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The gouging impact phenomenon which occurs at the Holloman Air Force Base High-Speed Test Track during

hypervelocity impact testing is examined further. Thematerial constitutive models for VascoMax 300 and 1080 steel

are refined, and extended into the high-strain-rate regime, using results from flyer plate impact experiments. These

experiments are simulated using the hydrocode CTH to improve the material strength models at high strain rates.

The improved viscoplastic models are then validated by comparing laboratory hypervelocity impact tests to CTH

simulations. The finalmaterial models are then used in sled/rail impact simulations for the HollomanAir Force Base

High-Speed Test Track gouging problem. These full-sled simulations match previous experimental findings

extremely well.

I. Introduction

T HE Holloman High-Speed Test Track (HHSTT) is a U.S. Air
Force test facility which conducts hypervelocity impact testing.

The HHSTT performs this testing using rocket-propelled sleds that
ride on a 15.5 km steel rail track. The rocket sleds are held on the rails
by steel “shoes/slippers.” Fig. 1a illustrates the sled and shoe
geometry. Current testing capability allows for impact testing in the
1–2 km=s range, with near-term goals of a velocity greater than
3 km=s. At these velocities, the shoes impact the rail due to the
motion experienced by the test sled. The severity of the impact varies,
but in certain cases can result in catastrophic failure of the test sled.
Inspections of the rails after test events have revealed damage in the
form of gouges [1]. Gouges associated with high-energy impacts are
characterized by a teardrop-shaped shallow depression in the
material (see Fig. 1b). These gouges typically are the result of a high-
pressure core developing at the material interface and high-
viscoplasticity that leads to material mixing (i.e., shoe material
becoming embedded within the rail, and vice versa) [1–6].

Simulations of the hypervelocity gouging process have previously
been conducted [2–6] using the hydrocode CTH [7,8]. A plane-strain
model of the shoe/rail interaction was developed as an accurate, and
computationally necessary, representation of the actual impact
geometry [2–6]. These previous models were limited by the material
constitutive relationships presentwithin theCTHcode. Therefore, an
effort was undertaken to perform experimentation on the specific
materials (VascoMax 300 for the shoes, 1080 steel for the rails) to
arrive at accurate constitutive models [9,10]. These previous efforts
were limited to Split Hopkinson Bar and Taylor Impact tests, with
strain rates in the 103=s range. The material flow models developed
accurately simulated both of these experimental tests [10–12].
However, the high-energy impact environment typically generates
strain rates well in excess of those levels.

Therefore, in this work, flyer plate experiments are conducted to
extend the material constitutive behavior into the 104–105=s strain-
rate regime. The CTH code is used to deduce new flow models that
are capable of matching themeasured stress waves in the flyer plates.
These new models are then used within CTH to simulate laboratory
hypervelocity gouging experiments previously conducted.

With these new validated material constitutive models, the sled/
rail gouging phenomenon is accurately modeled within the CTH
code and preliminary observations aremade regarding the conditions
which lead to gouging. The results of these simulations match
experimentally observed gouge characteristics well.

II. High-Energy Material Deformation

The typical fashion in which material deformation is considered
within computational codes is through constitutive models. In
dynamic deformation, a simple description of the yield stress is
insufficient. More complex material models are necessary, which
modify the flow stress � by accounting for variations in strain, strain
rates, and temperature. One of the most widely used constitutive
models is the Johnson–Cook model [13].
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where " is the equivalent plastic strain, _"� � _"= _"0 is the
dimensionless plastic strain rate for _"0 � 1:0 s�1, and T� is the
homologous temperature defined as

T� � �T � Troom�=�Tmelt � Troom� (2)

The constants A, B, C, m, and n are determined via experimental
testing and empirically curve-fitting the model to the results. In a
similar vein, another widely used constitutive model is the Zerilli–
Armstrong model [14].
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where _" is the equivalent plastic strain rate, and A, c1, c2, c3, c4, c5,
and n are experimentally determined constants. The Zerilli–
Armstrong is a more materials science oriented approach. For
instance, c1 � 0 for a face centered cubic material lattice, whereas
c2 � 0 for a body centered cubic lattice. The Johnson–Cookmodel is
purely empirically based. The variation in form provided by the
Zerilli–Armstrong model adds capability to alter the constitutive
relationship (which will become important later in this work).

The determination of the experimental constants for either of these
models comes from uniaxial tests, such as simple quasi-static tests
and Split Hopkinson Bar (SHB) tests. These relatively simple tests
can provide information on stress and strain at given temperatures for
strain rates in the 103=s range. However, the high-energy impacts at
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the HHSTT generate material strain rates on the order of 105–106=s
[4–6].

