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Abstract

An automatic crack tracking scheme is developed for measuring the tensile
opening (mode I) interlaminar fracture toughness (GIc) of continuous glass
fiber-reinforced composite materials. The technique is directly compared to
ASTM standard D5528, which contains a manual procedure to obtain GIc

values from crack length data using a double cantilever beam (DCB) specimen.
In this study, a custom computer program with edge detection software
rapidly, automatically, and accurately tracks the crack front in translucent
DCB specimens by optically monitoring dissimilarities between delaminated
and intact portions of the sample. The program combines mechanical testing,
image processing, and data collection subroutines into a single interface.
The technique is compatible with sample geometries and fabrication processes
described in ASTM D5528, and it requires only the addition of a charge-coupled
device (CCD) and light source. Compared with the manual techniques outlined
in the ASTM standard, the introduced method provides enhanced resolution
and reduced workload to determine crack length and resulting GIc of continuous
glass fiber-reinforced composite DCB samples.

Introduction

Interlaminar fracture poses one of the greatest perfor-
mance concerns for laminated composite materials,
limiting reliability and leading to premature catas-
trophic failure.1–3 The double cantilever beam (DCB)
specimen provides a convenient experimental plat-
form to evaluate resistance to delamination, that
is, fracture toughness, for a variety of composite
materials and layup sequences.1–6 A set of com-
prehensive guidelines for laminated composite DCB
sample fabrication, fracture testing, and data analysis
are found in ASTM D5528.6 Although the standard
test method is reliable, ASTM D5528 requires manual
crack length measurements for each GIc calcula-
tion. As a mid-plane delamination traverses through
the DCB, crack length is optically determined from
hand-marked delineations along the profile (side) of
each sample. Continuous crack length data are not
obtained by this method because the delineations

are discrete and widely spaced (5 mm). The visual
inspection of the ASTM standard is time intensive
and potentially subjective.

The need for continuous and automated crack
length measurements has driven the development
of alternative techniques for improving measurement
resolution and accommodating rapid crack propaga-
tion rates. Resistance-based methods implement a
conductive thin film such as graphite on the side of
fracturing DCB samples. A linear decrease in con-
ductance occurs as the crack length increases, which
enables electronic monitoring of crack propagation.7

Time-domain reflectometry (TDR) sensors have also
been used to successfully calculate crack length from
the reflected pulse time-shift that occurs as a crack
front passes between a signal and ground plane.8

Polymer matrix composites are not typically conduc-
tive so electrical traces must be incorporated into the
samples for resistance or TDR based techniques. Yoon
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et al. attached optical fibers to a DCB specimen and
crack length was determined indirectly by using Bril-
louin scattering to measure the strain distribution.9

Although less intrusive to sample fabrication, this
method was limited to a spatial resolution of 9 mm.
Each of these approaches possesses the benefit of
providing a more continuous data set than ASTM
D5528, but the requirement for specialized sample
fabrication is undesirable and any potential alterna-
tive should match or surpass the accuracy of the
current standard.

Automated optical inspection known as ‘‘machine
vision’’ has been implemented for a variety of appli-
cations including quality control of food, microelec-
tronics, and civil infrastructure.10–12 Machine vision
systems typically use a charge-coupled device (CCD)
to record images of a subject. The image then under-
goes a post-processing step and subsequent analysis
to determine some size, shape, or quality charac-
teristic. The concepts of machine vision have also
been applied to crack detection and measurement.
Gao et al. applied a gray-level threshold technique to
automatically track fatigue crack growth in a com-
pact tension specimen.13 To address the problem
of automatically identifying cracks on complex sur-
faces, Song et al. used Wigner distribution modeling
to analyze images and detect cracks on randomly tex-
tured surfaces.14 However, both techniques require
either specialized programming or additional equip-
ment, which limits their broader application. Here,
we introduce a method of automatically tracking and
measuring cracks in E-glass fiber-reinforced compos-
ite DCB specimens. The technique does not require
any changes to standard sample preparation. Striving
for compatibility with ASTM D5528, our automatic
tracking system only requires the addition of a CCD
imaging system and light source to the typical test
setup. Simple reconfiguration of commercially avail-
able software controls both the mechanical testing
equipment and image processing for accurate crack
length measurements. The software obtains continu-
ous crack length data in real-time with higher spatial
resolution than the accepted standard.

