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Abstract
The dynamic fracture of high-stiffness and low-toughness materials such as soda-lime glass (SLG) typically involves crack
initiation and growth prior to branching, underlying mechanics of which is not yet fully understood. Investigation of this issue
using full-field optical techniques face numerous spatio-temporal challenges since crack speeds in these materials reach 1500m/s
or more and are accompanied by highly localized deformations. However, often it is tacitly assumed that most optical methods
are equally capable of studying this challenging problem and it turns out not to be true. To this end, three prevalent optical
techniques - transmission photoelasticity, 2DDigital Image Correlation (DIC) and transmission Digital Gradient Sensing (DGS) -
are implemented concurrently to visualize crack-tip fields and quantify fracture characteristics associated with crack initiation,
crack growth and macroscopic crack bifurcation in SLG plates subjected to nominally identical loading in three separate
experiments. Each method is implemented in conjunction with ultrahigh-speed (1 Mfps) photography, flash/pulse illumination,
and a modified-Hopkinson pressure bar for impact loading of specimens. The feasibility of measuring fracture parameters and
imposed force histories along with the pros and cons of each approach for this material system are examined.

Keywords Photoelasticity . Digital image correlation . Digital gradient sensing . Dynamic fracture . Transparent glasses and
ceramics

Introduction

Transparent glasses and ceramics are routinely used in many
civilian and military structures. The dynamic fracture charac-
terization of these high-stiffness and low-toughness materials
often pose severe challenges to legacy optical methods be-
cause (a) the crack-tip opening displacements and deforma-
tions are often extremely small (< 100 nm) and highly local-
ized, (b) the crack growth is highly transient with speeds ex-
ceeding 1500 m/s and attained within a couple of microsec-
onds after initiation, and (c) it often involves crack branching.
Furthermore, the intriguing phenomenon of self-branching

and fracture mode-transition of a dynamically growing
mode-I crack to mixed-mode daughter cracks remains unre-
solved from the mechanics perspective. A range of hypotheses
such as the dynamically growing crack-tip (i) reaching a crit-
ical velocity, (ii) stress intensity factor attaining a critical val-
ue, (iii) hoop stress ahead of it reaching a maximum at an
angle other than the self-similar growth direction, (iv) encoun-
tering stress wave pile-up ahead of it, (v) provoking
microcrack nucleation at increasingly greater distances ahead
of it, have all been alluded to as potential causes for crack
branching in various theoretical, numerical and experimental
reports [1–9]. The absence of an easy-to-use, full-field, optical
method capable of mapping deformations over relatively large
Regions-of-Interest (ROI) (say, 75 mm× 75 mm) to examine
these issues have also been responsible for somewhat limited
progress towards addressing these basic questions since pop-
ular methods such as photoelasticity, Coherent Gradient
Sensing (CGS) and Digital Image Correlation (DIC) are tac-
itly assumed to be capable of quantifying the mechanical
fields near growing cracks in transparent glasses and ceramics.
However, it is much more challenging than the perception
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because (a) soda-lime glass (SLG) has a stress-optic constant
30–50 times lower than birefringent polymers often used in
photoelastic studies, (b) CGS would need a very large diam-
eter coherent laser beam and an unrealistic grating separation
distance (of over 2.5 m when, say, 25 μm pitch Ronchi rulings
are used) to laterally shear the object wave front, (c) DIC
would need to be able to measure crack-tip displacements of
~100 nm at crack speeds of over 1500 m/s, to name a few.
These are indeed severe experimental challenges to the state-
of-the-art.

In light of the above, the dynamic fracture mechanics of
brittle materials has been studied in the past using loading rate
dependent glassy polymers instead. For example, fracture of
Homalite-100, a brittle polyester, was used by Dally [10] to
visualize a sequence of isochromatic fringes representing the
state of stress associated with a crack moving at 200–400 m/s
and proposed crack propagation and branching criterion.
Bradley and Kobayashi 11] also used edge notched
Homalite-100 specimens and a multi-spark gap polariscope
cum high-speed camera. They mapped isochromatic fringes
associated with the dynamic crack propagation and studied the
crack-tip fields surrounding the growing crack experimentally.
They characterized the dynamic crack propagation using a
two-parameter model. Kobayashi and his associates [12] in-
vestigated crack branching via photoelastic experiments, also
using Homalite-100 polyester, and proposed a necessary con-
dition based on a critical dynamic stress intensity factor and a
sufficient condition of minimum characteristic distance for
crack curving. The transmission-mode CGS method was
employed by Tippur et al. [13] and Krishnaswamy et al. [14]
to investigate dynamic crack growth in edge-cracked PMMA
plates subjected to impact loading by mapping crack-tip stress
gradients near growing cracks.

The optical methods have also played a significant role in
studying dynamic fracture mechanics of non-transparent brit-
tle materials. A reflection-mode CGS was introduced by
Tippur et al. [15] to study front-coated PMMA mirrors and
subsequently to evaluate notch initiation toughness of bulk
metallic glasses [16]. Lately, DIC methods have been popular
in the study of dynamic fracture mechanics of polymers,
metals, and composites as they are relatively easy-to-
implement and provide full-field displacement information.
Kirugulige and Tippur [17] were the first to characterize dy-
namic fracture of epoxy-based syntactic foams using 2D DIC
and ultrahigh-speed multi-sensor digital photography. They
mapped crack opening and sliding displacements around a
moving crack-tip and quantified temporal evolution of frac-
ture parameters. Lee and Tippur [18] extended DIC to inves-
tigate stress-wave induced fracture of graphite fiber reinforced
epoxy laminates. The instantaneous crack-tip locations were
identified using high-speed photographs to determine dynam-
ic crack growth behavior in terms of stress intensity factors
and energy release rate histories to study fiber orientation

effects. Feiteira et al. [19] studied brittle fracture due to exces-
sive strain in polymer-based self-healing concrete using DIC
and reported that failure due to brittle fracture of a rigid foam
was detected at around 9% strain. Makki et al. [20] investigat-
ed laminated glass due to blast loading using 3D DIC to eval-
uate structural integrity. They observed that both interlayer
and coating materials survived the shock loading without cat-
astrophic failure despite substantial fragmentation. Reu et al.
[21] proposed a method for measuring crack lengths by deter-
mining full-field surface strains during sub-surface crack
growth in aluminum specimens using DIC along with x-rays.

