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Plate and bar impact experiments were performed on glass
to investigate the mechanisms responsible for recently ob-
served failure waves. In the present work we report obser-
vations showing that the so-called failure wave is actually a
propagating boundary of damaged material. It initiates at
the specimen surface, without appreciable incubation time,
and propagates to its interior. In-material gauge measure-
ments show that the spall strength and shear resistance of
the material are drastically reduced behind the failure
wave front. The shear resistance interferometrically mea-
sured in pressure-shear experiments is in agreement with
the in-material gauge records. Normal stress measurements
performed close to the impact surface show a progressive
reduction in normal stress behind the failure wave. This
feature suggests that the inelastic process responsible for
the reduction in shear strength has well-defined kinetics.
Recovery experiments performed on confined soda–lime
glass rods reveal extensive material fragmentation. Micros-
copy studies performed on fracture surfaces show features
commonly seen in glass fractured under tensile loading.
Post-test X-ray experiments reveal that the material retains
its amorphous structure. Two interpretations of the failure
process, consistent with the above features, are discussed.
The first mechanism is the initiation of microcracks, at the
glass surfaces being subjected to compressive tractions,
which propagate along surfaces of maximum shear to its
interior. Another mechanism, based on the inhomogeneous
nature of plastic flow in amorphous materials, is the initia-
tion of shear-induced flow surfaces at the impact plane
which are punched into the bulk of the material. In the
latest, microcracks nucleated at the intersection of these
shear flow surfaces are believed to be responsible for the
dramatic reduction in spall strength behind the failure
wave. The experimental observations herein presented are
especially suitable for the formulation and examination of
constitutive models describing damage evolution behind the
so-called failure waves.

I. Introduction

THE response of different glasses (soda–lime, Pyrex, boro-
silicates, aluminosilicates, and fused quartz) to dynamic

loading and unloading has been the subject of intense research
in the last decade. A very complex material behavior emerged

from these studies that has been explained in terms of a variety
of inelastic mechanisms, namely, permanent densification,
phase transformation, and cracking under compression. In the
literature, the Hugoniot elastic limit (HEL) is defined as a
measure of the dynamic stress required to initiate material in-
elasticity. In this paper we define the HEL as the stress level for
which bulk glass undergoes permanent densification.

Cagnoux and Longy1 have found that the spall strength of
Pyrex (HEL 7.5 GPa) increases from about 1.2 to 2.3 GPa
when the peak shock stress is varied from 3 to 5 GPa. Kanelet
al.2 have reported that the spall strength of K-8 glass (HEL
7.5–8 GPa) is about 3 ± 0.1 GPa for shock stresses up to 20
GPa (well above HEL). On the other hand, Rosenberget al.3

have found that the spall strength of soda–lime glass is about
3.8 GPa for shock levels below the HEL (6.4 GPa) while above
the HEL the spall strength is negligible. These conflicting re-
sults were rationalized by invoking the existence of failure
waves. Kanelet al.2 were the first to report the propagation of
failure waves behind the elastic and densification wave fronts
in glass. They found that this wave propagates at about 1.5–2
mm/ms in shock-loaded K-19 glass (similar to soda–lime glass)
plates and represents total failure of the specimen.

More recently, Brar and Bless4 performed two types of nor-
mal impact experiments, wave interaction experiments and
spall experiments, in order to confirm the existence of failure
waves in glass. In the first type, a release wave that originates
at the back of the target plate interacts with the advancing
failure wave. In this experiment, a recompression was observed
in the longitudinal stress history, similar to the increase in free
surface particle velocity detected by Kanelet al.2 This recom-
pression can be interpreted as a wave reflection from the failure
wave front due to a mechanical impedance reduction in the
material behind the failure wave. The second type of experi-
ment, spall experiments, provided further insight into this phe-
nomenon. The experiments showed that if the spall plane is
located in front of the failure wave, the material exhibits a
finite spall strength. By contrast, if the spall plane is located
behind the failure boundary, the spall strength is significantly
reduced. An important finding reported in the work by Brar and
Bless4 is that an impact stress above a threshold of approxi-
mately 4 GPa is required to produce failure waves in soda–lime
glass. Furthermore, transverse stress measurements performed
with lateral in-material gauges showed an increase in trans-
verse stress upon the arrival of the failure wave to the gauge
location. These results clearly indicate the so-called failure
wave is actually a moving boundary of damaged material
within the specimen. As a matter of fact, the increase in lateral
stress and the partial or complete loss of spall strength behind
this boundary clearly indicate the material has undergone ex-
tensive inelasticity.

Several mechanisms have been invoked to explain the ini-
tiation and propagation of failure waves. Based on the fact that
room-temperature plasticity in amorphous materials is highly
inhomogeneous (see, for instance, Speapen,5 Argon,6 and Steif
et al.7) Espinosa and Brar8 postulated that in the case of plate
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experiments, the inelastic mechanism leading to the so-called
failure waves is inhomogeneous plastic flow. They suggested
that atomic defects present on glass plate surfaces are likely
sites for the development of stress concentrations necessary for
formation of shear-induced flow surfaces. Within this interpre-
tation, the reported reduction in dynamic tensile (spall) strength
behind the failure wave is the result of the extension of micro-
cracks nucleated at the intersection of the shear flow surfaces.
This appears to be a plausible mechanism in view of the fact
that bulk soda–lime glass does not undergo shear-induced plas-
tic deformation for shear stresses up to 3.2 GPa.9 Furthermore,
observations of crack nucleation in indentation studies on so-
da–lime glass10,11 support this mechanism for crack initiation
under fully compressive stress states (all three principal
stresses are negative).

Two hypotheses for explaining failure waves were examined
by Raiser and Clifton.12 The first invokes the initiation of
cracks at the impact surface, due to local stresses around as-
perities, which can propagate approximately at 45° to the im-
pact face (see also Kanelet al.13). The second assumes phase
transformations to crystalline phases within the bulk of the
glass samples. Since their experimental results show that sur-
face roughness appears to play no role in the formation of
failure waves and that glass spallation at the failure boundary
and its vicinity is progressive, they concluded that the failure
wave phenomenon may be the result of phase transformations
within the glass. Because of difficulties in recovering the
shocked samples, no direct evidence was given to support these
hypotheses.