Experimental Procedure

DCB sample fabrication

Sixteen plies of an 8-harness satin weave E-glass
fabric (Style 7781, Fibre Glast Developments Corp.,
Brookeville, OH, USA) are stacked in a [90/0]8

layup sequence. An Ethylene tetrafluoroethylene
(ETFE) film (25 μm thick) is placed between mid-plies
(8/9) serving as a pre-crack. Epoxy resin infiltration

(Araldite LY/Aradur 8605, 100:35 by wt., Hunstman
Advanced Materials LLC, The Woodlands, TX, USA) is
achieved via vacuum-assisted resin transfer molding
(VARTM) at 38 Torr (abs) until complete fabric
wetting and then decreased to 76 Torr (abs) for 36
h at room temperature (RT) until resin solidification.
The fiber-composite panel is post-cured for 2 h at
121◦C and 3 h at 177◦C. DCB samples are cut using a
diamond-blade wet saw from the 4-mm-thick panel to
approximately 25 mm wide and 150 mm long (60 mm
ETFE, 90 mm neat). Brass hinges (25 mm × 25 mm,
McMaster-Carr, Elmhurst, IL, USA) are bonded to
outer composite faces on the pre-crack end using a
high-strength structural adhesive (Scotch-WeldTM DP
460, 3MTM, Maplewood, MN, USA) and allowed to
cure for 48 h at RT to ensure sufficient bond-strength
before testing. One side (4 mm × 150 mm) of the DCB
sample is spray painted matte white (Shock White
Acrylic, Montana Gold, Heidelburg, Germany) and
allowed to air-dry at RT for 48 h. 5-mm delineations
are marked on the painted side beginning 5 mm from
the interior pre-crack interface and extending to the
free end of the sample.

Fracture test

Each of the DCB specimen cantilever arms is
loaded through the bonded hinges in displacement-
controlled quasi-static tension to induce mode I frac-
ture propagation along the 0◦ mid-ply interlaminar
region (Fig. 1). The initial pre-crack region (a0)
from the hinge-loading line to the interior ETFE
film termination interface is approximately 47 mm.
Crosshead speed is (+) 5 mm/min during loading
and (−) 25 mm/min for unloading. Overhead and
side CCD cameras (A631fc, Basler AG, Ahrensburg,
Germany) with mexapixel lenses (LM16HC, Kowa
Optimed, Inc., Torrance, CA (USA distributor, man-
ufactured in Japan)) are mounted in the testing
area to monitor delamination propagation and record
gray-scale images (1024 × 768 pixels, Mono8) every
2 s. This provides an adequate image set to determine
crack length at each of the 5-mm delineations for an
average crack propagation rate of 5.8 mm/min. Time,
load, displacement, and time-stamped image data for
crack length correlation are collected using LabVIEW
software (v. 2009, National Instruments, Austin, TX,
USA).

Crack measurement

For comparison purposes, both manual and automatic
crack tracking techniques are implemented for each
DCB fracture test. Manual measurements are logged
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Figure 1 (a) Image of experimental setup showing the light source and overhead with side-mounted CCD cameras. (b) Photograph of DCB sample

during the fracture test. (c) Schematic of DCB sample with labeled test variables.

according to the guidelines in ASTM D5528. A
time-stamped digital image sequence is acquired
during the fracture test by the side-mounted CCD
and used to manually determine crack length from
the discrete 5-mm crack length delineations along
the side of the sample. The timestamp of the image
correlates crack position with load and displacement
data for subsequent fracture toughness GIc analysis.

Automatic measurements are acquired by placing
a fiber-optic light source (Dolan Jenner: QVABL48
with illuminator DC-950, Dolan Jenner Industries,
Boxborough, MA, USA) under the DCB specimen
and monitoring crack propagation from an overhead
mounted CCD. The translucent E-glass fabric/epoxy
matrix composite allows the backlight to provide
uniform illumination of the DCB sample. As the
fracture test proceeds, delamination between mid-
dle plies of the sample causes an apparent contrast
between the intact (lighter) portion of the sample
and the fractured (darker) portion owing to scatter-
ing from the reflective crack plane.15 The overhead
CCD captures images that are fed into the same com-
puter program that controls the mechanical testing
equipment. The machine development module in
National Instruments LabVIEW software is used to

construct a specialized subroutine to continuously
monitor and automatically measure the crack length
from calibrated optical images (Fig. 2). Crack posi-
tion is detected based on the intact/fractured contrast
differences via machine vision image processing func-
tions. The program searches within a defined region
of interest (ROI) to locate the end of the sample and
the leading edge of the crack to calculate the crack
length,

a = a0 + af − am (1)

where a is the total crack length, a0 is the pre-crack
length, af is the available fracture length, and am

is the optical measurement length (Fig. 3(a)). The
software collects image and load–displacement data
at a frequency of approximately 10 Hz. The gain of
the CCD is programmed to automatically adjust in
order to maintain consistent mean gray-level intensity
for each image. Without gain adjustment, image
brightness may change to an extent that disrupts
edge detection.

