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Abstract The dynamic fracture behavior of a prestressed
orthogonally woven glass fiber-reinforced composite material
was experimentally investigated. A shock tube apparatus was
used in conjunction with a tensile pre-loading device to apply
nominally Mode-I dynamic loading to pre-tensioned, single
edge notched specimens. The specimen response was ob-
served with a stereo high speed camera arrangement, and the
full-field displacement and strain distributions near the crack
tip were extracted using the 3D digital image correlation
technique. Critical stress intensity factors for each specimen
were determined from the displacement and strain fields using
an over-deterministic approach. The magnitude of the pre-
load applied to the specimens was shown to influence the
crack tip velocity as well as the dynamic stress intensity factor
up to the onset of crack propagation. The effect of fiber
orientation on both crack tip velocity and dynamic stress
intensity factor was also observed.

Keywords Woven composites . Digital image correlation .

Dynamic fracture . Shock tube . Asymptotic analysis

Introduction

The typical stress–strain response of fiber reinforced compos-
ite materials has been shown to exhibit an appreciable degree
of strain rate dependence. Similar strain rate dependence has
been observed in the fracture behavior of fiber reinforced
composites, with interlaminar fracture mechanisms being the
most studied phenomenon [1–5]. Interlaminar fracture is pri-
marily a matrix property, the study of which typically has little

dependence or relevance to any reinforcing fiber property.
Consequently, these results have little applicability in describ-
ing behavior relating to other fracture mechanisms. A far more
limited volume of work exists in the study of fracture as a result
of fiber failure, which arises in the form of fiber breakage and/
or the physical release of the fiber from the matrix material,
referred to as fiber bridging and fiber pull-out, respectively [6].
Existing work is further limited regarding the investigation of
dynamic loading combined with a static tensile pre-load, and
the associated effect on the dynamic fracture of this material.

Among notable experimental studies considering the quasi-
static fracture of composite materials, Gouda et al. [7] utilized
conventional compact tension specimen geometry and sub-
jected the specimens to loading either along or across the fiber
direction. The authors observed appreciably greater Mode-I
fracture toughness for specimens loaded along the fiber direc-
tion. In their work, stress intensity factors were calculated
using load data and specimen geometry [8, 9]. The effect of
fiber orientation on the quasi-static fracture behavior of com-
posites also has also been documented [7, 10, 11]. Dyer et al.
[10] observed particulate composite materials reinforced with
various fibers embedded in different positions and orientations
in three-point bend specimens. His studies showed that the
position and orientation of the reinforcing fibers have a sub-
stantial effect on the load and deflection at fracture. The
authors noted that fiber orientations resulting in fiber tension
yielded the greatest increase in maximum load. Shukla et al.
[12] experimentally determined the quasi-static Mode-I stress
intensity factors present in orthotropic composite materials
using strain gages. Khanna and Shukla [13, 14] later adapted
this method for determining dynamic stress intensity factors,
incorporating the use of multiple strain gages. All of these
techniques fail to yield any full-field data and are also typi-
cally difficult or impossible to implement for composite ma-
terials subjected to dynamic loading. In this regard, the ability
to obtain full-field data acquisition is particularly
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advantageous in the study of fracture mechanisms, as extrac-
tion of fracture parameters and crack tip location is better
facilitated [6].

Attempts at using full-field optical measurements to eval-
uate stress intensity factors during dynamic loading are exem-
plified in interferometry based studies [1, 15]. Lambros and
Rosakis [1] observed dynamic crack propagation in unidirec-
tional graphite fiber reinforced epoxy composites. Using in-
terferometry in conjunction with high speed photography,
they were able to obtain stress intensity factors using the
out-of-plane displacement component. Substantial strain rate
dependence in the elastic modulus of the material and stress
intensity factors largely consistent with reported values were
observed. Crack initiation was shown to occur consistently in
the matrix material, along the reinforcing fiber direction. Such
methods are able to offer full-field observations; however,
extraction of desired measurements may be tedious or impos-
sible in some cases.