The challenges of finding a micromechanical explanation
and modeling failure waves in amorphous materials still re-
main. It is the objective of the present work to provide addi-
tional experimental evidence that can allow the identification
of the failure mechanism. The paper starts with a comprehen-
sive review of plate (1-D strain) and rod (1-D stress) impact

experiments performed on several glasses. New experimental
records obtained in normal, pressure-shear, and confined rod
recovery experiments will be presented and discussed. Numeri-
cal simulations of these experiments, with a microcracking
multiple-plane model, will be presented in a second paper. The
simulations will show that a population of planar defects,
growing under the dynamic stress state, can capture the essen-
tial features recorded in plate and rod experiments. Further-
more, it will be shown that microcracking appears to be the
mechanism responsible for the observed reduction in spall
strength, behind failure waves. Differences in crack initiation
sites in plate and rod experiments will be presented and ex-
plained. These results will provide the framework needed for a
consistent explanation of the observed failure wave phenom-
enon in glass rods and plates.

II. Experimental Method

(1) Materials
Soda–lime glass plates (5.7 mm thick) were obtained locally.

The density and longitudinal wave velocity were 2.5 g/cm3 and
5.84 mm/ms, respectively. Corning 1723 aluminosilicate glass
plates and Pyrex bars 12.7 mm in diameter were obtained
from Corning Inc., Corning, NY. The aluminosilicate glass
properties were as follows: density4 2.64 g/cm3, Young’s
modulus4 86 GPa, and Poisson’s ratio4 0.24. The Pyrex
density was 2.23 g/cm3 and its longitudinal wave velocity was
5.6 mm/ms. The in-material measurements were performed
with commercial manganin gauges purchased from Micro-
Measurements, Raleigh, NC.

(2) Spall Strength and Longitudinal Gauge Experiments
The target configuration used in spall experiments is shown

in Fig. 1(a). A manganin gauge was embedded between the

Fig. 1. Distance–time plot for plate normal impact experiments: (a) spall plane in front of failure wave; (b) spall plane behind failure wave.

2062 Journal of the American Ceramic Society—Espinosa et al. Vol. 80, No. 8



glass specimen and a 12 mm thick PMMA back plate to record
longitudinal stress histories,s1–t. Aluminum and copper flyers
with different thicknesses were chosen to produce spall planes
behind and in front of the failure boundary. The effect of flyer
thickness on the spall plane location can be seen in the La-
grangian time–position (t–X) diagrams shown in Fig. 1(b). One
can observe that by changing the flyer plate thickness, the
position at which the two unloading waves, one from the flyer
back surface and the other from the specimen–PMMA inter-
face, meet can be selected to be behind or in front of the failure
wave front. Impactor velocities were set to obtain peak shock
stresses below and above HEL.

In-material axial stress measurements were performed by
embedding a manganin gauge between two glass plates at a
distance between 1.5 and 3 mm from the impact plane. To
minimize gauge failure, upon arrival of the failure wave to the
gauge location, a gauge package consisting of three mylar
sheets, 0.001 in. thick, and a manganin gauge was utilized. The
gauge package was glued and statically pressed between two
glass plates to minimize its thickness and hence improve its
time resolution.

(3) Transverse Gauge Experiments
In these experiments one or two narrow, 2 mm wide, man-

ganin gauges (Type C-8801113-B) were embedded in the glass
target plates in the direction transverse to the shock direction as
shown in Fig. 2. A thick back plate of the same glass was used
in the target assembly. Aluminum or glass impactor plates were
used to induce failure waves. The transverse stress,s2, was
obtained from the transverse gauge record. A major concern
with this technique is the perturbation of the one dimensional-
ity of the wave propagation due to the presence of a thin layer,
perpendicular to the wave front, filled with a material having a
different impedance and mechanical response. Calculations by
Wong and Gupta14 show that the inelastic response of the
material being studied affects the gauge calibration. Recently,
Rosenberg and Brar15 reported that in the elastic range of the
gauge material, its resistance change is a function of the speci-
men elastic moduli. In a general sense, this is a main disad-
vantage in the lateral stress gauge concept. By contrast, their
analysis shows that in the plastic range of the lateral gauge
response, a single calibration curve for all specimen materials
exists. These findings provide a methodology for the appropri-
ate interpretation of lateral gauge signals, and increase the re-
liability of the lateral stress measuring technique.

(4) Pressure-Shear Experiments
Dynamic compression-shear loading can be obtained by in-

clining the flyer and target plates with respect to the axis of the
projectile. By varying the angle of inclination a wide variety of
nonproportional loading can be obtained. A particularly useful
pressure-shear configuration is shown in Fig. 3. In this con-
figuration high shear strain rates and pressures are achieved by
impacting a thin specimen sandwich between a hard flyer and

a hard anvil plate. WC/6Co flyer and anvil plates were used in
this study, such that the plates remained elastic up to the im-
posed stress levels. Stresses, shear strains, and strain rates can
be obtained by measuring the longitudinal and transverse par-
ticle velocities at the anvil back surface. A normal velocity
interferometer (NVI) and a transverse displacement interfer-
ometer (TDI) were used for this purpose. Measured transverse
particle velocities are used to identify the glass dynamic shear
resistance at strain rates of the order 105/s and pressures be-
tween 5.9 and 8.2 GPa. Further details about this experimental
configuration applied to the study of brittle materials can be
found in Espinosa and Clifton.16

