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The experimental study of shock wave compressibility and spall strength of
an aramid fiber reinforced epoxy composite (textolite) for two fiber orientations was
performed by the VISAR interferometer. The particle velocity profiles were obtained
at velocities of the flyer plate from 0.65 to 5.05 km/s. The sound speed of textolite
for the longitudinal direction is three times higher than that for transverse one, and
as a result, the particle velocity profiles are different for two orientations. For the
transverse direction of the fibers, a single shock wave is observed, while for longitu-
dinal one, a two-wave configuration is recorded up to 20 GPa. Hugoniot parameters
for both orientations of the fibers were found up to 35 GPa: D = 2.37 + 1.26 ∗ u –
for transverse one and D = 1.45 + 2.05 ∗ u – for longitudinal, where D is the shock
wave velocity and u is the particle velocity. The spall strength of textolite is equal
to 61 MPa for shocks traveling along the fibers, and this is almost twice higher than
that for the transverse direction.
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1. Introduction

Polymer composite materials are widely used in the automotive and
aerospace industry, because their strength and fatigue properties per unit weight
are higher than those of most metals and alloys. Their mechanical response varies
greatly depending on the fiber compound, porosity, matrix, adhesion of the poly-
mer filler and other microstructural features, depending on the method of man-
ufacture. To predict the behavior of these materials, correct physical models are
needed, based on experimental data obtained under the conditions most appro-
priate for numerical calculations. In this regard, shock-wave research methods
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have the indisputable advantage, which allow one-dimensional deformation of
materials to be realized, which is strictly analyzed within the framework of the
basic conservation laws.

A significant part of the work with shock wave experiments is devoted to the
study of composite materials based on carbon, aramid and glass fibers [1–10]
and Ultra High Molecular Weight PolyEthylene (UHMWPE) [11]. It has been
shown, for example, [1, 2, 7] that in the pressure range of 10–15 GPa and less,
a single shock wave typical of polymer materials is formed during the propaga-
tion of a compression pulse across the fibers, while a two-wave configuration is
observed when moving along the fibers. At the same time, the Hugoniot data
corresponding to the bulk compression for both directions are the same for the
composite materials studied in [1, 2, 8], whereas for the carbon fiber from the
work [7] there is a noticeable discrepancy: Hugoniot parameters for the longi-
tudinal direction lie above those for the transverse one. A detailed study of the
effect of orientation on the shock-wave properties of anisotropic composite ma-
terials was performed by the authors [6], who recorded the stress profiles during
the propagation of a shock wave in a unidirectional composite when the normal
to the surface of the wave front is directed at different angles to the reinforcing
fibers. At 5 and 15 degrees, an elastic precursor is recorded, beyond which the
shock wave propagates. In the case of 45 degrees, the elastic precursor is trans-
formed into a plastic wave with a diffuse front, and at 90 degrees a single shock
wave is recorded.

The anisotropy of the properties of composite materials is due to the ori-
entation of the fibers, the grinding of which, as noted in [3] by the example of
carbon fiber, results in the absence of a dependence of the shock compressibil-
ity on orientation. The authors of [3], using light-gas guns, conducted studies
of composite materials reinforced by carbon fibers, up to 50 GPa and in the
vicinity of 25 GPa, recorded a feature on Hugoniot, which, according to the au-
thors, is associated with chemical decomposition of the composite under shock
compression. Additional information on the thermodynamic properties of com-
posite materials is provided by the results of studying the isentropic unloading
of a sample after shock compression [4, 5, 12]. Using carbon fiber/epoxy resin
and aramid fiber/epoxy resin as an example, it was shown [4] that shock-wave
experiments provide the data necessary to construct the equation of state and
the model of spall destruction of matter.