The development of digital image correlation (DIC) has
facilitated more detailed optical measurement based experi-
mental studies, observed in the works of Sutton et al. [16–21],
with the evaluation of stress intensity factors for quasi-static
Mode-I loading conditions. Lee et al. [3] employed 2D-DIC in
a study using single edge notched specimens constructed of
unidirectional graphite epoxy composites with various fiber
orientations. They were able to extract displacement fields
surrounding the crack tip, subsequently using linear and non-
linear over-deterministic least squares methods to compute
both Mode-I and Mode-II stress intensity factors for quasi-
static and dynamic loading cases. Stress intensity factors
present at fracture were found to be consistently lower in
quasi-static experiments when compared to similar dynamic
loading cases. This may have been due to the reduction fiber
bridging that was observed for specimens subjected to dynam-
ic loading. It has been further shown that 3D DIC can be
effectively used to extract material properties from orthogo-
nally woven, transversely orthotropic fiber reinforced com-
posite materials. Pollock et al. [22] used 3D DIC in conjunc-
tion with a mechanical extensometer to measure axial strains,
further employing digital image correlation to obtain trans-
verse, longitudinal, and shear strain fields. Such measure-
ments were then shown to be effective in extrapolating a
complete set of mechanical properties for such material.

Robust methods of fracture parameter extraction are of
particular value in the context of composite materials, espe-
cially in the case of dynamic loading [23–25]. The established
workmentioned previously has demonstrated the applicability
of digital image correlation as a viable means of acquiring
material response data that is suitable for extracting fracture
parameters. However, much of this established work utilizes
quasi-static loading rates. Those studies that do examine dy-
namic loading conditions typically utilize a Hopkinson pres-
sure bar apparatus in conjunction with 2D observations,

assuming negligible out-of-plane displacements. Work of
such nature is somewhat established in the examination of
unidirectional fiber-reinforced composite behavior, but quite
limited in the study of woven fiber-reinforced composites.

In the current work, stereo high speed photography is
utilized in conjunction with 3D digital image correlation to
examine the fracture behavior of an orthogonally woven com-
posite material exposed to combined quasi-static and dynamic
Mode-I loading. The effects of both fiber orientation and
magnitude of applied tensile prestress are studied. Apprecia-
ble out-of-plane displacements, in addition to in-plane dis-
placement and strain fields, are measured and stress intensity
factors up to the onset of crack growth are extracted using an
over-deterministic least squares method.

Material and Specimen Geometry

The material examined in the present work is Norplex
NP130 [26], a five-layer orthogonally woven glass fiber
reinforced composite with mechanical properties listed in
Table 1. Rectangular specimens measuring 254 mm×
127 mm were extracted from 1 mm thick sheets of the
composite at fiber orientations of 0, 15, 30, 45 and 90°
using a FlowTM water jet. The finished specimens were
single-edge notched specimens with a 46 mm initial notch,
having three 13 mm mounting holes on either end. The
typical specimen geometry is shown in Fig. 1. Before
testing, each specimen notch was struck with a razor blade,
effectively producing a sharp crack ahead of the original
notch tip with an initial length of approximately 2 mm.

Experimental Methods

In order to examine the effect of pre-loading on the fracture
behavior of single edgenotched specimens, an initial tensile
load was applied to each specimen using a specially built
fixture described in Section 3.2. Fracture was then initiated
with the application of controlled dynamic load, applied using
the shock tube apparatus described in Section 3.1. With the
use of a stereo high speed camera arrangement, in conjunction
with 3D digital image correlation, displacement and strain
fields were measured and recorded during loading. Using

Table 1 Mechanical properties of composite material examined [20, 24]

β (°) 0 15 30 45 90

E (GPa) 25.9 23.5 16.8 14.6 23.2

υ12 0.15

ρ (kg.m−3) 1,800
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these displacement and strain fields, an over-deterministic
least squares method was implemented to extract fracture
parameters. In addition, comparable quasi-static experiments
were performed for comparitive purposes.

