load levels for a specimen
having h = 45� is shown in Fig. 10a. The crack extension vs. far-field
load was also plotted for this specimen in Fig. 10b. It is obvious from
the images that the crack has already initiated some time before the
maximum load is reached. To find the correct load magnitude asso-
ciated with the material’s crack initiation, the history of the opening
strain component (eyy) was examined for a point located very near
to, and at an angleu = 0� relative to, the original notch tip. This strain
5 mm

(a) (

Fig. 14. Contours of the modified hoop stress for the specimens with (a) h = 60� and (b)
along the angle of crack propagation.
component experiences a distinct jump in its value at the actual
moment of crack initiation, as depicted in Fig. 11. This type of strain
response can be used to find the exact load magnitude at which the
fracture initiates. After measuring the corrected crack initiation load
in this way for each specimen, the critical stress intensity factor as a
function of fiber orientation angle was calculated using load data
and specimen geometry. The stress intensity factor present in each
of the specimens was also calculated using the displacement fields
obtained from DIC and the asymptotic displacement fields with
the over-deterministic approach explained earlier. The calculated
KI values obtained using the over-deterministic approach are com-
pared to those found using specimen load and geometry in
Fig. 12a. As shown in Fig. 12a, the KI values determined using both
methods exhibit similar trends and are in relatively good agreement.
Noting that the KI value calculated from the corrected load is in bet-
ter agreement with the value obtained from strain fields suggests
the necessity for optical observation to determine the instant of frac-
ture. By including such observations, the critical stress intensity fac-
tor of such materials can be obtained. In cases where only far-field
load is considered, the stress intensity factor of the material may
be substantially over-estimated (see uncorrected load data for
instant of crack propagation in Fig. 12a). Variation of the peak load
as obtained from the load cell (uncorrected fracture load) and the
corrected fracture load values at the instant of fracture are presented
in Fig. 12b for specimens with different fiber orientation angles. A
minimum of 16% difference was obtained between the corrected
and uncorrected fracture load magnitudes.

4.2.2. Crack propagation direction
In order to predict the angle at which crack propagation takes

place, the modified hoop stress criterion described in Section 3.3
is used. Using the full-field strain components obtained from DIC
along with the elastic constants determined for the material, the
full-field stress components are calculated. These stress compo-
nents are directly determined from Eq. (1) using known ei and sij

values within the area of interest. Note that the elastic constants
sij that are used in Eq. (1) are those obtained from mechanical test-
ing, explained earlier in Section 3.1 and the strains ei are obtained
from DIC measurements. The distribution of the corresponding
stress components rxx, ryy and rxy for two different specimens
obtained through this process are depicted in Fig. 13. Using these

stress components, the modified hoop stress rmod
hoop

� �
field was

determined within the same region of interest on which the full
field stress components were calculated. The distribution of mod-
ified hoop stress in the crack tip neighborhood is shown in
5 mm

b) 

h = 90�. Experimental results confirm that the maximum modified hoop stress lies
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Fig. 14. The experimentally observed results showing the crack
initiation angle for all the specimens have been depicted in
Fig. 15. Inspection of Figs. 14 and 15 indicates that the crack path
follows the direction in which the modified hoop stress is maxi-
mized. To give more detailed insight into prediction of the crack
path, the material’s elastic constants, along with the stress formu-
lae proposed for orthotropic materials [10,11,18], was used to
analytically determine the distribution of the modified hoop stress
in the vicinity of the crack for specimens with different fiber orien-
tation. In this case, the stress components, rx, ry and rxy in the
neighborhood of the crack for Mode-I fracture are calculated as:

rx ¼
KIffiffiffiffiffiffiffiffiffi
2pr
p Re

l1l2

l1�l2

l2

ðcosuþl2 sinuÞ1=2�
l1

ðcosuþl1 sinuÞ1=2

 !" #

ð14-aÞ
Fig. 15. Experimentally observed direction of crack initiation for different specimens wi
ry ¼
KIffiffiffiffiffiffiffiffiffi
2pr
p Re

1
l1�l2

l1

ðcosuþl2 sinuÞ1=2�
l2

ðcosuþl1 sinuÞ1=2

 !" #

ð14-bÞ

rxy ¼
KIffiffiffiffiffiffiffiffiffi
2pr
p Re

l1l2

l1�l2

1

ðcosuþl1 sinuÞ1=2�
1

ðcosuþl2 sinuÞ1=2

 !" #

ð14-cÞ

where l1 and l2 are the complex roots of the general character-
istic equation:

s11l4 � 2s16l3 þ ð2s12 þ s66Þl2 � 2s26lþ s22 ¼ 0 ð15Þ

With sij denoting the components of the material’s compliance
matrix (see Eq. (1)). For an orthotropic case similar to that consid-
ered in this work, Eq. (15) reduces to the following form [9]:
th (a) h = 0�, (b) h = 15�, (c) h = 30�, (d) h = 45�, (e) h = 60�, (f) h = 75� and (g) h = 90�.
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s11l4 þ ð2s12 þ s66Þl2 þ s22 ¼ 0 ð16Þ

In which the constants, sij, are experimentally determined. Once
all the stress components are analytically determined in the crack
tip vicinity, Eq. (13) can be utilized to obtain the distribution of the
modified hoop stress within the region of interest. The variation of
normalized modified maximum hoop stress as a function of angu-
lar position around the crack tip is shown for specimens with dif-
ferent fiber orientation angles in Fig. 16. The crack initiation angle
was theoretically found as the angle at which the magnitude of the
modified hoop stress reaches a maximum. Comparing the results
found in this stage, with those obtained experimentally (Fig. 15),
indicates very good agreement between both sets of results. Com-
parison of predicted and measured crack growth initiation angle
for different fiber angles is shown in Fig. 17. A very slight discrep-
ancy is observed between the analytical and experimental results,
which might be associated with (a) slight errors in the experimen-
tally measured angles or (b) the original fibers might have not been
perfectly straight within the composite sheet.
5. Conclusions

A detailed and robust digital image correlation-based metrology
is used to determine the elastic and fracture properties of woven
composites. In-plane mechanical parameters are quantified and
the fracture response of an orthotropically woven carbon fiber
reinforced composite are determined using DIC measurements.
The stress intensity factor at the onset of crack extension is calcu-
lated based on both the far-field load and also the displacement
fields obtained from 3D-DIC. A detailed study of the material’s frac-
ture response reveals that the far-field load and specimen geome-
try are insufficient to extract accurate estimates for fracture
parameters such as the stress intensity factor. Rather, the experi-
ments should be accompanied with either (a) optical observations
to detect the onset of crack extension and/or (b) a corresponding
measurement of local strain/displacement fields at a location very
close to the initial crack tip to detect the abrupt changes in these
components that occurs when crack propagation initiates.

Finally, the modified maximum hoop stress is utilized to analyt-
ically predict the angle of crack initiation. The predicted angle of
crack initiation is shown to be in very good agreement with the
measured crack initiation angle, indicating that this criterion is
expected to be reliable for use in both experimental as well as
numerical studies conducted on similar material systems.
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