Optical calibration

An optical calibration factor (OCF) is initially
determined as a mm per pixel ratio at the beginning
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Figure 2 Flowchart of automatic crack tracking and fracture testing computer program.
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Figure 3 (a) Schematic of edge detection measurement system. The edge detection algorithm sweeps from left to right searching for edges in the

region of interest (ROI). The software overlays lines for the ROI (green), edges detected (red), and center of the search region (blue). The pixel distance

between the two detected edges (am) is used to calculate the crack length from the optical calibration factor (OCF). (b) Crack size as a function of

crosshead displacement for the 50.8 mm reference sample. The ‘‘no calibration’’ shows an artificial crack length increase as the sample moves closer

to the camera. Both calibration adjustment methods (real-time and linear-fit) correct for this artificial increase.

of each test. The software calculates OCF from
user-input sample dimensions and the pixel distance
(measured via edge detection) between the pre-crack
and the end of the DCB specimen (af, Fig. 3(a)).
The OCF requires in situ adjustment during fracture
tests as the distance between the overhead CCD
and upper surface of the DCB sample decreases as
crosshead displacement of the load frame proceeds. As
displacement is initiated, samples appear larger and
thus, the original OCF becomes invalid. A baseline
‘‘reference’’ test is performed using an intact DCB
specimen with a 50.8 mm length of black paper
attached to the dorsal surface to simulate a constant
crack length. The reference is clamped in the top
grip only and raised toward the overhead CCD with a

total crosshead displacement of 50 mm. As the sample
moves closer to the CCD, the detected edge moves
pixel-by-pixel and the measured crack length shows
an artificial increase of more than 10% (Fig. 3(b)).
Owing to this artificial increase, the OCF must
be updated throughout the fracture test to ensure
accurate crack length measurements.

OCF adjustment is performed by two separate in
situ methods. A ‘‘real-time calibration’’ method adds
a second edge detection subroutine to measure the
pixel width of the sample. Each new image recalcu-
lates the OCF from the real-time pixel width of the
sample and the known sample width, which is input
by the user before starting the program. A second
‘‘linear-fit calibration’’ method is implemented using
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the data acquired from the reference sample, which
exhibits a nearly linear increase in uncorrected crack
length over the displacement range investigated. A
least squares linear regression is performed to fit an
analytical ‘‘calibration’’ curve to the data. The regres-
sion analysis for the data reported herein indicates
that a decrease of 2.84 × 10−4 mm/pixel in OCF is
necessary to maintain proper calibration for each
millimeter of crosshead displacement. As long as the
camera position and lens focus remain unchanged,
this adjustment holds constant for all fracture tests in
this investigation. The linear-fit calibration method
automatically applies the OCF adjustment during
the fracture test based on crosshead displacement
readings. Calibration adjustment methods are verified
with the reference sample up to a displacement of
50 mm (Fig. 3(b)). Because DCB specimens in actual
fracture tests are clamped to both top and bottom
test fixtures, the sample mid-plane only moves by
one half the crosshead displacement. Therefore,
the calibration adjustments are valid up to a total
crosshead displacement of 100 mm.

Calibration adjustments

A significant improvement in measurement accuracy
occurs with both OCF adjustment methods. Mea-
surements of the 50.8 mm reference sample averaged
50.92 ± 0.34 mm (within 0.7%) for the real-time cal-
ibration and 50.81 ± 0.15 mm (within 0.3%) for the
linear-fit calibration method. Although both correc-
tion methods result in sub-mm accuracy, the error
from real-time calibration is double that of the
linear-fit calibration. The error approximates 2 pixels
for the real-time calibration and 1 pixel for linear-fit
calibration. This difference is a result of the real-time
calibration method requiring two-edge detection sub-
routines; one for calibration from specimen width
and the other for crack length measurement. The
linear-fit calibration method only requires one-edge
detection subroutine for the crack length measure-
ment. The error arises due to pixel shifts that occur
during the edge detection process, resulting in double
the error for the real-time calibration as it uses two
edge detection functions.