The process of fracture of heterogeneous anisotropic materials is quite com-
plex and to identify the factors that have a decisive influence in each particular
situation, various research methods are used. The authors of [13] implemented
the process of pulsed destruction of a composite of carbon fibers/epoxy matrix
using the Taylor cylindrical test. They observed the influence of the orientation
of the fibers on the character of the dynamic fracture and noted the decisive role
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of the impact velocity of the sample with the target. An experimental study of
the dynamic fracture of composites based on Kevlar fibers with a different initial
structure was carried out in [14]. It is shown that for all samples the maximum
strength is realized along the fibers. Moreover, the specific structure of the fibers,
as well as various additives, have a significant impact on the character of the sam-
ple damage. In [15], when studying Kevlar samples with carbon nanotubes as
a filler, it was shown that with the addition of 0.5% nanotubes, the threshold
for the beginning of fracture increases by more than 30%. A qualitatively similar
result was obtained by the authors of [16] in the study of the process of impact
response of Kevlar composites with nanoclay containing an epoxy matrix.

The effect of external condition of influence on the character of the composites
damage is especially pronounced during spall fracture. Direct planar plate impact
experiments were performed in order to study the spall behavior of UHMWPE
composites [11]. Thus, a tensile strength of 50 MPa was measured for this mate-
rial under highly dynamic conditions. In [17], it was shown that the spall strength
of the investigated carbon fiber increases linearly from 39.2 MPa to 163.3 MPa
with an increase in the strain rate from 22 · 103 1/s to 122 · 103 1/s. The spall
strength is strongly dependent on the composite structure (number of plies, ori-
entation, fiber material, matrix material, curing process) this has been evidenced
at least by [18] in which authors evidenced that the spall strength on CFRP
composite laminates decreases when the load duration increases. They obtained
a spall strength a bit lower than 300 MPa for 8 plies [0◦, 90◦] for CFRP.

Thus, shock-wave methods are an important part in the study of the prop-
erties of composite materials. The data currently available testify to the pro-
nounced individual response of these materials to a pulsed action. In such a sit-
uation, the actual task is the experimental study of composite materials based
on fibers of different nature and detection of the general laws of their deforma-
tion and fracture under the shock wave action. The purpose of this work is an
experimental study of the shock compressibility and spall strength of compos-
ite materials based on aramid fibers (textolite) with different orientation of the
fibers relative to the shock wave propagation.

2. Materials tested and experimental details

Textolite is a composite material consisting of unidirectional aramid fibers
and a matrix-epoxy resin. Fig. 1 (left side) shows a microphoto of the sample
surface, which is normal to fiber orientation. The dark spots are the ends of
the fibers, the light layers are epoxy resin. The structure of one of these fibers,
which is a bundle of 400–500 individual fibers, is shown in Fig. 1 (right side).
The character diameter of the individual fibers is about 10–15 microns, and
their volume fraction in the textolite is 63–65%. ED-10 epoxy resin, which is an
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Fig. 1. Microphotos of the sample surface which is normal to fiber orientation (left side) and
fiber is a bundle of 400–500 individual fibers of 10–15 microns thick (right side).

analogue of DER-671, was used as a matrix. Shock-wave properties of this resin
were studied in [19].

The density of the material tested is 1.265 g/cm3. To perform the shock-
wave experiments, samples of 3–10 mm in thick and 25–50 mm in diameter with
two different fiber orientations (along and across the direction of impact) were
prepared from a single block of textolite. The sound speed, measured by the
ultrasonic method, across and along the fibers was 2.45 km/s and 7.10 km/s,
respectively.

To study the shock compressibility of materials, calibrated explosive propel-
lant charges were used to ensure flat throwing of aluminum flyer plates with
the diameter of 70–100 mm and thickness of 0.4–10 mm, with velocities of
0.65–5.05 km/s. The loading of the samples was carried out through aluminum
and copper plates. The scheme of the experiments is shown in Fig. 2. After the
collision of the aluminum flyer plate (1) with the plate (2), a shock wave was
formed in the plate, which loaded the sample tested (3). The shock wave pa-
rameters were determined by a VISAR laser interferometer [20] at its exit to the
boundary with a water window (4). Water was used for preventing the comeback
of the rarefaction wave from the sample free surface to avoid early spallation in
this configuration. The change in the reflection index water under shock-wave
loading influences on the VISAR measurements, which was taken into account
by using the correction proposed in [21].