(5) Unconfined Bar Impact Experiments
The objective of these experiments was to extend uniaxial

strain deformation states imposed in plate impact experiments.
The possibility of generating a variety of multi-axial deforma-
tion states appears to be very relevant to the characterization of
failure mechanisms in brittle materials. It not only provides a
direct measurement for the yield stress at rates of 103 to 104/s,
but also allows the examination of constitutive models and
numerical solution schemes under 2-D fields. In-material stress
measurements, with embedded manganin gauges, are very use-
ful in providing axial stress histories that otherwise cannot be
obtained. Stress decay, pulse duration, release structure, and
wave dispersion are very well defined by these measurements.
Bars, 127 mm long, were impacted with thick steel plates or
glass bars as shown schematically in Fig. 4. The bar surfaces
were finely ground to a smooth finish and there were no visible
surface flaws. One-dimensional stress was measured by em-
bedding manganin gauges (Type C-880113-B) approximately
10 diameters away from the impact face. Gauge profiles were
interpreted using the calibration given in Rosenberg and Par-
tom.17 The gauges were baked by 50.8 mm long pieces of bars
of the same material as the front piece. The back pieces of the
assembled bar targets were set in a lexan disk using epoxy in
order to align the target for a planar impact. A coaxial trigger
pin was also set through a hole in the lexan ring to trigger a
manganin gauge bridge circuit and a high-speed camera. An

Fig. 2. Transverse gauge experimental configuration.

Fig. 3. Pressure-shear high-strain rate configuration.

Fig. 4. Unconfined bar experimental configuration.
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Imacon 790 high-speed framing camera was used to monitor
the propagation of failure fronts.

(6) Bar Impact Recovery Experiments
The confined bar on bar impact experiment, shown in Fig. 5,

is a very useful technique for studying failure mechanisms in
brittle materials. A symmetric impact allows the recovery of
the impactor bar and hence the possibility of performing mi-
croscopy studies that can provide insight into the failure
mechanisms responsible for features observed in interfero-
metrically measured velocity histories. Free surface velocity
measurements at the rod end basically provide the strength of
the transmitted compressive wave and the pullback signal due
to bar spalling. Since stress attenuation occurs when the ma-
terial is damaged, a reduction in microcracking as a function of
position is observed in most brittle materials.18 Therefore, we
have performed radial velocity measurements close to the im-
pact surface to provide the best information on damage rate and
accumulation throughout the history of deformation. If damage
occurs everywhere in the rod, radial velocity measurements at
several diameters of the impact surface can also be very useful
in damage identification.

Details of the experimental configuration are shown in Fig.
5. Soda–lime bars were embedded in 4340 steel sleeves, 1 in.
in diameter, to provide lateral confinement and minimize frac-
ture due to radial wave release. The inside diameter of the steel
sleeve was machined with a tolerance of +25.4mm. During the
assembly of the glass rod and steel sleeve, a thin layer of epoxy
mixed with fine alumina powder was used at the glass–steel
interface. The target bar was positioned by a foam ring which
was mounted to a target holder with alignment capabilities. The
projectile consisted of another identical bar of the same mate-
rials approximately 5 diameters in length. This bar was
mounted to a nylon holder which was launched by means of a
3-in. fiber glass projectile. The target bar was aligned for planar
impact,19 and tilt pins were used to measure tilt and to trigger
a recording oscilloscope. Radial and normal velocities were
recorded by means of displacement and velocity interferom-
eters, respectively. The impactor was stopped by a steel anvil
which was designed to trap the kinetic energy of the projectile.

III. Experimental Results

The impact parameters used in all of the above experiments
are summarized in Table I. In Table II we report a series of
transverse gauge experiments performed on soda–lime glass. In
all of these experiments 6061-Aluminum flyer plates, 11.3 mm
thick and 2 in. in diameter, were launched against 12.6 mm
thick soda–lime glass targets backed by 5.7 mm thick soda–
lime glass plates. Measured profiles of manganin gauges were
converted to stress–time profiles following the calibrations of
longitudinal and transverse manganin gauges under shock load-

ing given in Rosenberg and Partom17 and Rosenberg and
Brar,15 respectively.

(1) Glass Plates
Evidence of the existence of failure waves in glass comes

from spall and transverse gauge experiments. We mentioned
earlier that the spall strength of glass is a function of the lo-
cation of the spall plane within the sample. In experiment
7-0889 we impacted a 5.7 mm thick soda–lime glass target
with a 3.9 mm aluminum flyer at a velocity of 906 m/s. The
manganin gauge profile is shown in Fig. 6. The spall plane in
this experiment happened to be behind the failure wave. The
profile shows the arrival of the compressive wave with a du-
ration of approximately 1.5ms, followed by a release to a stress
of about 3 GPa and a subsequent increase to a constant stress
level of 3.4 GPa. The stress increase after release is the result
of reflection of the tensile wave from material that is being
damaged under dynamic tension and represents the dynamic
tensile strength of the material (spall strength). From this trace
we conclude that soda–lime glass shocked to a stress of 7.5
GPa has a spall strength of about 0.4 GPa behind the so-called
failure wave. We repeated this experiment with a 2.4 mm thick
aluminum flyer (7-1533) and found complete release from the
back of the aluminum impactor (see Fig. 6). A pullback signal
is observed after approximately 0.45ms with a rise in stress of
about 2.6 GPa. It should be noted that the spall plane in this
experiment was in front of the failure wave. These two experi-
ments clearly show that the spall strength of glass depends on
the location of the spall plane with respect to the propagating
failure wave. For soda–lime glass dynamic tensile strengths of
2.6 and 0.4 GPa are measured in front and behind the failure
wave, respectively.

In order to observe whether a failure wave in soda–lime
glass occurs for peak stresses in the elastic range (below HEL),
we analyzed the data from four experiments (7-0892, 7-1612,
7-1615, 7-1623; see Table I). Impactor thicknesses in experi-
ments 7-1612, 7-1615, and 7-1623 were chosen so that the spall
plane was behind the failure wave. Manganin gauge profiles
from these experiments show unambiguously that the spall
strength of soda–lime glass was significantly reduced behind
the failure wave. In experiment 7-0892, in which the spall
plane was in front of the failure wave, a spall strength of 3.0
GPa was measured. Thus, the results on the spall strength of
soda–lime glass for the same shock stress in the elastic range
are drastically different. These differences can be resolved on
the basis of the existence of failure waves in soda–lime glass
for shock stresses below and above HEL.