Loading Apparatus - Shock Tube

A shock tube was used to subject the specimens to a well-
controlled dynamic load. A detailed description of the shock
tube and its calibration can be found in the literature [27]. A
shock tube is a relatively simple instrument used to replicate
blast waves. A typical shock tube consists of a circular tube,
open on one end, separated into two sections by a diaphragm.
The section open to atmospheric pressure is referred to as the
driven section, while the sealed section, pressurized to some
appreciably greater level, is referred to as the driver section.
With the application of a pre-determined pressure, the dia-
phragm rapidly bursts, thus producing a series of waves that

compress into a shock. This shock wave then propagates
down the shock tube before it exits the driven section and
contacts the specimen. The shock tube used in the current
work consisted of a driver section 1.8 m in length and a 5.5 m
long driven section with a constant inside diameter of
76.2 mm over the length of the tube. Sheets of Mylar, a
stretched polyester film, were utilized as the material of choice
for the diaphragm. Figure 2 shows the shock tube apparatus
used in the current study. The velocity and magnitude of the
pressure wave produced by the shock tube were varied by
increasing or decreasing the number of Mylar sheets compris-
ing the diaphragm. Piezoelectronic pressure sensors mounted
in the muzzle of the shock tube, very near to the specimen,
were used to observe incident and reflected pressures. These
sensors were also utilized as a reliable means of triggering
both the data acquisition and image acquisition processes.
Typical pressure profiles obtained for different numbers of
Mylar sheets are depicted in Fig. 3. It should be noted here that
in the current study all shock tube experiments are conducted
using diaphragms comprised of 3 sheets of Mylar. Often the
specimen can be held in a fixture, depending on the boundary
conditions required. In the current study, the ends of each
specimen were held in a fixture used to apply a constant pre-
tension load. This fixture is described thoroughly in the next
section.

Prestress Mechanism

The mechanism used to apply a prestress to the specimens is
depicted in Fig. 4. A configuration of steel die springs
mounted on the fixture ensures that a consistent pre-load is
applied to the specimen. Since the applied prestress is solely
dependent on the displacement of the die springs, the config-
uration can be altered in a number of ways to achieve a range
of possible prestress values. The inner (A) or outer pair (B) of
springs can be added or removed from the apparatus entirely
and the spring constant can be altered. Two values of pre-load
have been examined; the first pre-load magnitude has been
achieved by using only the inner pair of die springs, producing
a pre-load of approximately 1,750 N, and the second pre-load
magnitude has been achieved by subsequently adding the
outer pair, producing a pre-load of approximately 3,500 N.
The springs are compressed by way of a ½-20 bolt (C)
that moves the upper specimen mount down to a position
such that the specimen can be bolted into the fixture.
When the specimen is fastened into the fixture, the ½-20
bolt is retracted, thus applying spring tension to the
specimen. Subsequently, a ¼-28 bolt (D) between each
pair of springs that is threaded into the upper specimen
mount is snugly tightened, thus locking the mechanism
and allowing the specimen to be pre-loaded prior to
initiating the shock loading process.

Fig. 1 Schematic of fracture specimen cut from the original composite
sheet using the water jet. β denotes the fiber orientation with respect to the
designated Cartesian coordinate system. Note that the initial notch for all
specimens is parallel to x axis
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Digital Image Correlation System

To facilitate image correlation, a fine speckle pattern was
applied to the specimens prior to the experiments. To do so,
a white paint was first applied on the specimen surface. Then,
a black speckle pattern was applied on top of the white paint
using an air gun, resulting in a rather uniform high contrast
pattern. A Photron SA-X2 stereo high speed camera system
was used to capture the full-field three-dimensional specimen
response in both quasi-static and dynamic loading conditions.
In both loading conditions, camera resolution of 384×264
was used. Images were captured at 60 fps in the quasi-static
case, and 96,000 fps in the dynamic loading case.
Piezoelectronic pressure sensors mounted in the muzzle of
the shock tube were employed to trigger image acquisition
with the use of an oscilloscope, while image acquisition was
manually triggered in the quasi-static case. The camera ar-
rangements for both dynamic and quasi-static cases are shown
in Fig. 5. Images taken during the loading were then exported
to the commercial software Vic-3D [28] for further analysis.
In this software, subset and step sizes of 17 and 3 pixels,
respectively, were used to calculate the displacement and
strain components during the loading stage. Note that the
resolution of the measurements in this work was 0.17 mm/
pixel in all cases.