In addition to the above popular optical methods applied to
investigate fracture, a full-field optical method called Digital
Gradient Sensing (DGS) to measure small angular deflections
of light rays proportional to in-plane stress gradients in trans-
parent solids was introduced recently by Periasamy and
Tippur [22]. The authors demonstrated the utility of the meth-
od for both static and dynamic investigations [23]. Recently,
Sundaram and Tippur [24] extended DGS to study dynamic
crack-interface interactions in PMMA bilayers. They ob-
served different crack growth behaviors across a discrete in-
terface perpendicular to the incoming mode-I crack. The mea-
sured crack-tip parameters showed that if the interface expe-
rienced tensile stress waves in excess of its tensile strength, a
debond nucleation occurred at the interface prior to the arrival
of the mode-I mother crack resulting in branching; otherwise
branching did not occur [25]. More recently, Sundaram and
Tippur [26, 27] have used DGS coupled with ultrahigh-speed
photography to characterize static and dynamic fracture of
SLG. They were able to quantify fracture parameters includ-
ing crack velocity, stress intensity factors, and energy release
rate from their optical measurements at crack initiation and at
crack branching.

In the following, three different full-field optical methods
are comparatively examined to study dynamic fracture of SLG
under nominally identical conditions but in separate experi-
ments. Experimental setups and procedures adopted for each
method are described and the resulting measurements are pre-
sented and analyzed to the extent feasible. Based on the out-
comes, the pros and cons of each method for studying this
challenging material system are noted.

Specimen

Commercially procured transparent SLG plates were used to
study dynamic mode-I crack growth leading to branching.
Specimens were cut using a resin-bonded diamond blade from
a single large 5.7 mm thick SLG plate into samples of 150 mm
length, and 100 mm width. A symmetric 40o V-notch was
introduced at the mid-span of the specimen along the long
edge, as shown in Fig. 1. The apex of the notch-tip was further
extended by 8 mm with a diamond impregnated circular saw
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of 0.3 mm thickness. A few relevant mechanical and physical
properties of SLG are listed in Table 1.

Photoelastic Study

Experimental Details

Photoelasticity is one of the well-established full-field optical
methods which can be used to study dynamic fracture of bi-
refringent materials. In the past, it has been extensively used to
investigate dynamic fracture behavior of glassy polymers such
as epoxies, polycarbonate, and polyesters [10, 11]. SLG being
a birefringent material, an attempt to investigate crack initia-
tion leading to branching using this popular method was con-
sidered first. An incoherent, monochromatic, LED pulse light

source was used for illuminating the specimen in a standard
dark field circular polariscope. An ultrahigh-speed digital
camera (Kirana model 05 M from Specialized Imaging, Inc.)
was used to capture the emergent light waves exiting the an-
alyzer as interference fringes proportional to the local princi-
pal stress differences.

The dynamic fracture experiments on SLG specimens were
performed using a setup shown schematically in Fig. 2. The
stress wave loading of the specimen leading to crack initiation,
crack growth, and failure mode transition involving crack
branching were all recorded during the experiment. A modi-
fied Hopkinson pressure bar (1830 mm long and 25.4 mm
diameter C-300 maraging steel rod) with a symmetrically ta-
pered blunt tip matching the V-notch was used to impact an
unconstrained (‘free-free’) specimen. Approximate free sup-
port conditions were created for the specimen by placing it on
a ~4 mm thick strip of soft-putty laid down on a height-
adjustable translation stage. The opposite edge of the speci-
men was also pressed-on with an identical putty strip to create
symmetry in terms of acoustic impedance relative to the load-
ing axis. Other edges, with the exception of the V-notch
flanks, were free as well. A 305 mm long, 25.4 mm diameter
cylindrical steel striker, held inside a gas-gun barrel and
aligned co-axially with the long-bar was used to subject the
sample to stress wave loading. Once the striker was launched
by the gas-gun, the collision between the striker and the long-
bar (impact velocity ~6 m/s) generated a stress pulse which
subsequently loaded the upper and lower flanks of the V-notch
after propagating along the long-bar. When the striker
contacted the long-bar, a trigger pulse was generated by a
DC circuit to initiate recording of images by the camera which
in turn triggered the laser unit (SI model LUX640) to emit
synchronized laser pulses. The illumination source produced
a string of 160 ns duration pulses in sync with the camera
exposure to capture the photoelastic fringes. An adjustable
delay generator was used in series with the trigger pulse unit
and the camera, to account for the time lapse assocated with
the stress wave propagation along the length of the long-bar
before the specimen was loaded. In these experiments, 320 μs
delay was used. The single sensor ultrahigh-speed camera
with 924 × 768 pixels spatial resolution (10-bit gray scale
images) was operated at 1 million frames per second to record
180 full resolution images. The camera was located at a dis-
tance of approx. 3.86 m in front of the specimen. A Nikkor
400mm focal length f/2.8macro lens along with a Nikon focal
length doubler (or 2X tele-converter) and adjustable bellows
(Nikon PB6) were used. An aperture setting of F#16 was
necessary to achieve good focus and satisfactory exposure.
The ROI in this study was such that contact stress evolution,
crack initiation, crack propagation, and branching could all be
observed successively in a single experiment. Based on a few
trials, photographing a rectangular region of 85 × 74 mm2 on

Table 1 Some relevant soda-lime glass properties

Property Value

Density, ρ 2500 kg/m3

Longitudinal wave speed, CL 5700 m/s

Shear wave speed, CS 3400 m/s

Rayleigh wave speed, CR 3100 m/s

Elastic modulus, E 70 GPa

Poisson’s ratio, υ 0.22

Tensile strength, σt 41–180 MPa

Compressive strength, σc 330 MPa

Elasto-optic constant, Cσ −0.027 × 10−10 m2/N

Stress-optic constant, fσ 0.22 MPa-m/fringe

Fig. 1 V-notched soda-lime glass specimen with an extended notch.
(Thickness = 5.7 mm)
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the specimen plane was found necessary to achieve this
requirement.