Additional features of the failure wave phenomenon were
obtained from transverse gauge experiments performed re-
cently on soda–lime and aluminosilicate glasses. Figure 7
shows measured transverse gauge profile at two locations
(shot-7-1719) in the Corning 1723 glass. One can clearly see

Fig. 5. Bar recovery experimental configuration.
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the two-wave structure which results from the failure wave
following the longitudinal elastic wave. The first gauge, at the
impact surface, shows an increase in lateral stress to the value
predicted by 1-D wave theory, 2.2 GPa in Fig. 7, immediately
followed by a continuous increase to a stress level of 4.2 GPa.
The second gauge, at 3 mm from the impact surface, initially
measures a constant lateral stress of 2.2 GPa followed by an
increase in stress level on arrival and passage of the failure
wave. It should be noted that gauge G1 records a continuous
increase in lateral stress up to 4.2 GPa. This can only be the
case if the failure wave has anincubation timeof less than 250
ns (rise time of the lateral stress to the elastic prediction of 2.2
GPa). By contrast, gauge G2 sees the arrival of the failure wave
about 700 ns after the arrival of the elastic wave (see step at 2.2
GPa). Furthermore, these traces also confirm that the failure
wave initiates at the impact surface and propagates to the in-
terior of the sample. This interpretation is in agreement with
the impossibility of monitoring impact surface velocity with a
VISAR system, see Dandekar and Beaulieu,20 when failure
waves are present.

An estimate of the failure wave speed can be obtained from
the first lateral gauge history; for instance, see the front gauge

history for experiment 7-1719 (Fig. 7). In fact, the width of the
gauge is 2 mm and the duration of the stress increase, from 2.2
GPa to the plateau level of 4.2 GPa, is about 1 ± 0.1ms. This
time is taken by the failure wave to sweep across the 2 mm
width of the gauge. Thus, the failure wave speed is about 2 ±
0.2 mm/ms, which is similar to the failure wave speed mea-
sured in soda–lime glass by Brar and Bless4 following this
procedure. On the other hand, if the larger slope in the initial
portion of the transverse stress history at the first gauge (see

Table I. Summary of Experimental Data†

Shot no. Exp. Conf.
Impactor/Thickness

(mm)
Target/Thickness

(mm)

Impact
velocity
(m/s)

Normal
stress
(GPa) Remarks

7-0889 SS Al/3.9 SLG/5.7 906 7.5 Reduced spall strength
7-1533 SS Al/2.4 SLG/5.7 917 7.6 No spall signal; full unloading
7-1717 LG Al/12.7 CG/19.4 770 6.1 Transverse stress increase
7-1719 LG A1/14.5 CG/19.4 878 6.97 Transverse stress increase
7-1754 NI Al/2.4 + WC/9.0 SLG/3+gauge+

SLG/12
513 3.99 Progressive stress decay upon

arrival of failure wave
7-0892 NI A1/3.1 SLG/5.7 745 5.7 No spall signal; full unloading
7-1612 NI Al/5.2 SLG/5.7 728 5.5 Reduced spall strength
7-1615 NI Al/4.8 SLG/5.7 741 5.7 Reduced spall strength
7-1623 NI SLG/4.8 SLG/5.7 681 4.9 Reduced spall strength
7-1732 NI 4340S/12.7 CG/1.57+gauge+

CG/8.76
746 7.2 Progressive stress decay upon

arrival of failure wave
7-1763 NI Al/12.7 CG/3.17+gauge+

CG/12.0
740 6.1 Glass densification

91-08 HRPC,
a 4 180

AlN/4.08+WC/3+
CG/0.24

WC/5.62 212 11.0 Shear resistancet 4 880 MPa
at a pressure of 9.6 GPa

91-10 HRPS,
a 4 180

WC/9.38+CG/0.324 WC/5.93 116 6.0 Shear resistancet 4 700 MPa
at a pressure of 6.0 GPa

91-11 HRPS,
a 4 150

WC/9.3+CG/0.22 WC/5.79 162 8.5 Shear resistancet 4 850 MPa
at a pressure of 8.5 GPa

7-1661 UR SLG/76.2, 13.97 dia. Al/1.6+SLG/127,
gauge+SLG/50.8

210 1.0 Axial stress attenuation due to
failure wave

4-1127 CRR SLG-4340S/50.12 SLG-4340S/49.9 171 2.0 Glass fragmentation
4-1008 CRR 4340S/50.2 SLG-4340S/

49.8+4340S/40
495 5.5 Glass fragmentation

7-1312 UR Steel Plate/15,
50.4 dia.

Pyrex/150+gauge+
Pyrex/46.4

210 1.5 Observation of failure wave
with high-speed photography

7-1386 UR Pyrex/63.5, 12.7 dia. Pyrex/127 336 Observation of failure wave
with high-speed photography

7-1387 UR Pyrex/63.5, 12.7 dia. Pyrex/127+gauge+
Pyrex/25

227 1.4 Observation of failure wave
with high-speed photography

7-1388 UR Pyrex/63.5, 12.7 dia. Pyrex/127+gauge+
Pyrex/25

125 0.9 Observation of failure wave
with high-speed photography

†SS4 spall strength; LG4 lateral gauge; UR4 unconfined rod; HRPS4 high-strain-rate pressure-shear; CRR4 confined rod recovery; HRPC4 high-strain-rate pressure
change;a 4 skew angle; NI4 normal impact; Al4 aluminum; SLG4 soda–lime glass; CG4 corning glass; AlN4 aluminum nitride; 4340S4 4340 steel; WC4 tungsten
carbide/6 Co.