Quasi-Static Test

As a benchmark, a quasi-static fracture study was conducted
using identical specimen geometry. The stress intensity factors
found in this quasi-static study were used as a point of

reference for the evaluation of values obtained in the
prestressed specimens exposed to dynamic loading. To facil-
itate the quasi-static loading, a 110 kN capacity MTS machine
was employed. Using 101.6 mmwide grips, the specimen was
fastened into the MTS machine as similarly as possible to the
pre-load fixture. Specimens were fastened into the tensile
frame using 6 mm thick aluminum tabs placed on either side
of the specimen thickness to minimize the damage from
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serrated, hardened steel grips. The quasi-static tests were
conducted at room temperature, under displacement-
con t ro l load ing wi th a c ros s head speed of
0.0254 mm/s. An imaging procedure identical to that
used in the dynamic experiments was employed, and 3D
digital image correlation was utilized to measure full-
field displacement and strain response. The stress inten-
sity factors up to the instanc of crack propagation were
extracted from these displacements using both the over-
deterministic approach and load data in conjunction
with specimen geometry.

Data Analysis

The stress intensity factors for specimens having various fiber
orientations loaded under quasi-static and dynamic conditions
were calculated using an over-deterministic procedure based
on a least-square optimization. The detailed procedure can be
found elsewhere, [11, 29], and is presented briefly here. The
in-plane displacement components, u and v, for an orthotropic
composite material subjected toMode I loading can be written
as [3, 14]:

u ¼ KIffiffiffi
π

p Ac66 −
l1
α
s11 þ p2l3s12
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where KI is the stress intensity factor for Mode-I
fracture. The terms sij(i,j=1,2,6) in these equations represent
the elements of the compliance matrix as shown in Eq. (2)
are assumed to be strain rate-independent in this work.

εxx
εyy
γxy

2
4

3
5 ¼

s11 s12 0
s21 s22 0
0 0 s66

2
4

3
5 σxx

σyy

τxy

2
4

3
5 ð2Þ

Subscripts 1 and 2 in equation (2) denote the axial and
transverse fiber axes of the composite specimen, respectively,
as shown schematically in Fig. 1. Quantities r and θ denote the
radial and angular coordinates of an arbitrary point with
respect to the original crack tip, respectively. Parameters p
and q are defined as:

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1−

ffiffiffiffiffiffiffiffiffiffiffiffi
a21−a2

qr
; q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a1 þ

ffiffiffiffiffiffiffiffiffiffiffiffi
a21−a1

qr
ð3Þ

(b)

Shock tube

Specimen

Springs

(A)- Inner pair

springs

(B)- Outer pair

springs

(a)

(D)- ¼-28 bolt
(c)- ½-20 boltFig. 4 The mechanism utilized to

apply the pre-tension to the spec-
imen (a) schematic drawing and
(b) actual frame with the mounted
specimen
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where a1 and a2 are functions of the components of the
material’s stiffness matrix, cij, and Mach numbers (relative
crack tip velocities), M1 and M2, defined as:

2a1 ¼ αþ α1 − 4β1β2 ; a2 ¼ αα1 ð4aÞ

α ¼ c66
c11 1−M2

1

� � α1 ¼ c22
c66 1−M 2

2

� � 2β1 ¼
c12 þ c66
c11 1−M2

1

� �

2β2 ¼
c12 þ c66
c66 1−M 2

2

� �
ð4bÞ

M1 andM2 are defined as the ratio of the crack tip velocity
with respect to longitudinal wave velocity, cl, and shear wave
velocity, cs, respectively, and can be expressed as,

M 1 ¼ c

cl
M 2 ¼ c

cs
with cl ¼

ffiffiffiffiffiffiffi
c11
ρ

r
cs ¼

ffiffiffiffiffiffiffi
c66
ρ

r
ð5Þ

where ρ represents the mass density of the composite.
The parameters li(i=1…6) and Ac66 in equation (1a) can be

expressed as:

l1 ¼ 2β1p
2

α−p2ð Þ 1−M 2
1

� � þ 2β−α l2 ¼ 2β1q
2

α−q2ð Þ 1−M2
1

� � þ 2β1−α

l3 ¼ 1 − M 2
2 −

2β1

α−p3
l4 ¼ 1 − M2

2−
2β1

α−q2

l5 ¼ − l3− M2
2 l6 ¼ −l4−M 2

2 Ac66 ¼ l6
pql4l5−p2l3l6

ð6Þ

Equation (1b) has originally been proposed for the case of
dynamic crack propagation [3, 14]. In the case of a stationary
crack subjected to either dynamic or quasi-static loading, the
above equation can be simplified by taking c to be zero.