Crack Length, Velocity

The evolution of photoelastic fringes, proportional to principal
stress difference, from the instant the loading on the crack
flanks begins to mother crack initiation at the notch-tip, its
subsequent growth as a mode-I crack, mode transition to
two dominant mixed-mode daughter cracks was recorded.
(A video animation of the same for visualization purposes is
available as supplementary material.) Upon impact, a mode-I
crack first initiated and then propagated approximately to the
middle of the specimen width (~24 mm from the original
notch-tip), then branched into two macroscopic mixed-mode
(mode-I + mode-II) daughter cracks1 globally symmetric rela-
tive to the loading axis, as evident from the reassembled frac-
tured specimen shown in Fig. 3. A few select instantaneous
fringes from the optical history are shown in Fig. 4(a)-(d).
Figures 4(a) and (b) correspond to mode-I crack initiation
and growth, respectively, whereas Figs. 4(c) and (d) corre-
spond to fracture mode-transition in the early and late stages
resulting in two mixed-mode daughter cracks. (For illustration
purposes, the brightness of some of these images is enhanced,
and therefore the intensity field outside the specimen appears
slightly lighter than the original recordings.)

A few qualitative observations can bemade from Fig. 4. As
evident from the individual images (and the video in the
supplementary material), the crack-tip locations at each time
instant is rather clear during the entire fracture event.
Additionally, two groups of fully-formed fringe lobes imme-
diately adjacent to the two crack flanks represent contours of
principal stress differences due to two equal and opposite
compressive forces imposed on the specimen during stress
wave loading. Under the assumption of negligible friction,

these contours could be analyzed to estimate the instantaneous
force magnitudes using the optical fringes in conjunction with
an available closed-form solution. However, since the crack-
tip vicinity is subjected to tensile stresses, it does not show
fully-formed fringes required for quantitative analysis.
Hence, extracting the crack-tip stress intensity factors, as re-
ported previously with glassy polymers [10], is not feasible
here. This stark difference regarding the availability of well-
formed macrosize fringes at the impact locations and crack-tip
is attributed to the low tensile failure strain of SLG relative to
its compressive counterpart. That is, SLG can support signif-
icantly higher compressive stresses when compared to the
tensile counterparts. Additionally, it can be observed in Fig.
4 that the propagating crack is trailed by gangs/groups of tiny
fringes resembling stitch-marks along the crack path. They are
attributed to Rayleigh waves propagating along the two crack
flanks causing periodic contact between the deformed upper
and lower lips as the crack opening displacements are in the
sub-micron scale. The spatial interval between these gangs of

1 A hint of an unsuccessful mode-I self-similar crack growth along its original
path is evident in the fractured sample though it is not evident in the
interferograms.
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Fig. 3 Reconstructed fractured specimen used in photoelasticity
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fringes was estimated from the images resulting in a speed of
2900 ± 100 m/s, which is close to the Rayleigh wave speed for
SLG (Table 1).

Although well-formed crack-tip fringes required for
extracting fracture parameters were absent near the growing
crack, the spatial position of the crack-tip could be easily
detected from the photographed images to obtain crack length
history accurately during the entire fracture event. The uncer-
tainty of locating the crack-tip was less than 0.2 mm. This
could affect the computed crack velocities evaluated via nu-
merical differentiation. To minimize errors in the instanta-
neous crack speed, a quadratic Bézier curve [24, 28] was fitted
to the crack length data at a time instant ‘i’ as,

ai sð Þ ¼ 1−sð Þ2a ̂i þ 2s 1−sð Þa ̂iþ1 þ s2a ̂iþ2; 0≤s≤1 ð1Þ
where s, a ̂ and a are smoothing parameter, measured crack
length, and the smoothed crack length, respectively. In the
above expression a î; a îþ1; a îþ2 are the control points of
ai(s). The value of s was chosen as 0.5 such that the smoothed
data point was at the middle of each interval. Subsequently,
the crack velocity (V) was estimated from the smoothed crack
length history using backward difference approximation,

Vi ¼ ai−ai−1
ti−ti−1

ð2Þ

where a and t are crack length and time, respectively.
Figures 5(a) and (b) represent the apparent crack length and
velocity histories, respectively. Here t = 0 corresponds to crack
initiation at the original notch-tip. The crack length increased
monotonically from initiation to the end of the observation
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window, including branching. A small change in the slope is
noticeable before and after the crack branching event that
occurred over 16–19 μs after crack initiation. The measured
crack-tip locations from the two mixed-mode daughter cracks
were such that the crack length data essentially overlapped on
each other with an excellent symmetry in the overall
branching phenomenon observed during this experiment.
The crack velocity of the mode-I crack increased steadily to
~1400 m/s rapidly, within the first 2–3 μs after initiation,
before attaining a nearly constant velocity in the 1400–
1600 m/s range until ~12 μs after crack initiation.
Furthermore, prior to the mode-I crack entering the branching
phase, the apparent crack velocity gradually decreased to
~1250 m/s. Subsequently, the propagating mode-I crack
branched to produce two globally symmetric mixed-mode
daughter cracks which almost instantaneously (within 1–2
frames) reached ~1600 m/s before settling back to steady
values over the next 4 μs. The daughter crack velocities were
again in the range of 1400–1600 m/s, same as the steady-state
values of the mother crack. These trends are similar to the one
observed in [27], and the drop in crack velocities prior to
branching are attributed to the increasing surface roughness
in the so-called ‘hackle’ phase [2] of crack growth. Similary,
the rapid increase in crack velocities after branching punctuate
the daughter cracks entering (or returning to) the so-called
‘mirror’ phase [27] and a steady crack velocity of ~155 m/s.