Table II. Summary of Experimental Data on
Shear Strength

Shot no.
Imp. vel

(m/s)
s1

(GPa)

s2 (GPa) t (GPa)

Front Behind Front Behind

7-1651 514 3.8 1.07 — 1.37 —
7-1658 569 4.7 1.6 2.4 1.55 1.15
7-1653 727 5.5 2.0 3.3 1.75 1.1
7-1644 822 6.3 2.3 4.3 2.0 1.0
7-1645 823 6.3 2.2 4.0 2.0 1.15

Fig. 6. Gauge profile from experiment 7-0889 showing reduced spall
strength. Gauge profile from experiment 7-1533 showing complete
release and a spall strength of 2.6 GPa.
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front and back gauge signals) is interpreted as the instantaneous
formation of the failure wave, the sweeping time through the
gauge is about 1.3ms. Hence, the failure wave speed becomes
1.54 mm/ms instead of 2 mm/ms. This latest value is similar to
the failure wave velocity measurements performed by Dan-
dekar and Beaulieu20 in soda–lime glass. Furthermore, their
experimental results indicate the failure wave velocity remains
constant with the thickness of the glass at an impact stress of
5.2 GPa.

The increase in transverse stress, behind the failure wave
front, can be interpreted as a significant drop in shear strength.
In Table II we report the shear strength of soda–lime glass,t 4
(s1 − s2)/2, both in front of and behind the failure wave. The
data for the shear strength of glass in front of the failure wave
fall on the elastic line drawn to the HEL. However, the shear
strength behind the failure wave is about 1.1 GPa for shock
stresses above 4 GPa. We interpret this dramatic reduction in
shear strength of glass to be the result of inelasticity behind the
failure wave in the form of inhomogeneous flow. Furthermore,
the increase in lateral stress behind the failure wave raises the
mean stress,1⁄3(s1 + 2s2), indicating the existence of a signifi-
cant inelastic strain in the lateral direction. As will be shown in
a second paper, these inelastic strains appear to be the result of
the growth of defects (e.g., shear-induced flow surfaces) under
a fully compressive stress state.

In order to investigate the axial stress history behind the
failure wave, several in-material gauge experiments were con-
ducted with manganin gauges embedded between two glass
plates at 1.5 and 3 mm from the impact plane. By locating the
gauge close to the impact surface, information concerning the
longitudinal stress history behind the failure wave can be ob-
tained. In most experiments, gauge failure occurred upon ar-
rival of the failure wave to the gauge location, especially, if
mylar sheets were not used in the gauge package.

In Fig. 8 axial stress histories recorded in experiments
7-1732, 7-1763, and 7-1754 are plotted. In experiment 7-1732,
a manganin gauge was embedded between two Corning 1723
glass plates at 1.57 mm from the impact plane. The axial stress
recorded in this experiment shows a stress jump to a level of 6
GPa followed by a progressive axial stress increase up to a
peak stress of approximately 7.2 GPa. This feature is associated
with glass densification and wave reverberations within the
gauge package (approximately 150mm thick). A similar stress
jump is observed in experiment 7-1763. Hence, based on our
interpretation of the HEL as the onset of permanent densifica-
tion, we can state that the Hugoniot elastic limit of the Corning
1723 aluminosilicate glass is 6 GPa. In experiment 7-1732, a

progressive reduction in axial stress is observed after 0.87ms
of the initial stress jump. This stress reduction can be attributed
to the arrival of the failure wave to the gauge location. A failure
wave speed of about 1.8 mm/ms is inferred from this record.

A double shock experiment, shot 7-1754, was performed to
further investigate the strength of the material behind the fail-
ure wave front, and to confirm the existence of a stress thresh-
old for failure wave development. A double plate flyer made of
aluminum and WC/6Co impacted a soda–lime glass target con-
taining a manganin gauge embedded at 3 mm from the impact
surface. The in-material measurement of longitudinal stress is
plotted in Fig. 8. Upon arrival of the first compressive wave at
the gauge location, the axial stress rises to a plateau value of
about 4 GPa. In this case, no evidence of a compaction wave
propagating in the soda–lime glass is observed. The longitudi-
nal stress remains approximately constant until a small unload-
ing followed by a stress increase is observed. This small un-
loading results from the low impedance of the glue used to
bond the two flyer plates. The second compressive pulse, aris-
ing from the higher impedance of the WC/6Co plate, has a peak
stress of approximately 7.3 GPa. Further examination of the
second pulse shows a progressive reduction in longitudinal
stress, likely due to arrival of the failure wave to the gauge
location. This feature is similar to the one observed in experi-
ment 7-1732 and indicates that a failure wave was initiated by
the first compressive pulse. In fact, the first compressive pulse
has a magnitude of approximately 4 GPa, which is about the
threshold stress for failure wave formation in soda–lime glass.

The progressive reductions in axial stress upon arrival of the
failure wave at the gauge location, which are observed in ex-
periments 7-1732 and 7-1754, suggest that the inelastic process
responsible for the reduction in material shear strength has
well-defined kinetics. These experimental records are espe-
cially suitable for the examination of constitutive models de-
scribing damage evolution behind the failure wave. In a second
paper we will examine these features by performing numerical
simulations with a multiple-plane microcracking model. An-
other implication of this result is the fact that the shear strength
behind the failure wave is actually smaller than the one re-
ported in Table II because in those calculations the peak elastic
longitudinal stress,s1, was used. A more accurate value re-
quires the knowledge of boths1 ands2 histories at the same
spatial point. Such histories are difficult to obtain with the
in-material gauge technique.

More direct experimental information concerning the shear
resistance of glass was obtained by means of pressure-shear
high-strain-rate experiments. The results corresponding to

Fig. 7. Manganin gauge records from shots 7-1717 and 7-1719,
showing transverse stress histories at two locations (see Fig. 2 for
location of transverse gauges).