The only unknown parameter in equation (1a) is KI, as u
and v at any position r and θ can be obtained from

Fig. 6 A comparison between the evolutions of quasi-static KI value
determined from recorded load and DIC data, prior to crack initiation for
the β=45° specimen under quasi-static loading. Note that the crack
begins to grow at τ=1

Table 2 Quasi-static stress intensity factors as a function of fiber orien-
tation angle

Fiber orientation ( β ) Stress intensity factor, KI (MPa.m0.5)

Recorded Load DIC data % difference

0° 36.05 38.26 5.7

45° 22.58 24.61 8.2

90° 28.62 30.54 6.2

(b)

(a)

Fig. 5 The camera arrangements for (a) quasi-static and (b) shock tube
experiments
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displacement fields obtained using DIC. The displacement
components at arbitrary radial positions in the crack tip vicin-
ity, obtained from DIC, were used as input to a computer code
written on the MATLABTM platform to calculate the stress
intensity factor for the material based on the over-
deterministic approach detailed in [29–32]. When using the
over-deterministic least-square analysis, one should bear in
mind that data points selected for the numerical approach
should be sufficiently far from the crack tip area to avoid the

tri-axial stress and local plasticity effects. In this work, data
points outside the circular region, r>0.5B (with B being the
specimen thickness) were taken for the analysis [3]. A large
number of data points is required to extract the stress intensity
factor with acceptable accuracy [29, 31]. Accordingly, a min-
imum number of 100 data points were considered as the input
for the analysis to assure the accuracy of the calculated KI.

In attempting to identify the exact moment of crack initia-
tion, exclusive use of displacement components may be in-
sufficient. This is due to a continuous increase of displacement
components, especially opening displacement, v, even after
crack initiation. Therefore, the sole use of displacement mea-
surements may introduce substantial inaccuracy in the calcu-
lated values of KI. The uncertainty can be lowered when the
vertical strain component εyy is considered, since εyy at a
location behind but very near to the initial crack tip experi-
ences a sudden drop in magnitude at the instance of crack
propagation [14]. As such, opening strain εyy was used to
determine the crack initiation time in the case of dynamic
loading. The stress intensity factor at the onset of crack growth
was then calculated using both strain and displacement fields.

(b)
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The in plane strain components εxx and εyy are related to the
stress intensity factor as [14]:

εxx ¼ KIffiffiffiffiffiffiffi
2πr

p cos −
θ

2

� �
Ac66 −

l1
α
s11−p2l3s12

� �
þ pl2l5

αql6
s11 þ pql4l5

l6
s12

� �� �

ð7Þ

εyy ¼ KIffiffiffiffiffiffiffi
2πr

p cos −
θ

2

� �
Ac66 −

l1
α
s12−p2l3s22

� �
þ pl2l5

αql6
s12 þ pql4l5

l6
s22

� �� �

The additional parameters in equation (7) are identical
those explained earlier for the displacement field, i.e. equa-
tions (2) to (6).

Results and Discussions

Quasi-Static Testing

A typical evolution of the quasi-static stress intensity factor
prior to crack initiation is shown in Fig. 6. As shown in Fig. 6,
reasonable agreement between stress intensity factors extract-
ed using DIC and load data has been observed up to the instant
of crack propagation. The stress intensity factors for β=0, 45
and 90° specimens under quasi-static loading conditions ob-
tained using both the recorded load data in conjunction with
specimen geometry and the full-field DIC data are shown in
Table 2. In all cases, it is observed that the value calculated
based on the DIC data is slightly higher than that determined
using the maximum recorded load. Such a level of discrepan-
cy has also been reported previously in [31, 32], especially
when single-term asymptotic displacement expressions have
been utilized. In addition, it has recently been documented
that, for the case of orthogonally woven composites, calcula-
tion of the stress intensity factor using only the far-field load
introduce some level of uncertainty [11]. Such level of uncer-
tainty is due to the difficulty in capturing the exact moment of
crack initiation in these materials as a result of complicated
fiber/matrix micromechanics. Thus, optical observations are
required to capture the instant of crack initiation and the
corresponding far field load in order to better estimate the
stress intensity factor at the onset of crack growth [11].