Impact Force History

The force histories on the V-notch faces of the specimen by
the long-bar were evaluated from the photoelastic fringes. The
shape of the fringe lobes suggests approximate line-loading of
each of the two flanks of the V-notch. Accordingly, for ease of
interpretation, each interferogram was used in conjunction
with the Flamant’s solution for line-load acting normally on
the edge of a planar elastic solid. Using the closed-form solu-
tion [29] along with the stress-optic law, the normal force on
the specimen flanks were estimated using,

Nf σ
B

≈
2F tð Þ
πrB

ð3Þ

where N is fringe order, fσ is the stress-optic constant (=
220 N/m/fringe for SLG), r is the radial distance of the fringes
measured from the contact point (origin) and B is the specimen
thickness. Both the dark and light fringes were analyzed by
assigning integer and half orders, respectively. The contact
force was evaluated at each of the fringe locations and aver-
aged at each time instant (t = 0 corresponds to mode-I crack
initiation event at the notch-tip). The resulting normal force
history is shown in Fig. 6. The histories for the upper and
lower flanks were computed separately (blue and red sym-
bols) and averaged (solid line). Apart from the expected

measurement differences, the force histories of the two flanks
follow approximately ‘ramp-up, plateau, ramp-down’ pattern.
An estimated loading rate during the ramp-up phase is of
approx. 150 MN/s. The overall loading period the analysis
could be performed satisfactorily was about 100 μs. A peak
load of 4800 ± 150 N in the plateau region was realized during
the dynamic loading event.

Digital Image Correlation (DIC)

Experimental Details

Currently, the digital image correlation methods are popular for
full-field experimental mechanics studies, including dynamic
fracture mechanics investigations [17, 30–35]. Previous works
have utilized DIC to study many traditional metallic and poly-
meric materials. To date, however, there are no reports on ex-
amining the feasibility of DIC to quantitatively study rapidly
growing cracks in glasses and ceramics subjected to stress wave
loading. Yet, it is generally presumed that the method would
work. Accordingly, an attempt to examine crack initiation,
growth and branching phenomena in SLG specimens of geom-
etry and loading configuration described in the previous section
was undertaken. That is, the V-notched specimen (Fig. 1) was
spray painted with uniform but random black/white speckles
pattern. The ROI on the specimen for imaging purposes was
maintained same as in the one in the photoelastic study (85 ×
74 mm2) in order to capture all the three fracture events, crack
initiation - growth - branching, in a single specimen. (It should
be noted here that, 2D DIC being scale independent method,
nanoscale speckles created over sub-mmor a couple ofmm size
ROIwould not be practical for capturing all the intended phases
of fracture behavior targeted in this work.) The specimens were
subjected to impact loading using the experimental setup shown
schematically in Fig. 7. It is similar to the one shown in Fig. 2
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but was modified for recording the random speckles directly off
the specimen surface. That is, the speckle images were captured
in the undeformed/reference and deformed states of the speci-
men using the same ultrahigh-speed camera, Kirana-05 M, op-
erating at the same framing rate of 1 Mfps, as in the
photoelasticity experiment. The specimen was illuminated by
two broad-spectrum xenon flash lamps. Again, a Nikon
400 mm/F2.8 lens along with a focal length doubler and an
adjustable bellows was used to achieve good focus from a dis-
tance of 3.86 m from the specimen plane. The lens aperture was
stopped-down to F#16 after focusing on the speckles to increase
the depth-of-focus. The corresponding angle-of-view was
approx. 1.3 deg.

Two speckle images from the post-impact regime (t = 0
again corresponds to crack initiation at the initial notch-tip)
are shown in Fig. 8, where the direction of crack growth is
indicated by the arrowhead. Despite an excellent quality of
the recorded speckles images, unlike in the photoelastic coun-
terparts (Fig. 4), neither the growing hair-line crack nor the
instantaneous crack-tip is discernible even after close examina-
tion. Accordingly, a probable region where the crack-tip resides
at that time instant is highlighted by a dotted circle in these
images. Subsequently, using principles of DIC, sub-images in
the reference state were located in various deformed images via
gray scale correlation operation [36] using image analysis soft-
ware ARAMIS® (GOMmbH, Braunschwelg, Germany). This
involved segmenting the speckle images into 30 × 30 pixel sub-
images with an overlap of 5 pixels between neighboring sub-
images. Once the location of the corresponding sub-image in
the deformed state was identified, the local displacements were
quantified at the center of each sub-image. This resulted in u
and v displacement data arrays, each of 147 × 178 size in the
ROI corresponding to horizontal and vertical directions, respec-
tively. It should be noted that the larger sub-image sizes of 40 ×
40 and 50 × 50 pixels were tried and they did not improve our

ability to locate the crack-tip as the displacements are expected
to be in the sub-micron level.2

As in the photoelastic experiment, the crack initiated at the
original notch-tip and propagated under dominant mode-I
conditions for a distance of ~25 mm before bifurcating into
two globally symmetric mixed-mode daughter cracks. The
dynamic crack initiation event produced a hairline crack from
the pre-notch-tip but, as noted earlier, could not be discerned
directly from the speckle images (see, Fig. 8). Accordingly,
the in-plane displacement fields were plotted from the u and v
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Fig. 7 Schematic of experimental setup (top-view) for DIC to study dynamic fracture of soda-lime glass
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Fig. 8 DIC speckle images subjected to dynamic loading. Arrowhead
represents crack growth direction. (Time, t = 0 corresponds to crack
initiation at the original notch-tip)

2 It should also be noted that an additional image analysis software Vic-2D
with and without ‘fill-boundary’ option [37] was also used and the results were
similar to those from ARAMIS. Details are suppressed here for brevity.
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data arrays as contours in the ROI. The expected jump in the v-
displacements across the crack flanks behind the crack-tip and
convergence of v-displacement contours were considered to
locate the instantaneous crack-tip at each time step [26]. It
should be noted that the strain component fields were also
plotted (not shown) and were very noisy despite using differ-
ent sub-image sizes while performing speckle correlation.