Fig. 8. Longitudinal stress histories from shots 7-1732, 7-1754, and
7-1763. Threshold stress for glass densification and progressive axial
stress decay behind failure wave are observed.
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three experiments are summarized in Table I. Values of pres-
sure, shear stress, and shear strain rate are reported at times
prior to the arrival of unloading waves from the plate periph-
ery. The normal and transverse velocities recorded for shot
91-08 are given in Figs. 9(a) and (b), respectively. This experi-
ment makes use of the high-strain-rate, pressure-change con-
figuration described in Espinosa and Clifton.16 The existence
of a gap at the glass-flyer interface is evident from the partial
unloading of the normal wave after 95 ns. Upon closure of the
gap, the normal velocity monotonically increases up to the
attainment of a state of homogeneous deformation. A reduction
in pressure is observed to start at 950 ns until a spall signal
begins to increase the normal velocity. The origin of such a
signal is understood to be the result of tensile failure of the
WC/6Co anvil plate resulting from the pure shear stress state
that develops after unloading of the longitudinal wave (Espi-
nosa and Clifton16). This mode of failure prevents the trans-
mission of the shear wave emanating from the glass–WC/6Co
interface, and leads to a premature reduction of the transverse
particle velocity (see Fig. 9(b)). Nonetheless, the shear stress
history is long enough to develop a short plateau at a stress

level of about 840 MPa, which is well below the shear stress
that should be achieved in the absence of inelastic deformation.
The experimental records obtained from shot 91-11, plotted in
Figs. 9(a) and (b), provide further information on the high-
strain-rate deformation of Corning glass. The normal velocity
presents features similar to the normal velocity recorded in shot
91-08, except that in this case no change in pressure is ob-
served after the homogeneous state of deformation has been
reached. A maximum normal stress of 8 GPa is achieved well
above the reported threshold stress for the formation of failure
waves. Hence, since the sample thickness is only 300mm, we
expect the failure wave to propagate through the entire sample
by the time the homogeneous deformation state develops. The
shear wave profile shows an increase in stress to a level of
about 200 MPa with a small stress reduction after 200 ns,
resulting from the reduction in normal stress at the specimen–
anvil interface. Subsequently, the shear stress rises to a plateau
value of 880 MPa. This stress level is well below the stress
level predicted by one-dimensional elastic wave theory which
clearly shows the achievement of a state of inelastic deforma-
tion in the glass specimen.

Fig. 9. (a) Normal velocity at the free surface of the anvil and normal stress at the specimen–anvil interface. Experiments 91-08 and 91-11. (b)
Transverse velocity at the free surface of the anvil and shear stress at the specimen–anvil interface. Experiments 91-08 and 91-11.
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By comparing the maximum shear stresses attained in the
two pressure-shear experiments previously described, a weak
strain-rate sensitivity of the flow stress is inferred. An impor-
tant implication of these measurements is the fact that the
measured shear stress during the state of homogeneous defor-
mation, t 4 0.88 GPa, is in close agreement with the shear
stress behind the failure wave measured in normal impact ex-
periments. This feature implies the shear stress interferometri-
cally recorded in the pressure-shear experiments corresponds to
the dynamic behavior of damaged glass. We will further ex-
amine this point by performing numerical simulations of these
experiments with a microcracking multiple-plane model. An-
other feature revealed by the pressure-shear experiments is that
the shear resistance of glass is pressure dependent. It has been
observed that the shear resistance of aluminosilicate glass in-
creases from 700 to 800 MPa when the pressure increases from
6 to 9.6 GPa (see Table I).

(2) Glass Bars
A sequence of photographs taken in an unconfined soda–

lime glass bar experiment, shot 7-1661, are shown in Fig. 10.
The photographs were taken at 10ms/frame. A fiducial wire is
located 25 mm from the impact face. Impact occurs between
the third and fourth frames, and the fracture front originating at
the impact face propagates about 50 mm away from the impact
face in the fifth frame. A failure wave speed of approximately
3.6 mm/ms is estimated from these photographs. In frame 7

initiation of a second fracture front from the interface at the
gauge location is seen. This second fracture front propagates
about 40 mm toward the impact face, as seen in the eighth
frame and stops. The first fracture front propagates about 75
mm along the bar and stops as well. A 20 mm long segment of
the target bar remains intact throughout the observation time of
160ms. The manganin gauge profile from this shot is shown in
Fig. 11. Unloading of the stress wave takes place from the far
end of the 50.8 mm bar at approximately 22ms. This profile
shows a peak stress of 1 GPa, whereas the calculated stress,
assuming elastic material response, is 1.4 GPa.

High-speed photography was also used in rod-on-rod experi-
ments to investigate the stress dependence of the failure wave
speed. The position of the failure wave as a function of impact
velocity, for Pyrex rods, is shown in Fig. 12. Failure wave
velocities were 2.3 and 5.2 mm/ms in Pyrex bars when im-
pacted with a Pyrex bar at 125 and 336 m/s, respectively, and
4.5 mm/ms when impacted with a steel plate at 210 m/s. Impact
stresses corresponding to impact velocities of 125, 227, and
336 m/s for the glass bar on bar tests, from impedance match-
ing, are about 0.8, 1.4, and 2.0 GPa, respectively. In the test
where a steel plate impacts a glass bar at 210 m/s, the impact
stress is 1.9 GPa. The higher failure wave velocity of 4.5
mm/ms at similar impact velocity is perhaps due to the higher
impact stress in the case of steel–Pyrex impact. This result
suggests that failure wave velocity in unconfined bars is a
simple function of impact stress.

Fig. 10. Framing camera pictures of a fracture front in a 13.97 mm diameter soda–lime glass bar on impact with a bar at 210 m/s.
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We next discuss the results of a bar recovery experiment
performed on soda–lime glass bars. In this experiment 4340
steel sleeves confined the shock loaded soda–lime glass bars.
The radial velocity history recorded in shot 4-1127, at 15 mm
from the impact surface, is plotted in Fig. 13. This radial ve-
locity was obtained by means of a normal displacement inter-
ferometer using a laser beam focused on the steel sleeve sur-
face. The trace starts with a radial velocity of approximately 14
m/s followed by a rising part with a peak velocity of 28 m/s. A
progressive reduction in radial velocity with well-defined cusps
is observed. At approximately 18ms, the velocity becomes
negative, reaching a minimum of 14 m/s. This feature can be
correlated with the arrival of an unloading wave from the bar
end. Numerical simulations to be discussed in a second paper
will show that the slope of the cusped curve, following the
initial peak, is controlled by the rate of damage in the soda–
lime rod.