The stress intensity factors obtained in this work, shown in
Table 2, seem high for a composite material. When
interpreting these elevated critical stress intensity factors,
there are two key factors that must be understood. First, the
samples are not thick enough to impose plane-strain condi-
tions, thus resulting in a substantially increased stress intensity
factor achieved at fracture. [33, 34]. Second, the material is a
woven composite, and fracture occurs mainly by fiber break-
age, referred to as bridging. Figure 7 shows the bridging effect

Fig. 9 a Crack extension-time plot for a crack subjected to dynamic
loading. (Pre-load value is 1,750 N and t=0 indicates the instant of crack
initiation). The fitted dashed lines with their corresponding R2 values are
also shown. b Crack tip velocity as a function of fiber orientations angle
for the specimens subjected to different pre-load values

Table 3 Pre-loaded stress intensity factors as function of fiber orientation
angle

Fiber orientation ( β ) Stress intensity factor, KI (MPa.m0.5)

1,750 N pre-load 3,500 N pre-load

0° 10.03 20.03

45° 9.94 16.16
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during early stages of crack propagation for a β=0° specimen
subjected to quasi-static loading. It has been observed that the
fiber bridging is associated with a high stress intensity factor
[34, 35].

Stress Intensity Factor Associated With Applied Prestress

Full-field displacement distributions for specimens of each
fiber orientation angle when subjected to pre-loads of 1,750
and 3,550 N were obtained using DIC. Typical displacement
contours obtained from the pre-loaded β=0° specimen are
shown in Fig. 8. The displacement fields obtained for each
specimen, along with the analysis detailed in Section 3.5, were
used to extract the stress intensity factor present in each
specimen subjected to both pre-load values. The results are
shown in Table 3. The KI values obtained in this stage can be
considered as stress intensity factors that already exist in the
specimen prior to being subjected to shock loading. Using the
property of superposition, this value can be added to the

values calculated from shock loading to yield an estimation
of the total KI value of each specimen.

Dynamic Stress Intensity Factor and Crack Velocity

The crack tip velocity during crack propagation was obtained
by carefully tracking the crack tip position. This variation of
crack tip location as a function of time for different specimens
has been displayed in Fig. 9(a). After extracting the positions
of the moving crack tip, the changes in crack tip position as a
function of timewere used to estimate the crack tip velocity by
differentiating the linear curve fitted into the crack tip
displacement-time curve. The crack tip velocity as a function
of fiber orientation angle for two different pre-loads is shown
in Fig. 9(b). It is clearly shown that the crack tip velocity
increases continuously as the fiber orientation angle increases
from 0 to 45°. Selected images captured at different stages of
crack propagation for β=0 and 45° specimens are also shown
in Fig. 10. As shown in Fig. 11, the crack follows the direction

(a) (b)

10 mm

10 mm

10 mm

10 mm

10 mm

10 mmt = 239 µs

t = 187 µs

t = 0 µs

t = 156 µs

t = 114 µs

t = 0 µsFig. 10 Selected DIC images
captured at different stages of the
crack propagation for (a) β=0°
and (b) β=45° specimens. Crack
tip location has been marked on
each image. t=0 μs indicates the
instant of crack initiation
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of fiber orientation as observed by Tippur [3] in the case of
unidirectional fiber reinforced composites. Though the com-
posite considered in this work is made of orthogonally woven
reinforcing fibers, crack propagation always takes place in the
direction parallel to the fiber orientation for all the fiber
orientations investigated.

A typical history of vertical displacement and strain com-
ponents used to detect the crack initiation time is shown in
Fig. 12. The sudden drop in the vertical strain component
during the loading stage can be used to accurately determine
the moment at which crack growth initiated. In the current
work, the crack initiation time has been estimated with an
error<5 μs.