Crack Length, Velocity

The dominant v-displacement (in the vertical direction with
respect to mode-I propagating mother crack) obtained from
image correlation were plotted for all time instants. Video
animations of contours of this field during the fracture event
are included as supplementary material. A few select images,
before and after crack branching, are shown in Fig. 9. The
lowest possible contour increment of 2 μm was used for plot-
ting displacement fields based on 2% of the pixel size, close to
the limit of DIC method’s capability. It should be noted that
since displacements are non-singular, locating the crack-tip
precisely when compared to photoelasticity was indeed a chal-
lenge. It is worth pointing out that, to tackle this issue,
methods such as nonlinear least-squares regression with
crack-tip position as an unknown, genetic algorithms, subset

splitting, to name a few, have all been proposed. These ap-
proaches, however, are computationally expensive due to ad-
ditional variables; more importantly, numerical convergence
nor accuracy is not assured even for traditional polymers and
metal substrates [31], [38–40] where displacements are two
orders of magnitude higher than SLG. Furthermore, the feasi-
bility of these methods when crack flank displacements are in
the sub-micron scale is unknown and hence was not pursued
in this work.

From the probable crack-tip locations thus identified, the
apparent crack length histories were evaluated from dis-
placement field maps, see Fig. 10(a). As in the photoelastic
experiment, the crack length increased with the passage of
time (again t = 0 corresponds to crack initiation at the orig-
inal tip) until crack branching (between 16 and 17 μs) and
beyond. The crack length history is rather noisy when com-
pared to the one from the photoelastic experiment (Fig. 5),
with frequent and unexplainable crack length reductions at
some of the time instants relative to the previous step/s.
The crack growth also seems to have stalled before crack
branching, inconsistent with Fig. 11. In addition, the two
daughter crack lengths did not match temporally with each

Time (µs)

-10 0 10 20 30 40

)s/
m(

yticolev
kcarctnerappA

-1000

0

1000

2000

3000

4000

Time (µs)

-10 0 10 20 30 40

)
m

m(
htgnel

kc arctn erappA

0

10

20

30

40

50

60

Crack branching

Crack initiation

(a)

(b) Crack initiation

Crack branching

augher crack (bottom)
aughter crack (top)
other crack

other crack
aughter crack (top)
aughter crack (bottom)

Fig. 10 Apparent crack length (top) and velocity (bottom) histories from
DIC. (Time, t = 0 corresponds to crack initiation at the original notch-tip)

t = 5 μs

t = 26 μs

20 mm

Initial 
notch tip

Initial 
notch tip

Probable 
crack tip 
location

Probable 
crack tip 
location

uy - contours

Fig. 9 Displacement contours on soda-lime glass specimen surface along
the vertical direction (normal to the mode-I crack propagation) from DIC
at ~5 μs and ~26 μs after crack initiation at the original notch-tip

Exp Mech



other even though the branching was exceptionally sym-
metric based on the reassembled specimen shown. These
anomalies were attributed to large uncertainties in finding
the moving crack-tip location from DIC. By overlooking
these anomalies in the crack length history, the data was
smoothed (Eq. 1 and 2) and crack velocities were deter-
mined using backward difference approx. and are as shown
in Fig. 10(b). The outcome was that the crack velocity
increased to 1890 m/s instantaneously and fluctuated over
a relatively wide range, from 1060 m/s to 2370 m/s, until
the crack branched. After branching, the velocity increased
instantaneously to an unrealistic ~2400 m/s which subse-
quently was in the range of 800–3000 m/s for ~11 μs. Due
to high-stiffness and low-toughness of SLG, crack flank
displacements near the crack-tip are expected to be ex-
tremely small, estimated to be ~80 nm. Therefore it was
concluded that finding the crack-tip location using conver-
gent displacement contours was not just challenging, but
resulted in very noisy and unreliable crack velocities in
SLG.

Stress Intensity Factors

Despite the challenges of locating the crack-tip from the dis-
placement field measurements, for completeness the mode-I
stress intensity factors were evaluated from the data around
the crack-tip in conjunction with the elasto-dynamic asymp-
totic equations [17] and over-deterministic least-squares

analysis. For a dynamically propagating crack, the crack open-
ing displacements are given by,

ð4Þ

(where) rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ βmy2

p
; θm ¼ tan−1 βmy

x

� �
;m ¼ 1; 2

β1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

c
CL

� �2
s

;β2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

c
CS

� �2
s

CL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κþ 1ð Þμ
κ−1ð Þρ

s
; CS ¼

ffiffiffiffi
μ
ρ

r
; κ ¼ 3−ν

1þ ν
for plane stress

h nð Þ ¼
2β1β2

1þ β2
2

for odd n

1þ β2
2

2
for even n

8>><
>>:

and h nð Þ ¼ h nþ 1ð Þ
BI cð Þ ¼ 1þ β2

2

� �
D

; BII cð Þ ¼ 2β2

D
;D ¼ 4β1β2− 1þ β2

2

� �2
:

In the above, (x, y) and (r, θ) are the Cartesian and polar
coordinates instantaneously aligned with the current crack-tip,
respectively, c is crack velocity, CL and CS are longitudinal
and shear wave speeds of the material, μ is shear modulus and
υ is Poisson’s ratio. Again (KI)n = 1 and (KII)n = 1 are the mode-
I and mode-II dynamic SIF, respectively. Figure 12 shows
SIFs evaluated from the data around the crack-tip in the region
0.5 ≤ (r/B) ≤ 1.5 with an angular extent of −150 ° ≤ θ ≤ 150°
[38] and over-deterministic least-squares analyses. Similar to
the velocity plot, the SIF data are extremely noisy due to an

Fig. 11 Reconstructed fractured specimen used in DIC experiment
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inaccurate crack-tip location compounded by large errors in
crack velocity. The mode-I SIF values increased to ~1.8 ±
0.4 MPa√m until crack initiation before dropping due to the
local unloading upon crack initiation. After crack branching,
mode-I SIFs varied randomly without following a reasonable
trend until the end of the observation window. The mode-II
SIFs evaluated simultaneously are not included here simply
due to the difficulty in comprehending very large errors.