To reflect the laser beam, aluminum foil (5) with a thickness of 7 µm was
glued to the sample surface. The reflected beam was collected by a lens and
directed to a laser interferometer. In each experiment, along with the particle
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Fig. 2. The scheme of experiments to measure the parameters of shock compression of the
sample: 1 – flyer plate; 2 – metal plate; 3 – sample; 4 – water window; 5 – aluminum foil;

6 – polarization gauge.

velocity, the shock wave velocity of the sample was measured. For this purpose,
a polarization gauge (6) was placed between the plate and sample, which recorded
the moment of the shock wave entering to the sample. A flat capacitor filled
with the polarized PVDF film is a sensitive element of the gauge [22]. One of the
electrodes of the capacitor was a plate (2), and as the second electrode, a copper
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Fig. 3. Velocity profiles on the plate – water boundary.
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foil with a thickness of 20 µm was used. The error in determining the shock wave
velocity does not exceed 1%.

The typical velocity profiles at the plate/water boundary determining the
compression pulse entering the sample are shown in Fig. 3. In these experiments
the flyer plates (1) and plates (2) (Fig. 2) were made of aluminum. Velocity W
and thickness hi of the flyer plate, and the plate thickness ht are given in Table 1.
The designations of the experiments in Fig. 3 and in Table 1 are the same.

Table 1. Parameters of experimental setup.

No W, km/s hi, mm ht, mm

1 1.13 7 4

2 2.5 10 4

3 4.6 2 2

3. Experimental results

3.1. Particle velocity profiles and Hugoniot parameters of textolite

The results of the experiments and the parameters of the experimental setups
are given in Table 2 and Figs. 4–6. The following values are in Table 2: hs is
the sample thickness, W and hi are the velocity and thickness of the aluminum
flyer plate, ht is the plate thickness (the material is indicated), D, u and P
are the shock wave velocity, particle velocity and pressure in the sample. The
designations of the experiments in Figs. 5, 6 and in Table 2 are the same.

The pressure and particle velocity in the textolite were calculated by ana-
lyzing the wave interactions in the P − u plane and the Lagrange diagram. An
example of calculation for experiment 1 from Table 2 is shown in Fig. 4. After

Fig. 4. P-u (left side) and Lagrange diagram (right side) demonstrating wave interactions in
the experimental configuration. On the Lagrange diagram, the S1 and 1 symbols indicate the

areas in which the parameters are implemented, similarly marked on the P-u diagram.
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Table 2. Parameters of the experimental setups and experimental results.

No hs, mm W, km/s hi, mm
ht, mm/material

of plate
D, km/s u, km/s P, GPa

Transverse orientation of fibers

1 9.30 1.13 7 5.5/Cu 3.04 0.62 2.38

2 9.40 1.13 7 4.0/Al 3.46 0.88 3.83

3 3.10 2.5 10 5.5/Cu 4.05 1.37 7.02

4 8.80 2.5 10 4.0/Al 4.83 1.83 11.20

5 3.20 3.3 5 2.0/Al 5.33 2.40 16.18

6 3.13 5.05 2 2.0/Al 6.67 3.55 29.95

Longitudinal orientation of fibers

7 7.60 1.13 7 5.5/Cu 2.70 0.62 2.10

8 4.40 1.13 7 4.0/Al 3.27 0.89 3.68

9 7.61 2.5 10 8.0/Cu 4.23 1.36 7.40

10 7.71 2.5 10 4.0/Al 5.10 1.81 11.70

11 7.20 3.3 5 2.0/Al 6.26 2.29 18.20

12 5.10 5.05 2 2.0/Al 8.33 3.34 35.30

the collision of an aluminum flyer plate with a copper plate the shock waves
propagate into the copper and aluminum, and the parameters of these waves are
determined by the point S1 of intersection of the Hugoniots of Cu and Al (Fig. 4,
left side). When the shock wave enters the boundary with the textolite, a rar-
efaction wave is reflected in the copper plate, and a shock wave is formed in the
sample, the pressure and velocity in which are determined by the intersection of
the copper unloading isentrope and Rayleigh line P = ρ0Du (point 1 in Fig. 2 left
side). It is assumed that the copper isentrope coincides with the symmetrical re-
flection of Hugoniot [23]. Hugoniots of aluminum and copper were used in the line
D-u relations [24]: for Al, D = 5.38+1.34u km/s; for Cu, D = 3.89+1.52u km/s.
The accuracy of pressure and particle velocity determination is ±2.5%.