Finally, the dynamic stress intensity factor up to the onset
of crack growth is calculated using the displacement and strain
fields obtained from DIC, following the procedure expressed
in Section 3.5. To assure that the fracture mode in this work is
indeed Mode-I, the out-of-plane displacement component of
each sample was examined. Selected out-of-plane displace-
ment contours both before and after crack initiation for a β=

14
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o
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Fig. 11 Crack direction for spec-
imens with fiber orientation of (a)
β=0° (b) β=15° (c) β=30° (d)
β=0°and (e) β 90°, fractured
under dynamic loading with the
pre-load magnitude of 3,500 N
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Fig. 12 History of vertical displacement and strain components before
and after crack initiation for the β=0° specimen with a 3,500 N pre-load
magnitude
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45° specimen are shown in Fig. 13. It is observed that the out-
of-plane displacement component in the vicinity of the crack
tip is symmetric along the crack line, indicating that Mode-III
fracture is minimal or non-existent in the case of a prestressed
specimen subjected to dynamic loading. Since the specimen is
very thin, a plane stress condition is assumed and the effect of
out-of-plane bending on the fracture process can be neglected.
The out-of-plane displacement,w, at a location 3 mm ahead of
the original crack tip for some selected specimens is listed in
Table 4. The maximum out-of-plane displacement decreases
by approximately 20 % with the increase in applied pre-load
from 1,750 to 3,500 N. It is noted that the stereovision’s depth
of field in our studies is greater than the maximum out-of-
plane displacement achieved by the specimen. Thus, the im-
ages remain in focus during the entirety of the experiment and
the accuracy of the full-field displacement measurements ob-
tained from digital image correlation is not affected by
defocus.

Selected strain and displacement contours for the β=0°
specimen during the time prior to crack initiation are depicted

in Fig. 14. The evolution of KI up to the onset of crack growth
was calculated using both the displacement and strain fields
obtained from DIC. This variation of stress intensity factor as
a function of time for a specimen exposed to a 3,500 N preload
is shown in Fig. 15. The trend exhibited by the evolution of
KID is irregular, especially during the early stages. This is
believed to be characteristic of the material, and unrelated to
variations in the loading pulse. As can be seen in a typical
pressure profile obtained at the muzzle of the shock tube,
shown in Fig. 3, the loading pulse is nearly constant for almost
3 milliseconds. The duration of the experiment, from the
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11.6533

11.5617
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11.3783

11.2867
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11.1033

11.0117
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13.1367

12.8983

12.66

w (mm)

t = 0 µs

t = 150 µs

Fig. 13 3D contour of the out-of-
plane displacement component,
w, before and after crack initiation
for a β=45° specimen exposed to
dynamic loading with a pre-load
magnitude of 3,500 N. Note that
t=0 μs indicates the onset of
crack growth

Table 4 Maximum out-of-plane displacement, w, at a location 3 mm
ahead of the crack tip just before crack initiation

Fiber orientation ( β ) Out-of-plane displacement, w (mm)

1,750 N pre-load 3,500 N pre-load

0° 12.233 9.975

45° 13.639 11.630

Exp Mech

Author's personal copy



beginning of loading till crack initiation, is about 800 μs and
lies in the middle of this constant region. The irregularities
could be associated with micro-cracking and other local fail-
ure phenomena, which are not considered in this work.

The dynamic stress intensity factor at the onset of crack
initiation for pre-stressed specimens as a function of specimen
fiber orientation and pre-load magnitude is shown in Fig. 16.
It is observed that the stress intensity factor decreases as the
angle of fiber orientation increases from 0 to 45°. Additional-
ly, the dynamic stress intensity factor decreases consistently as
the pre-load increases. To provide a clear comparison between
the values of quasi-static and dynamic stress intensity factors
obtained in this work, the effective dynamic KI value was
estimated as the summation of KI values calculated from the
pre-loading and shock loading stages, as

Keff
ID ¼ Kpreload

I þ Kshock
I ð8Þ

where KID
eff is the effective dynamic stress intensity factor,

KI
preload is the pre-load stress intensity factor, and KI

shock is the

stress intensity factor obtained from the shock loading exper-
iment. The values calculated for KID

eff are listed in Table 5.
Comparing these values with those obtained from the quasi-
static loading condition, dynamic loading resulted in an ap-
proximate increase of 15 % for the β=0° specimen, and 25 %
for the β=45° specimen. An increased value of dynamic stress
intensity factor when compared to the quasi-static value was
also reported in [3], and was attributed to the degree of
bridging present during quasi-static and dynamic loading
conditions.