An increase in camera resolution over the current
1024 × 768 pixel would decrease the error for each
calibration method. The discrepancy between the
calibration adjustment methods would also be
reduced with increasing resolution. With higher
resolution, the mm/pixel calibration factor would
be lower and thus the difference between 2-pixel
error and 1-pixel error would decrease. Although
the real-time calibration is unaffected by small

adjustments to test setup, the linear-fit calibration
requires camera position and focus to remain constant
after determining the OCF adjustment. Thus, an
appropriate choice of optics is critical. For a fixed
focus lens, verification of adequate depth of field is
required over the entire range of sample displacement
as edge detection may become less reliable as focus
deteriorates. Because all DCB samples in our series
of experiments were completely fractured before
reaching the 100-mm displacement range (validated
by the reference sample), the optics were sufficient
for all tests reported herein. The linear-fit calibration
method is used for subsequent comparisons to ASTM
D5528.

Fracture analysis

Calculations of mode I critical strain energy release
rate (GIc) are performed according to ASTM
methodologies.6 GIc calculations from discrete (5-mm
delineations) and continuous crack length measure-
ments are computed according to the modified beam
theory (MBT):

GIc = 3Pδ

2b (a + |�|) (2)

where P is the applied load, δ is the crosshead
displacement, b is the specimen width, a is the total
crack length and |�| is a correction factor to account
for nonzero rotation at the delamination front. This
correction factor, |�|, is defined as the absolute
value of the x-intercept of the line generated from
a least squares plot of the cube root of compliance,
C1/3 ≡ (δ/P)1/3 versus crack length.4

Results and Discussion

Crack-tracking comparison

Our dual-camera setup allows direct comparison
of the proposed automatic crack tracking method
to manual measurements recommended in ASTM
D5528. Representative overhead and side images of a
DCB sample during testing are shown in Fig. 4. The
automatic tracking successfully follows the edge of the
crack front as the mid-ply delamination propagates.
A representative load–displacement curve is shown
in Fig. 5. Owing to an image processing loop
speed of approximately 0.1 s, the crack tracking
software records the crack position 10 times per
second with sub-mm resolution. By comparison, the
side-mounted CCD-recorded images for the ASTM
D5528 method were acquired at a rate of one image
every 2 s. Although faster image recording rates
are possible, data management and storage become
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Figure 4 Overhead (a, c, e) and side (b, d, f) images of fracturing DCB specimen at crack lengths 20 mm (a, b); 50 mm (c, d); and 80 mm (e, f). The red

lines in overhead images indicate the location of detected edges. The line on the left indicates the end of the sample and the line on the right indicates

the location of the crack front (scale bar = 10 mm).

Figure 5 Representative load–displacement behavior of DCB speci-

mens and crack length measurement showing slightly higher values for

the automatic tracking technique as compared with the manual ASTM

D5528 method.

a concern for long duration tests. The automatic
tracking approach removes the need to retain image
files as crack length measurements occur on-the-fly.

While the automatic tracking software improves
the ease and acquisition rate of crack length measure-
ments, it also records slightly higher crack lengths
than those obtained using ASTM D5528 (Fig. 5). Dis-
crepancies of approximately 1.5–2.5 mm are observed

over the entire range of crosshead displacement.
Sources of error related to the experimental tech-
nique(s) were investigated to explain this disparity.

In the ASTM D5528 method, the delineations
spaced 5 mm apart are hand drawn onto the side
of the sample. Each of the hand-marked delineations
approaches 1 mm in width, resulting in a standard
accepted ±0.5 mm uncertainty in crack tip position.
Hand markings are also difficult to place precisely
during sample fabrication.

The experiment operator must next visually
determine when the crack has reached the delineation
from a series of photographs. The exact position of a
crack tip is often difficult to determine, and thus the
time at which it reaches each delineation is subjective.
However, measurement errors arising from sample
preparation and subjective visual analysis have
been determined acceptable from round-robin testing
reported by ASTM.2

Crack front curvature

A more dominant source of error results from the
slightly curved shape of the delamination front
(Fig. 6(a)). Davidson previously reported anticlastic
(transverse) bending of a DCB causes an uneven
distribution of critical strain energy release rate (GIc).
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(a) (b)

Crack Apex

Figure 6 (a) ‘‘Thumbnail’’ crack curvature showing the physical difference (ς ) in crack length measured from the apex and side of the sample (scale

bar = 5 mm). (b) Crack measurement disparity between apex and side detection methods. The average disparity is the difference between ASTM

D5528 and the automatic, linear-fit calibration methods for a representative sample.