Figure 5 shows the particle velocity profiles at the textolite – water bound-
ary when shock wave propagates across, and in Fig. 6 – along the fibers. For
textolite with a transverse direction of the fibers, after the shock wave reaches
the boundary with water, a velocity jump is recorded, behind which pronounced
oscillations are observed relative to a certain average value, due to the hetero-
geneous structure of the material tested (Fig. 5). Note that the velocity profiles
entering the sample (Fig. 3) are smooth. Oscillations are without any periodic
structure; nevertheless, there is a characteristic oscillation period of the order of
100 ns. This value correlates with the size of the heterogeneities in the material
tested, which is determined by the thickness of the fibers. The characteristic time
of perturbation reverberation is proportional to twice the size of heterogeneities
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Fig. 5. Particle velocity profiles in textolite with transverse orientation of the fibers.

divided by the sound speed equal to 2.45 km/s in the transverse direction, i.e. it
has the same order of magnitude as the oscillation time.

The velocity profiles in textolite at the shock wave propagation along the
fibers are shown in Fig. 6. A significant feature, in contrast to transverse orien-
tation of the fibers, is the formation of a two-wave configuration. The amplitude
of the first wave is about 100 m/s and it is observed up to a shock compression
pressure of about 20 GPa. It is due to a high speed of sound disturbances along
the fibers, equal to 7.1 km/s. Therefore, the two-wave configuration is observed
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Fig. 6. Particle velocity profiles in textolite with longitudinal orientation of the fibers. The
profile 8 is shifted in time by 0.5 µs to eliminate the intersection with the profile 9.
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until the propagation velocity of the second wave exceeds this value, which is
realized in experiment 12.

As a result of processing the experimental data, Hugoniot parameters of tex-
tolite were constructed for the shock propagating along and across the fibers.
They are shown in Fig. 7 in the coordinates of the shock wave velocity D and
the particle velocity u. The particle velocity was calculated using the known
velocity of flyer plate and measured value of D. In the pressure range stud-
ied, the experimental data for textolite with transverse direction of the fibers
(filled circles) are approximated by the dependence of D = 2.37 + 1.26 ∗ u km/s
(dashed line in Figure 7). When the shock wave propagates along the fibers,
the experimental data (solid triangles) are approximated by the dependence of
D = 1.45 + 2.05 ∗ u km/s (solid line in Figure 7). The measured values of the
speed of sound for two orientations of the fibers (u = 0) are also given. The
dash-dotted line represents the approximation of the experimental data of the
authors [4], empty circles – the experimental data from [5]. It should be noted
that Hugoniot of textolite for longitudinal orientation of the fibers agrees well
with the results of [4, 5].
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Fig. 7. Hugoniot parameters of textolite for the shocks traveling along (solid line) and across
the fibers (dashed line).

The result of intersection of Hugoniots for two orientations of the aramid
fibers relative to the direction of the shock wave propagation is unexpected
and indicates a complex rheology of this material. In particular, this means
that textolite cannot be approximated by a homogeneous medium model, the
“longitudinal velocity” which depends on the direction, as for example, for metals.
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Correct modeling of behavior of textolite under the shock wave action is possible
only within the framework of a two-component anisotropic medium.

3.2. The spall strength of textolite

The study of the spall strength provides information on the initial stage
of material fracture under pulsed tension [25]. The scheme of experiments on
the study of the spall strength of textolite is similar to that shown in Fig. 2,
but the water window (4) was absent, and the sample was unloaded into the
air. The shock waves were created by an aluminum flyer plate of 0.4 mm in
thick, accelerated to velocity of 650 m/s, by collision directly with the sample.
The thickness of the samples in experiments with transverse and longitudinal
orientations of the fibers is h = 3.1 mm and 3.7 mm, respectively. The transverse
dimensions were large enough to ensure one-dimensional motion throughout the
time period required for the measurements.