Regarding the effect of preload on the critical dynamic
stress intensity factor, when the fibers are along the primary
loading direction (θ=0°), the preload has negligible effect.
However, when the fibers are oriented at θ=45°, the effect of
preload is to reduce Keff

ID. These experimental results can be
understood by noting that the material is an orthogonally
woven composite. Thus, growth of a through-thickness
crack requires that the woven fibers separate. When the
fibers are in the principal loading direction and are the
primary loading carrying members, the preload increases
the tensile loading in these fibers and hence increases the
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Fig. 14 Contours of (a) vertical
displacement component, v and
(b) vertical strain component,
εyy, at the moment of crack initia-
tion for the β=0° specimen sub-
jected to shock loading. The pre-
load magnitude applied on the
specimen is 3,500 N
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initial stress intensity value. When the dynamic loading
process initiates, the dynamic component of the stress in-
tensity factor is smaller for the larger preload. If one as-
sumes that the glass fiber fracture process is the same for
our experiments (though the critical values may be rate
dependent), then the fibers would fail when the conditions

at the crack tip reach the same critical dynamic stress
intensity factor for both preload conditions since they were
subjected to the same dynamic loading conditions.

In the case of off-axis specimen (45°), it is less clear how
the critical effective stress intensity factor evolves with in-
creasing preload. One plausible explanation deals with the
role of the matrix in the fracture process. Since the fibers are
off-axis, the matrix would initially take much of the load.
However, as the loading process progress, the fibers begin to
share the load. The application of preload in the 45° specimen
would stretch and rotate the fibers towards the loading direc-
tion and makes the matrix less involved in the fracture resis-
tance process. Due to this, the effective stress intensity factor
in the case of 45° specimen would tend to decrease as the
preload increases. In this regard, it is noted that a similar trend
was observed for the stress–strain behavior of a similar mate-
rial at different fiber orientation angles [11, 22].

Finally, to provide additional insight regarding the effect of
loading rate, variation of dKI/dt, i.e. the time derivative of the
stress intensity factor in dynamic and quasi-static conditions,
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Fig. 15 Evolution of dynamic KI value up to the crack initiation, calcu-
lated based on displacement as well as stain data for the β=0° specimen
subjected to dynamic loading with a pre-load magnitude of 3,500 N

Fig. 16 Dynamic stress intensity factor, KID, obtained for different
specimens subjected to different pre-load values

Table 5 The effective dynamic stress intensity factor, KID
eff, for different

specimens

Fiber orientation ( β ) effective dynamic stress
intensity factor, KID

eff (MPa.m0.5)

1,750 N pre-load 3,500 N pre-load

0° 42.78 43.14

45° 33.03 28.73

Fig. 17 Variation of the rate of change of stress intensity factor (dK/dt)
up to the crack initiation, with respect to the stress intensity factor in
quasi-static and dynamic loading conditions for the β=0° specimen
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was examined. The evolution of dKI/dt was plotted with
respect to KI for a specimen having β=0° as shown in
Fig. 17. The higher rate observed in the evolution of the stress
intensity factor in the dynamic case along with strain rate
sensitivity of the material could be taken as the main factor
resulting in an increase in SIF during dynamic loading
condition.

Conclusions

The fracture response of a prestressed orthogonally woven
glass-fiber reinforced composite was investigated using a
shock tube apparatus. The full-field displacement and strains
were obtained using 3D digital image correlation, and the
fracture parameters were extracted using an over-
deterministic approach. It was demonstrated that the shock
apparatus can be used to generate Mode-I dynamic fracture
loading on pre-stressed specimens. Furthermore, the full field
3D digital image correlation method can be used extract
displacement components at these high rates of loading. Based
on the experiment the following points are observed:

& The crack tip velocity increases as the reinforcing fiber
angle increases from 0° to 45°.

& The magnitude of the applied pre-load also significantly
affects the crack tip velocity, increases with the
magnitude.

& The dynamic stress intensity factor decreases as the rein-
forcing fiber angle increases from 0° to 45°.

& The material has some strain rate sensitivity for the rates
that were applied, with the crack initiation stress intensity
factor being higher for dynamic loading when compared
to the quasi-static loading.

& The magnitude of the applied preload has negligible effect
on the effective stress intensity factor for 0° fiber orienta-
tion, whereas the preload decreases the effective stress
intensity factor for 45° fiber orientation.
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