An optical micrograph of the recovered rods is shown in Fig.
14. The rod on the left shows the impact surface of the target
bar, while the rod on the right is a view of the back surface of
the impactor rod. In both views, a highly fractured core sur-
rounded by an outer ring containing split cracks is observed.
The presence of split cracks on the outer ring indicates that
cracks are nucleated at the bar periphery. It should be noted
that an approximately 0.001 in. gap, filled with a mixture of
alumina powder and epoxy, existed between the soda–lime rod
and the steel sleeve. The presence of this gap may have con-
tributed to the formation of the outer ring. The finely frag-
mented core seems to be more representative of microcracking
under 1-D deformation (fully compressive stress state).

Post-test examination of the glass rod revealed that the entire
glass rod underwent significant microcracking. In Fig. 15, a
micrograph showing the crack pattern on the recovered rod
surface is shown. Cracks almost perpendicular and parallel to
the bar axis form fragments of various sizes. A micrograph
taken on the rod back surface shows typical features observed
in glass fracture. Several twist hackles due to lateral twist in the
tension axis are observed (see Fig. 16). Wallner lines (see
Frechette21) generated by interaction of elastic pulses emanat-
ing from other crack fronts and the advancing crack tip on the
plane of the picture are also observed on the left of the micro-
graph.

When observations are made within the bar core 10 mmfrom
the impact surface, several features emerge. Radial patterns

Fig. 11. Manganin gauge profile from experiment 7-1661.

Fig. 12. Failure wave position in 12.7 mm diameter Pyrex bars as a
function of impact velocity.

Fig. 13. Radial velocity history at 15 mm from the impact surface recorded in experiment 4-1127.
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of twist hackles, also known as shear hackles (Frechette21),
cut by cracks on various orientations with and without twist
hackles are seen in Fig. 17. Further evidence of the complexity
of the fracture process is shown in Fig. 18. Primary and sec-
ondary twist hackles in the plane of the picture and perpen-
dicular to it (see bottom), as well as Wallner lines are also
identified in this region of the sample. A misted appearance,
associated with high velocities of crack propagation, is shown
in Figs. 19 and 20. A fibrous texture, generally elongated in the
direction of cracking, is clearly observed in Fig. 20. It should
be mentioned that this fibrous texture was observed only with-
in the highly fractured core previously described. These mi-
crographs reveal variable fragment sizes ranging from 50 to
150 mm.

X-ray analyses on recovered glass samples and intact glass
were performed in order to investigate the possibility for crys-
tallization hypothesized by Raiser and Clifton12 and Clifton.22

The X-ray experiments were conducted with an energy of char-
acteristic radiation of 8.04 keV in copper targets, with a tube
acceleration voltage of 40 kV, a step size of 0.05 degree and a
count period of 6 s/degree. The results of these experiments are
summarized in Fig. 21. X-ray diffraction patterns have been
obtained from intact soda–lime glass samples, and shocked
samples at two impact velocities (for details of the experimen-
tal configurations see Table I). We have performed X-ray mea-

surements on glass powder taken from both the front and back
of the recovered samples. In all cases a broad interference line
is recorded characteristic of amorphous structures. The lack of
distinct peaks in the diffraction pattern indicates the absence of
crystallized glass at least in measurable volume fractions. We
have also performed extended time detection measurements,
with a count period of 11 min/degree, and obtained identical
results. In shot 4-1008 the peak compressive stress was above
the reported threshold for failure wave formation in plate ex-
periments. Hence, these measurements do not provide evidence
supporting phase transformation to a crystalline phase, one of
the mechanisms discussed in Raiser and Clifton12 and
Clifton.22 It should be emphasized that the absence of phase
transformation in our confined rod experiments should be in-
terpreted with caution because of the existence of a glass–steel
interface in rod experiment which may lead to premature glass
cracking at the rod periphery.

IV. Discussion and Concluding Remarks

In general, direct observation of the mechanisms leading to
inelastic processes under dynamic loading is very difficult.
Alternatively, indirect evidence of the material response is ob-

Fig. 14. Optical micrograph of recovered rods, experiment 4-1127.
The arrows point to outer rings and split cracks.

Fig. 15. Micrograph showing crack pattern on the outer surface of
the recovered rods. Cracks in the direction of wave propagation and
perpendicular to the bar axis are observed.

Fig. 16. Micrograph taken on the target-rod back surface showing
typical features observed in glass fracture, i.e., hackles and Wallner
lines.

Fig. 17. Micrograph within the bar core showing twist hackles. Some
hackles show discontinuity lines indicating crack propagation on other
orientationsa posterioriof the hackle formation.

2070 Journal of the American Ceramic Society—Espinosa et al. Vol. 80, No. 8



tained from a variety of experimental configurations with dif-
ferent geometries and loading states. In this study we have
reported experimental observations that provide a framework
for the formulation of models that can capture the main features
resulting from the so-called failure waves.

Based on the plate and rod experiments reported in this
paper, we can make the following observations:
● Failure waves in plates (1-D strain) propagate from the
specimen surface to the inside at a speed between 1.5 and 2
mm/ms. No significant incubation time is monitored in lateral
gauge experiments.
● A threshold longitudinal stress of approximately 4GPa is
required for the formation of failure waves in soda–lime glass
and Corning 1723 glass.
● A dramatic reduction in spall strength is measured behind
the failure wave front indicating that such wave is actually a
moving boundary of damaged material.
● Lateral gauge experiments show that the shear resistance of
the material behind the failure wave is drastically reduced. The
residual shear strength is approximately the same as the one
measured in high-strain-rate pressure-shear experiments by
means of interferometric techniques. The latest experiments

further indicate that the shear resistance is pressure dependent.
● Normal impact experiments, with embedded manganin
gauges close to the impact surface, reveal the longitudinal
stress progressively decays behind the failure wave front. This
feature shows that the inelastic process responsible for the fail-
ure wave phenomenon has a well-defined kinetics.
● High-speed photography performed on unconfined glass rod
experiments indicates the failure process initiates at the bar
ends, impact and gauge planes, propagating toward the interior
at a speed function of the peak compressive stress.
● Recovery experiments performed on confined glass rods re-
veal extensive fragmentation. Microscopy studies performed
on the recovered samples show features commonly seen in
glass fracture under tensile loading. It should be noted that
these observations are performed after the material has been
subjected to dynamic loading and unloading. Hence, knowl-
edge of the fracture history is not available.
● X-ray experiments performed on the recovered glass bars
show that the material retains its amorphous structure. This
observation does not support glass crystallization as a possible
explanation of the failure wave phenomenon.