Figure 8 illustrates the measured velocity profiles of a free surface for tex-
tolite with transverse and longitudinal fiber orientations. Both orientations are
characterized by a strong blurring of the shock wave front, but for the trans-
verse direction of the fibers (dashed line in Fig. 8), the velocity almost linearly
increases with time, whereas for the longitudinal direction (solid line) a clearly
pronounced two-wave configuration is formed. The amplitude of the first wave
is about 90 m/s, which agrees well with the data shown in Fig. 6.
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Fig. 8. Velocity profiles of free surface for shocks traveling along (solid line) and across
(dashed line) the aramid fibers.

After reaching the maximum value, the velocity of the free surface begins
to decrease, which is caused by the rarefaction wave from the back side of the
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flyer plate. The interaction of the incident and reflected from the free surface
rarefaction waves results in the appearance of tensile stress inside the sample
and its fracture [25]. This process is accompanied by the relaxation of tensile
stresses and the formation of a shock wave entering to the free surface of the
sample in the shape of a spall pulse. As a result, a minimum is recorded on the
velocity profile, indicated in Fig. 8 by vertical arrows. The velocity difference
∆W between its maximum value and this minimum allows determining the spall
strength σ, which for an elastic-plastic body is calculated by the equation of [26]:
σ = ρ0 ∗C0 ∗Cl ∗∆W/(C0 +Cl), where C0 and Cl - bulk and longitudinal sound
speed at zero pressure.

With the transverse orientation of the aramid fibers, both values of the sound
speed coincide and are equal to 2.45 km/s, therefore the spall strength is equal
to 37.2 MPa. For longitudinal orientation of the fibers, the formation of a two-
wave configuration can be considered by analogy with an elastoplastic medium
and assume that the sound speed measured at zero pressure, equal to 7.1 km/s,
coincides with Cl. Then the bulk speed of sound should be close to the first
coefficient of Hugoniot in the D – u coordinates (Fig. 7), that is, C0 = 1.45 km/s.
As a result, the value of spall strength with longitudinal orientation of the fibers
is σ = 61 MPa.

It should be noted that the fracture of textolite with longitudinal orientation
of the fibers is characterized not only by a higher value of spall strength, but
also by a more complex character of the destruction process itself. Figure 8
illustrates that on the velocity profile, a kink is observed, marked by a double
arrow, and only then, after some time, a spall pulse is formed. The appearance
of a kink means the initiation of the process of fracture, but the growth rate
of the pores is less than the critical value, which is necessary for the formation
of spall pulse [27]. In this case, the tensile stress continues to increase, and the
maximum value of that was determined above. Figure 9 shows the characteristics
for a plate impact configuration that produces fracture damage with a kink in the
velocity profile in front of the spall pulse. After collision, shock waves are formed
in the flyer plate and the textolite, which are reflected from the free surfaces by
centered rarefaction waves C+ and C−. When these rarefaction waves intersect,
they cause tensile stresses to arise. Damage occurs at some intersection (initiation
of fracture) and when information about this phenomenon returns to the free
surface of textolite, a kink in the velocity profile is produced. The spall strength
is realized later at the spall surface and as result a spall pulse is formed on the
profile of free surface velocity [27]. In the area between the spall surface and the
surface of initiation of fracture, the textolite is destroyed, but the tensile stress
is less than the spall strength.

As noted above, spall strength of materials depends on the strain rate. Under
the conditions of spall fracture, the strain rate is determined based on the velocity
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Fig. 9. Scheme of spall failure, Lagrange diagram (left side) of the shock and rarefaction
waves transitions and the resulting free surface velocity history (right side).

gradient of a free surface before the spall pulse (or before a kink in the velocity
profile, Fig. 8): ε̇ = (dW/dt)/2C0 [28]. For experiments with textolite, the results
of which are shown in Fig. 8, the value of tensile strain rate is equal to ∼ 6·104 1/s.