The uneven distribution is highest in the center of
the sample resulting in a ‘‘thumbnail’’ crack profile.5

Crack lengths determined from side observation of
the DCB sample will thus be shorter than those
recorded by the overhead, automatic edge detection
software. Because the software performs an edge
detection sweep starting from the free end of the
DCB sample, the apex of the crack front is reached
first, and recorded as the crack position (Fig. 6(a)).

Figure 6(b) shows the crack length disparity for a
representative sample. The crack fronts of overhead
images are individually analyzed at each of the
discrete (5 mm) crack delineations to determine the
physical difference in position between the crack
front apex and the crack tip position at the side of the
sample. The physical difference between the mea-
surement methods ranges between 1.2 and 2.6 mm
greater at the apex of the crack front as compared
with the crack length measured from the side of the
sample (Fig. 6(b)). For the same sample, an average
disparity of 2.0 ± 0.4 mm is observed for linear-fit
versus ASTM D5528 methods with no detectable
trend with respect to displacement. The average
disparity (over all four specimens) in crack length
between the ASTM D5528 manual measurements
and the linear-fit calibration method is 1.8 ± 0.6 mm.
The shape of the crack front appears to be the
responsible source of discrepancy between the two
methods. Previously reported sample configurations
such as alternate pre-crack geometries could be
used to straighten the crack front and reduce this
effect.16

Strain energy release rate

Modified beam theory4,6 calculations of GIc are shown
for a representative sample in Fig. 7. Manual (ASTM
D5528) and automatic (linear-fit calibration) crack
measurement methods yield GIc values of 429 ± 3
and 423 ± 4 J/m2, respectively, across the entire
delamination length. Neither method is consistently
higher or lower over the entire range of crack lengths;
however, the average GIc is higher for the ASTM
D5528 measurements in all samples owing to lower
crack-length measurement values obtained from the
side images. Figure 8 shows the average GIc for all
four specimens tested with both manual (ASTM)
and automatic (linear-fit calibration) crack tracking
methods. Despite averaging nearly 2-mm disparity in
crack length, the two methods differ in GIc by less than
1%. Thus, the automatic crack tracking technique
and ASTM D5528 provide comparable data for mode
I fracture toughness evaluation of composite DCB
specimens.

While discrepancy is marginal in these experi-
ments, the automatic crack tracking method can
be considered more conservative than ASTM D5528
because the apex of the crack front yields a larger crack
length and reduces the calculated value of GIc. Mea-
surement differences could be more significant for
multidirectional layup sequences that yield greater
crack front curvature.17,18 Future iterations of the
crack measuring subroutines could also be adapted
to account for crack front curvature by determin-
ing a maximum, minimum, or mean delamination
length.
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Figure 7 GIc calculated from modified beam theory (MBT) for manual

crack length measurements according to ASTM D5528 and the

automatic, linear-fit calibration method for one representative sample.

Figure 8 Average GIc calculated via MBT from manual crack length

measurements performed according to ASTM D5528 and the automatic,

linear-fit calibration method. (Inset) Magnified data subset showing

overlap of error between methods (error bars represent the standard

deviation from four samples calculated at each 5-mm crack length

interval).

Conclusion

Automatic crack tracking in DCB specimens via
edge detection software and an overhead CCD
camera is simple, reliable, and accurate. Automatic
tracking provides a more continuous crack length
data set with superior spatial resolution of 0.15 mm
(1 pixel) compared with the accepted standard
with 5-mm crack delineation spacing and ±0.5 mm
measurement uncertainty. The experimental setup is
also highly adaptable and inexpensive to implement
as it involves minimal equipment additions and is
compatible with traditional composite DCB specimen
fabrication.

The introduced experimental technique is cur-
rently limited to translucent samples, such as glass
fiber-reinforced composites. The correct combination
of lighting and sample preparation could allow subse-
quent versions of the program to achieve automatic
crack tracking from the side of the sample. By incorpo-
rating techniques previously reported on the subject
of crack detection,11,12 our methodology could be
enhanced to detect cracks over a wider range of light-
ing conditions, test geometries, loading rates, and
material constituents. Superior image post-processing
of gray-scale differences would make less obvious
cracks, for example, those on the side of a DCB
sample (Fig. 4), easier to track and thus extend the
applicability of this method to opaque samples such
as carbon fiber-reinforced composites. Moreover, the
customizable nature of LabVIEW and similar software
packages provides a pathway to implement on-the-fly
fracture toughness calculations that would eliminate
the need for post-processing data.
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