Two interpretations of the failure process, consistent with
the above features, are next examined. The first possibility is
the initiation of microcracks at the glass surfaces being sub-
jected to compressive tractions. Since the surface topography is
far from being smooth on the atomic level, stress intensifica-
tions are always possible even on highly polished surfaces.
Crack growth in a shear mode, following trajectories of maxi-
mum shear stress, may explain the generation of a moving
boundary of damaged material. As pointed out by Raiser and
Clifton,12 a crack speed close to the Rayleigh wave speed
results in a failure wave speed close to 2200 m/s, which is
consistent with the experimental data. Although this mecha-
nism can explain the increase in lateral stress and the lack of
spall strength behind the failure wave, this mechanism appears
to be inconsistent with the observed progressive spallation of
glass behind the failure boundary.12 Furthermore, the fractog-
raphy presented in Section III does not unequivocally indicate
crack propagation in mode II and/or mode III under a fully
compressive stress state. The observed crack planes show fea-
tures like twist and mist hackles which have been reported in
the literature for dynamic crack propagation in mode I. It
should be mentioned that confined rod experiments may pre-
sent failure mechanisms that do not necessarily represent the
failure mechanisms in plate impact experiments.

Another mechanism consistent with the failure wave obser-
vations and the inhomogeneous nature of plastic flow in amor-
phous materials at room temperature is the initiation of shear-

Fig. 18. Primary and secondary twist hackles in the plane of the
crack and perpendicular to it. Wallner lines, probably resulting from
the interaction of elastic waves emanating from other cracks fronts and
the tip of the propagating crack in the plane of the picture, are ob-
served.

Fig. 19. Misted crack appearance resulting from high crack propa-
gation speeds are seen.

Fig. 20. Fibrous texture, generally elongated in the direction of crack
propagation, is observed within the bar core.
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induced flow planes in the specimen surfaces which are
punched into the bulk of the material. Here again, surface stress
intensification at the atomic level is invoked. These shear flow
surfaces are driven predominantly by the deviatoric component
of the stress tensor field. Small defects, voids or microcracks,
nucleated at the intersection of these shear flow surfaces can
subsequently grow under tensile loading resulting in a reduced
but finite spall strength. It should be noted that the cohesive
strength along shear-induced flow surfaces is generally re-
duced, leading to surfaces of weakness within the material and
consequently a reduced tensile strength. The reader should
keep in mind that an important difference between shear flow
surfaces and microcracks is that in the case of shear flow sur-
faces the material preserves its cohesive strength, while in the
case of cracks, the cohesive strength has been destroyed.
Therefore, if a local tensile stress is applied, the response of
glass containing shear flow surfaces will differ from the re-
sponse of glass containing microcracks. This is basically the
difference between plasticity and damage in micromechanics.

Although both mechanisms are consistent with the shear and
spall strength changes observed behind failure waves, the
shear-induced flow–microcracking mechanism is more in
agreement with the fracture features observed in the recovered
samples and the progressive spallation of glass behind the fail-
ure front. In fact, in the case of shear-induced flow, microc-
racking may occur at a later stage due to the accumulation of
plastic deformation along flow planes or when the material is
loaded in tension. Moreover, it can be envisioned that micro-
cracks can propagate along shear flow surfaces, erasing fea-
tures associated with plastic flow. Another feature of the shear-
induced flow surface mechanism is that microcracks can be
initiated within the specimen and not necessarily on the sample
surface. This feature was observed experimentally by Senfet
al.23 in their work concerning visualization of fracture nucle-
ation in impacted glass. Furthermore, the pressure dependence
of the flow mechanism in amorphous materials may explain the
suppression of the failure wave phenomenon at stress levels
well above the HEL of the material (see Kanelet al.2). In fact,
irreversible glass densification is expected to significantly in-
crease the shear stress required for the formation of shear flow
surfaces.

The observation that failure wave velocity in unconfined
glass rods can approach the bar wave speed (see Fig. 12),
which is in contrast with failure wave observations in plates
(1-D strain), requires further discussion. In principle, this fea-
ture can be explained in terms of crack nucleation at the bar

periphery upon the passage of the longitudinal pulse. Hence,
differences in specimen geometry, between plate and rod ex-
periments, affect not only the stress states but also the potential
sites for crack nucleation from surface defects. Evidence of
split crack formation due to radial expansion can be seen in
Fig. 10 (see arrow in frame 7). These observations indicate care
must be exercised in the interpretation of material failure under
different loading and geometrical conditions. It is likely that
the dominant failure mechanism in unconfined rods is not the
same as the one present in confined rods or plate experiments.

Finally, we would like to mention that the experimental ob-
servations reported in this paper have important implications
not only in the interpretation and modeling of dynamic failure
in glass, but also in the identification of damage and inelasticity
in ceramics, ceramic composites, and glass fiber composite
materials. In the case of ceramics, it is well known that most
commercial ceramics, Al2O3, SiN4, TiB2, and AlN, contain
sintering aids in the form of glassy phases at grain junctions. It
has been shown by Espinosaet al.24 and Espinosa25 that the
existence of these second phases controls the dynamic resis-
tance of these materials. Moreover, they have shown that grain
boundary shearing acts as a precursor in the formation of mi-
crocracks along grain boundaries. This feature plays a very
important role in modeling the kinetics of the failure process in
these brittle materials. Similarly, glass failure under dynamic
compression is expected to have important implications in the
high strain rate response of glass fiber reinforced polymers and
other composites. Fiber breakage in an S-2 glass woven com-
posite has been investigated by Espinosaet al.26
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