4. Conclusions

The obtained experimental data show that the shock-wave properties of tex-
tolite depend on the orientation of the fibers relative to the direction of the shock
wave. In the transverse orientation, a single shock wave is formed, whereas in
the longitudinal orientation, a two-wave configuration up to 20 GPa is observed.
At the same time, Hugoniot depends on the orientation of the fibers and the
difference between them increases with increasing pressure. This result is fun-
damentally different from the data of [2] for CFRP, in which the divergence of
Hugoniots is significant only at low pressures. With an increase in the ampli-
tude of the wave, Hugoniots approach each other and, at P higher than 10 GPa,
within the limits of the measurement accuracy, they coincide. Such a behavior
is analogous to the behavior of an anisotropic elastoplastic body, as suggested
by the authors of [2] in modeling for CFRP. The spall strength of textolite also
depends on the orientation of the fibers. With pulsed tension along the fibers,
it is almost twice as high as in the perpendicular direction. It should be noted
that the measured values of σ are close to the results of [17] for CFRP. The
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tensile strain rate for textolite (Fig. 8) also corresponds to the measurements of
the authors [17]. The close values of the spall strength for composites with fibers
of different nature are probably due to the fact that the destruction is initiated
at the interface of the fibers with the matrix. Therefore, σ is determined pri-
marily by the strength of this compound, and not the strength of the individual
components of a composite material.

Acknowledgements

The work is carried out with the financial support of FAIR-Russia Research
Center and the Program of the Presidium of the Russian Academy of Sciences
13P ’Thermal physics of high energy density”. The work carried out on the
equipment Interregional Explosive Center for Collective Use.

References

1. J.C.F. Millett, N.K. Bourne, Y.J.E. Meziere, R. Vignjevic, A. Lukyanov, The
effect of orientation on the shock response of a carbon fibre – epoxy composite, Composites
Science and Technology, 67, 3253, 2009.

2. C.S. Alexander, C.T. Key, S.C. Schumacher, Dynamic response and modeling of
a carbon fiber—epoxy composite subject to shock loading, Journal of Applied Physics, 114,
223515, 2013.

3. D.M. Dattelbaum, J.D. Coe, P.A. Rigg, R.J. Scharff, J.T. Gammel, Shockwave
response of two carbon fiber-polymer composites to 50 GPa, Journal of Applied Physics,
116, 194308, 2014.

4. W. Riedel, H. Nahme, K. Thoma, Equation of state properties of modern composite
materials: modeling shock, release and spallation, Shock Compression of Condensed Matter
– 2003, AIP Conference Proceedings, 706, 701–704, 2004.

5. T. Homae, T. Shimizu, K. Fukasawa, O. Masamura, Hypervelocity planar plate im-
pact experiments of aramid fiber-reinforced plastics, Journal of Reinforced Plastics and
Composites, 25, 1215–1221, 2006.

6. S.A. Bordzilovskii, S.M. Karakhanov, L.A. Merzhievskii, Shock-wave structure
in a unidirectional composite with differently oriented fibers, Combustion, Explosion and
Shock Waves, 33, 354–359, 1997.

7. V. Mochalova, A. Utkin, Experimental investigation of shock wave compres-
sion of heterogeneous anisotropic materials, GSI-2016-2 REPORT, News and reports
from High Energy Density Generated by Heavy Ion and Laser Beams, 45, 2016.
https://indico.gsi.de/event/6987/material/3/0.pdf.

8. V. Mochalova, A. Utkin, Investigation of shock wave compressibility of fiber-
glass for experiments at PRIOR, GSI-2017-2 REPORT, News and Reports from
High Energy Density Generated by Heavy Ion and Laser Beams, 37, 2017.
https://indico.gsi.de/event/5681/material/10/0.pdf.



430 V. M. Mochalova et al.

9. E. Zaretsky, G. deBotton, M. Perl, The response of a glass fibers reinforced epoxy
composite to an impact loading, International Journal of Solids and Structures, 41, 569–
584, 2004.

10. P.L. Hereil, O. Allix, M. Gratton, Shock behaviour of 3D carbon-carbon composite,
Le Journal de Physique IV, 7, C3-529-C3-534, 1997.