Digital Gradient Sensing (DGS) Method

Experimental Details

A third, relatively new method, Digital Gradient Sensing or
DGS, was used next to visualize and quantify crack initiation,
growth and branching phenomena and comparatively evaluate
the measurements with the previous twomethods. Briefly, in this
technique which utilizes DIC, the random speckle pattern is on a
planar ‘target’ and not on the transparent specimen and, it is
photographed through the specimen being studied. The gray
scales on the target are illuminated using ordinary polychromatic
light. To obtain a reference image, the speckle pattern on the
target is photographed first in the undeformed/reference state of
specimen. That is, the camera captures gray scale information at
point P on the target plane (x0-y0 plane) through a point O on the
specimen plane (x-y plane). Upon loading, the non-uniform state-
of-stress produces changes in refractive index of the specimen in
the crack-tip vicinity. In addition, the Poisson effect alters the
thickness non-uniformly. A combination of these two phenome-
na referred to as the elasto-optic effect, deflect light rays from
their original path as they propagate through the stressed speci-
men. The speckle pattern is once again photographed through the
specimen in the deformed state. After deformation, the camera
records a neighboring point Q on the target plane through the
same point O on the specimen plane. By correlating deformed
and reference speckle images, local shifts in speckle clusters, δx
and δy, can be quantified using image correlation algorithms. By
knowing the distance between the specimen plane and the target
plane, the angular deflections of the light rays ϕx and ϕy in two
orthogonal planes (x-z and y-z planes, the z-axis coinciding with
the optical axis of the setup and x-y being the specimen plane
coordinates) can be evaluated. These angular deflections have
been previously shown to be proportional to the gradients of
the in-plane normal stresses as,

ϕx;y ¼ �CσB
∂ σx þ σy
� �
∂x; y

ð5Þ

whereCσ is the elasto-optic constant of thematerial,B is its initial
thickness, (σx+ σy) is the first stress invariant under plane stress
condition, and σx and σy denote the thickness-wise averages of
Cauchy’s normal stress components.

A schematic representation of the experimental setup for
transmission-mode DGS [22] technique is shown in Fig. 13.
As in the photoelasticity andDIC counterparts, experiments were
performed using a modified Hopkinson pressure bar or a long-
bar impactor, see Fig. 14. Again, the crack initiation, growth and
branching were recorded using ultrahigh-speed photography for
a loading pulse duration of ~120 μs. When the striker impacted
the long-bar, a trigger pulse was generated to initiate the camera
and capture speckle images off the target plane through the spec-
imen. Simultaneously, the high-speed camera triggered a pair of
xenon high-energy flash lamps. A delay generator was also used
in the trigger circuit as the stress wave had to propagate along
length of the long-bar before loading the specimen. In these
experiments, a delay of 320 μs was used. Again, a Kirana-
05 M ultrahigh-speed digital camera operating at 1 million
frames per second with 924 × 768 pixels spatial resolution (10-
bit gray scale images) recorded 180 full resolution images. The
camera was situated at a distance of 3.86 m in front of the spec-
imen, whereas the speckle target was at a distance of 1.0 m
behind specimen. A Nikkor 400 mm focal length, F#2.8 lens
along with a focal length doubler and adjustable bellows were
used to record speckles on the target plate. After focusing on the
speckles, the aperture was reduced to F#16 to enhance depth of
focus and a good exposure. A 110 × 92 mm2 region on the target
corresponding to approx. 88 × 65 mm2 ROI on the specimen
(based on pin-hole approx.) was photographed. Besides monitor-
ing the contact stresses on the crack flanks, the ROI covered
crack initiation, propagation and branching events, all in a single
experiment.

Crack Length, Velocity

Two representative speckle images recorded, one in the
undeformed/reference and the other in the deformed states of
specimen is shown in Fig. 15. These speckle images are provided
for completeness even though they are not visually informative.
That is, the speckles or deformations around the crack-tip are not
readily visible except a blob of distorted speckles in the deformed
specklegramwhen observed carefully relative to the undeformed
counterpart. This is because the camera focused on the target
instead of the specimen. However, the resulting angular deflec-
tions of light rays and hence deformations become apparent after
correlating the images. A photograph of the fractured specimen
from this experiment is shown in Fig. 16. After initiation at the
original notch-tip, the crack propagated as amode-I mother crack
and subsequently branched into two mixed-mode daughter
cracks at approx. 26mm from the initial tip. The branched cracks
maintained global symmetry relative to the mother crack as
shown in Fig. 16. Finally, when the two daughter cracks
approached the specimen edge, the crack paths were visibly dis-
turbed due to the loss of in-plane constraint.

The angular deflection contours for ϕxand ϕy in two orthogo-
nal directions (with respect to mode-I propagating mother crack)

Exp Mech



along with the resultant values of angular deflections

ϕr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2
x þ ϕ2

y

q� �
at select time instants are shown in Fig. 17

as contours even though the data are available as rectangular
arrays. Avideo animation encompassing the evolution of contact
stress induced deformation of theV-notch flanks, crack initiation,
growth and branching events is available in the supplementary
materials section. The ϕxcontours are symmetric about the crack
growth direction whereas ϕycontours are antisymmetric for the
mode-I mother crack. Once branching occurs, however, both sets
of contours become asymmetric relative to the mixed-mode
daughter cracks. The first column in the figure corresponds to
mode-I crack propagation of themother crack (before branching)
at time t= 9 μs whereas the second column represents mixed-
mode crack propagation of the two daughter cracks (after
branching) at time t = 29 μs. Again, the timestamps are with

respect to crack initiation at the original notch-tip, t = 0.
Evidently, locating the crack-tip from these DGS contours is
quite obvious when compared to the displacement fields from
DIC (Fig. 9) discussed earlier. This is due to the singular nature of
the stress gradient fields [26] obtained from DGS. That is, the
contours representing each of the measured fields have a lobed
structure converging at the crack-tip, marked in Fig. 17 (and the
supplementarymaterial) by a solid white dot, making it relatively
easy to locate at each time instant from any of the three fields. In
this work, ϕrwas used to locate the crack-tip and track the crack
path by a series of successive white dots. That is, as can be seen
from Fig. 17, once the deformation contours are plotted, the
instantaneous crack-tip position becomes self-evident as the lo-
cation where the contour maps form a closed lobe encircling the
crack-tip in the ϕr field. Thus measured apparent crack length
and velocity histories are shown in Figs. 18(a) and (b),