11. T. Lässig, F. Bagusat, S. Pfändler, M. Gulde, D. Heunoske, J. Osterholz,
W. Stein, H. Nahme, M. May, Investigations on the spall and delamination behavior
of UHMWPE composites, Composite Structures, 182, 590–597, 2017.

12. A.A. Lukyanov, Modeling the effect of orientation on the shock response of a damageable
composite material, Journal of Applied Physics, 112, 084908, 2012.

13. C. Frias, S. Parry, N.K. Bourne, D. Townsend, C. Soutis, P.J. Withers, On
the high-rate failure of carbon fibre composites, Shock Compression of Condensed Matter
– 2015. AIP Conference and Proceedings, 1793, 110011-1–110011-4, 2015.

14. S. Yang, V.B. Chalivendra, Y.K. Kim, Fracture and impact characterization of novel
auxetic Kevlar/epoxy laminated composites, Composite Structures, 168, 120–129, 2017.

15. I. Taraghi, A. Fereidoon, F. Taheri-Behrooz, Low-velocity impact response of wo-
ven Kevlar/epoxy laminated composites reinforced with multi-walled carbon nanotubes at
ambient and low temperatures, Materials and Design, 53, 152–158, 2014.

16. P.N.B. Reis, J.A.M. Ferreira, Z.Y. Zhang, T. Benameur, M.O.W. Richardson,
Impact response of Kevlar composites with nanoclay enhanced epoxy matrix, Composites:
Part B, 46, 7–14, 2013.

17. W. Xie, W. Zhang, L. Guob, Y. Gao, D. Li, X. Jiang, The shock and spallation
behavior of a carbon fiber reinforced polymer composite, Composites Part B, 153, 176–183,
2018.

18. V.M. Mochalova, A.V. Utkin, A.V. Pavlenko, S.N. Malyugina, S.S. Mokrushin,
Pulse compression and tension of epoxy resin under shock-wave action, Technical Physics,
64, 100–105, 2019.

19. E. Gay, L. Berthe, M. Boustie, M. Arrigoni, E. Buzaud, Effects of the shock
duration on the response of CFRP composite laminates, Journal of Physics D: Applied
Physics, 47, 45, 455303, 2014.

20. L.M. Barker, R.E. Hollenbach, Laser interferometer for measuring high velocities of
any reflecting surface, Journal of Applied Physics, 43, 4669–4675, 1972.

21. A.V. Utkin, G.I. Kanel’, V.E. Fortov, Empirical macrokinetics of the decomposition
of a desensitized hexogen in shock and detonation waves, Combustion, Explosion, and
Shock Waves, 25, 625–632, 1989.

22. V.A. Borissenok, V.G. Simakov, V.G. Kuropatkin, V.A. Bragunets, V.A. Vol-
gin, V.N. Romaev, V.V. Tukmakov, V.A. Kruchinin, A.A. Lebedeva, D.R. Gon-
charova, M.V. Zhernokletov, A PVDF dynamic pressure gage, Instruments and Ex-
perimental Techniques, 51, 593–601, 2008.

23. P. Coldirola, H. Knopfel, Physics of High Energy Density, Academic Press, New
York, London, 1971.

24. S.P. Marsh [ed.], LASL Shock Hugoniot Data, University of California Press, Berkeley,
1980.



Shock compressibility and spall strength. . . 431

25. T. Antoun, L. Seaman, D.R. Curran, G.I. Kanel, S.V. Razorenov, A.V. Utkin,
Spall Fracture, Springer, New York, 2003.

26. G.V. Stepanov, Spalling produced by elastoplastic waves in metals, Strength of Materials,
8, 942–947, 1976.

27. A.V. Utkin, Effect of initial failure rate on the formation of a spalling pulse, Journal of
Applied Mechanics and Technical Physics, 34, 578–584, 1993.

28. G.I. Kanel, S.V. Razorenov, A.V. Utkin, V.E. Fortov, Shockwave Phenomena in
Condensed Media, Yanus-K, Moscow, 1996.

Received November 30, 2018; revised version March 28, 2019.

Published online May 28, 2019.