Fig. 13 The schematic
representation of Digital Gradient
sensing (DGS) technique to de-
termine planar stress gradients
[23]
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Fig. 14 Schematic of experimental setup (top-view) for DGS method to study dynamic fracture of soda-lime glass
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respectively. The crack length increased monotonically until the
end of the observationwindow.And, a decrement in crack length
can be noted just before the crack branching phase over t= 18–
21 μs. Subsequently, the crack length increased steadily. The
crack-tip locations of the two mixed-mode daughter cracks were
such that the instantaneous crack lengths were also in good
agreement with each other indicating that the two daughter
cracks grew symmetrically relative to the mode-I mother crack’s
growth direction. These observations are akin to the ones from
the photoelastic experiment. Furthermore, despite the usage of
speckles in DGS, the measured crack length history is relatively
smooth with minimum experimental noise. Subsequently, the
crack length history was processed using Bezier curves as de-
scribed earlier to extract the apparent crack velocity (V) using the
backward difference method. The result is shown in Fig. 18(b).
The crack propagated steadily to ~1530 m/s over a ~4 μs period.
Further, the crack maintained an average velocity of 1400–

1550 m/s in the pre-branching phase, consistent with the one
reported in [27]. As the crack entered the branching phase be-
tween t = 18–21 μs, the apparent crack velocity gradually re-
duced to values between 1250 to 1050m/s. This is again, similar
to the observation made in the photoelastic experiment.
Subsequently, the crack branched into twomixed-mode daughter
cracks, both of which almost instantaneously accelerated to
~1700 m/s. Subsequently, the two daughter cracks decelerated
back to ~1500 m/s until the end of the observation window.

Stress Intensity Factors

Using the two orthogonal angular deflection fields in the glob-
al x, y coordinates, the instantaneous crack-tip fields in the
local coordinates (x′, y′) (x′ coinciding with the instantaneous
crack growth direction) for a moving crack were obtained by
performing coordinate transformation:

ð6Þ

The mode-I and mode-II SIFs were then evaluated by an-
alyzing the data around the crack-tip in conjunction with the
asymptotic equation [41]:

ð7Þ
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Fig. 15 Speckle images fromDGS in the undeformed (top) and deformed
(bottom) states for propagating crack-tip recorded by camera through the
soda-lime glass specimen
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Fig. 16 Reconstructed fractured soda-lime glass specimen used in DGS
experiment
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using an over-deterministic least-squres approach. In the
above, f and g are functions of instantaneous crack velocity V,
and (rl, θl) denote the local crack-tip polar coordinates obtained

by contracting the local coordinates (x', y') as, rl ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0ð Þ2 þ α2

L y0ð Þ2
q

and θl ¼ tan−1 αLy
0

x0

� �
in the crack growth

direction. The coefficientsA1(t) andD1(t) in the asymptotic series
are related to the mode-I and mode-II SIFs, respectively, as Kd

I

tð Þ ¼ A1 tð Þ ffiffi
π
2

p
and Kd

II tð Þ ¼ D1 tð Þ ffiffi
π
2

p
. The functions f and g

are, f V ;CL;CSð Þ ¼ 1þν
1−ν

� � 1þα2
Sð Þ 1−α2

Lð Þ
4αSαL− 1þα2

Sð Þ2 and g V ;CL;CSð Þ ¼
1þν
1−ν

� � 2αS 1−α2
Lð Þ

4αSαL− 1þα2
Sð Þ2 where αL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ρ 1−νð Þ

2μ V2
q

and αS ¼

Fig. 17 Angular deflection contours in soda-lime glass subjected to dynamic loading. The arrowhead (in the top left image) shows crack growth
direction. White markers indicate crack-tip locations in the previous frames. (Time, t = 0 corresponds to crack initiation at the original notch-tip)
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− ρ

μV
2

q
for plane stress, μ and ρ are shear modulus and mass

density, respectively. For analysis purposes, the data near the
crack-tip in the region 0.5 ≤ r/B ≤ 1.5with an angular extent of
−150° ≤ θl ≤ 150° was considered. The least-squares analysis
was performed choosing four (N = 4) terms in the stress field.
In Eq. (7), Cσ is the elasto-optic constant for SLG, and B is the
initial thickness.

The SIF histories measured by DGS from crack ini-
tiation to branching are shown in Fig. 19. Here t = 0
corresponds to crack initiation at the original notch-tip.
The mode-I SIFs increased steadily to ~0.75 MPa√m
until crack initiation as shown in Fig. 19. Upon crack
initiation, the SIFs dropped noticeably over ~2 μs to
~0.6 MPa√m due to unloading before increasing for
the next ~8 μs to ~1.06 MPa√m rapidly. After
branching, the mode-I SIF decreased quickly, followed
by a steady growth for the next ~4 μs. The mode-II SIF
values were relatively small when compared to the
mode-I counterparts until branching occurred. (The
non-zero mode-II SIF values in the pre-initiation period
provide estimates of error in the least-squares data

analysis.) The magnitude of the mode-II SIFs of the
two daughter cracks increased immediately after the
crack branching event, followed by a steady drop over
the next ~4 μs. Finally, the daughter cracks continued
to grow in a mixed-mode fashion with nearly constant
mode-I and mode-II SIFs until the end of the observa-
tion window.

Impact Force History

The force histories imposed on the V-notch flanks of the spec-
imen by the long-bar were also evaluated from DGS measure-
ments by using them in conjunction with the solution for a
line-load on an edge of a planar elastic solid. By assuming the
functional form of the Flamant’s solution [29] to hold, the
normal forces acting on the specimen were expressed in terms
of measured angular deflections of light rays as,

ϕr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2
x þ ϕ2

y

q
¼ CσB

2F tð Þ
πBr2

ð8Þ

where, Cσ is elasto-optic constant of SLG and B is specimen
thickness. The normal force F at each time instant on the upper
and lower flanks was evaluated using Eq. (6) and an over-
deterministic least square-analysis for the data in the region
0.75 ≤ r/B ≤ 1.75 where r is the radial distance from the load-
ing point. The analysis assumed a normal contact and
neglected frictional effects. Thus obtained normal forces for
the upper and lower flanks and the average normal force his-
tory is shown in Fig. 20. As evident from the plots, the upper
flank experienced contact forces slightly before the lower
flank due to experimental asymmetry, well captured by
DGS. Yet, the individual force histories show the ‘ramp-up,
plateau, ramp-down’ pattern, similar to the one observed in
the photoelastic experiment (see, Fig. 6). More importantly,
the magnitudes of stresses evaluated from DGS and
photoelasticity are very similar in terms of the peak force
(~500 N) values even though they are two nominally identical
but different experiments. The loading rate based on the aver-
age force history in the ramp-up phase is ~142 MN/s, again
rather close to the value in the photoelastic experiment. These
confirm that DGS measurements could be used not only to
map the crack-tip fields but the impact load history as well
with high fidelity.

Discussion

One analog and two digi tal ful l -f ield methods -
photoelasticity, DIC and DGS - were implemented to visualize
and quantify macroscale dynamic fracture of soda-lime glass
(SLG), a rather challenging material for photomechanics in-
vestigation. The outcomes based on three nominally identical
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but different experiments provide new insights into the capa-
bilities of these methods for future investigation of such low-
toughness and high-stiffness glasses and ceramics. The results
could also guide the selection and implementation of these
methods at suitable length scales in the near term or spur
enhancements to the methods in the long term. Conventional
photoelasticity results show that insufficient birefringence of
SLG along with its low fracture toughness precludes the meth-
od from being able to extract SIFs from crack-tip field mea-
surements. It, however, can provide precise location of the
instantaneous crack-tip as well as features corresponding to
contact stresses due to Rayleigh wave propagation (stitch
marks in Fig. 4) along the crack flanks with a hairline separa-
tion. The standard 2D DIC methodology is also quite limited

in terms of its ability to both locate the instantaneous crack-tip
(directly from the non-singular deformation fields) and extract
SIFs accurately using displacements evaluated close to the
measurement limit during high-speed crack growth in SLG.
The singular strain fields are equally ineffective since numer-
ical differentiation of noisy displacements further exaggerate
errors that exist in the measurements. The DGS methodology,
on the other hand, is rather effective in studying this challeng-
ing material system since it incorporates both elasto-optic ef-
fects and signal (speckle shift) amplification using an ‘optical
lever.’ The measured DGS quantities being proportional to the
in-plane stress gradients and singular near a crack-tip, locating
the instantaneous tip from the data is easier. The extracted
SIFs are equally reliable in terms of magnitude as well as trend
during the fracture event.

Regarding the underlying mechanics of SLG fracture, re-
sults from both photoelasticity and DGS consistently show a
decreasing apparent crack velocity from a relatively steady
value of ~1500 m/s (approx. 0.48CR) in the so-called mirror
and mist phases of growth [2] to ~1000 m/s prior to macro-
scale crack branching event signaling the crack entering the
hackle phase (or randommicroscale branch formations on the
crack surfaces). As noted in the literature [42], hackle forma-
tions are a precursor to the ensuing crack branching event.
Interestingly, despite the measured velocity trends, the
apparent SIFs from DGS monotonically increase over the
mirror to mist to hackle zones suggesting the likelihood of a
critical SIF for branching to occur. Considering the monotonic
increase of the apparent mode-I SIF from about 0.6 MPa√m
after crack initiation from the initial notch-tip to ~1.1 MPa√m
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prior to branching, a twofold increase of SIF as seen in previ-
ous works, is evident. Lastly, the direction of crack branches
relative to the mode-I crack, however, need to be explained
and will be attempted in the next phase of this ongoing
research.

Conclusions

The issue of implementing full-field optical methods to study
dynamic crack initiation, growth and branching events in a
high-stiffness and low-toughness material such as soda-lime
glass (SLG) was addressed in this paper. Three different
methods - photoelasticity, 2D DIC and DGS - were all imple-
mented for mapping mechanical fields during dynamic frac-
ture of V-notched SLG specimens subjected to stress wave
loading in three separate but nominally identical experiments.
The major outcomes are summarized as follows:

& The photoelastic recordings allowed precise visualization
and quantification of crack length history and reliable ve-
locity history. The stress intensity factor histories, howev-
er, could not be evaluated due to the lack of well-formed
crack-tip fringes. Hence photoelastic method is suitable to
test a velocity based criteria of crack growth and
branching in SLG. However, criteria pertaining SIFs
and/or energy release rate cannot be verified.

& The 2DDIC approach did not allow direct visualization of
the crack-tip at different time instants. The identification
of the crack-tip via dominant displacement fields did not
fare any better. The former being a non-singular kinematic
quantity, the uncertainty in locating the crack-tip was pro-
hibitively high. These resulted in unrealistic instantaneous
velocities and stress intensity factors both in terms of
trends and magnitudes. Thus it was concluded that crack
velocity and stress intensity factor histories cannot be cor-
rectly quantified using DIC.

& The DGS method, though relies on principles of 2D DIC
to quantify speckle shifts, measures quantities that are
proportional to in-plane stress gradients in the whole field.
This feature permitted visualization and quantification of
crack length and crack velocity histories with high preci-
sion due to the singular nature of the resulting mechanical
fields. The measured values were also in close agreement
with the photoelastic counterparts. Furthermore, the dy-
namic fracture characteristics such as instantaneous stress
intensity factors including crack initiation and growth
toughness values were measured with good precision.
Thus, both velocity, stress intensity factor and and/or en-
ergy release rate criteria can be readily verified using
DGS.

& Finally, the profile, magnitude and duration of normal
force histories acting on the V-notch flanks of the

specimen measured using photoelasticity and DGS cor-
roborated well with each other in two nominally identical
but different experiments. Thus, the speckle-based digital
method - DGS - fares well relative to the well-established
analog photoelastic method.
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