To generate data to extend previously developed flow models [9–
12], a higher strain-rate uniaxial test is required. The type of test that
is typically employed is the flyer plate impact experiment [15]. These
high-velocity impact tests can provide stress measurements with
respect to time for a given impact [16]. The resulting stress-time
curves are characterized by an elastic precursor wave, followed by
the plastic deformation wave, as illustrated in Fig. 2. The magnitude
of the elastic precursor wave is known as the Hugoniot elastic limit
(HEL). This value provides one of the accepted estimates for the
dynamic yield (flow) stress of the material, which is often taken as a
material constant. The flyer plate experiments can be performed in
such amanner as to yield both the HEL and the peak stresses at given
impact velocities.

These flyer plate experiments provide unique information in the
formulation of a material constitutive model. The Johnson–Cook or
Zerilli–Armstrong models serve to establish the magnitude of the
HEL, whereas the material equation of state (EOS) governs the
material behavior at the stresses experienced in the plastic
deformation wave. Therefore, these experiments require a one-
dimensional uniaxial strain code simulation of the impact conditions,
with the capability to adjust the material constitutive models and the
equation of state. Both of these elements could be adjusted to refine
the material models to match the experimental results.

III. Flyer Plate Impact Experiments and Constitutive
Model Development

To extend the previously determined material models for
VascoMax 300 and 1080 steel to the higher strain-rate regime, a
series of flyer plate experiments was conducted. The tests were
conducted at the Impact Physics Laboratory of the University of
Dayton Research Institute (see Acknowledgments). One of the two
test configurations appears in Fig. 3. These two tests (one each for the
specific materials) were conducted with the goal of recording the
HEL. Theflyer plate (3mm thickness) was shot against a 6-mm-thick
target of the same material, with a manganin stress gauge attached to
the back of the plate, held by 12 mm of polymethyl methacrylate
(PMMA). Two additional experiments were conducted for each
material in the second test configuration. For these tests, the target
was composed of 2 mm of material, a stress gauge, and 12 mm of
additional material. These shots were performed to record the stress
wave within the material as it passes. This geometry was not suitable
for the detection of the HEL because of insufficient resolution.
Table 1 summarizes the preceding test conditions.

The stress gaugemeasurementswere taken for each of the cases, as
well as velocity information from the velocity pins. The hydrocode
CTH was chosen to simulate these impacts through a one-
dimensional model. Because CTH will be used in hypervelocity
impact simulations, using this particular code and its EOS
formulation was essential to building an accurate constitutive model.

Tests 7-1878 and 7-1879were simulated first. Themodification of
the constitutive model affected themagnitude of the HEL prediction,
as well as the peak stress. Although the EOS dominated the solution,
up to a 10% modification could be made to the peak stress by
allowing for higher strengths at strain rates of 105=s (which is the
level computed by CTH as the strain rate of the flyer plate tests). As
expected, these modifications to the constitutive model were
necessary to make the HEL prediction match the flyer plate
experiments. The previous models, developed from the SHB tests,

Fig. 1 Holloman high-speed test track: a) sled/shoe geometry, and b) shoe/rail section with gouge.

Fig. 2 Idealized stress vs time plot for a uniaxial planar impact.

Fig. 3 Schematic of flyer plate experimental tests 7-1878 and 7-1879.

Table 1 Summary of flyer plate tests

Test Flyer Velocity, m=s Target

7-1874 3 mm VascoMax 300 685 2 mm� gauge� 12 mm VascoMax 300
7-1875 3 mm 1080 steel 669 2 mm� gauge� 12 mm 1080 steel
7-1876 3 mm VascoMax 300 450 2 mm� gauge� 12 mm VascoMax 300
7-1877 3 mm 1080 steel 437 2 mm� gauge� 12 mm 1080 steel
7-1878 3 mm VascoMax 300 891 6 mm VascoMax 300� gauge� 12 mm PMMA
7-1879 3 mm 1080 steel 891 6 mm 1080 steel� gauge� 12 mm PMMA
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were underpredicting the flow stress at the strain-rate levels
experienced in the flyer plate impacts. By requiring these
adjustments, the flyer plate experiments were effectively bridging
the gap between the lower strain-rate SHB tests, and the very high
strain-rate impacts dominated by the EOS calculations.

An iteration process was undertaken by the authors to adjust the
parameters of the Johnson–Cook and Zerilli–Armstrong models to
find a best match between the CTH simulations and the experimental
flyer plate tests. That is, the constants of these models were adjusted,
then the CTH code was used to simulate the flyer plate tests, and a
comparison was made between the measured stress and the CTH
predicted stress. The model constants were iterated to create a “best-
fit” match for all three tests available for each material. Initially, it
appeared as if the Johnson–Cook model (which had been employed
to date by the authors) might continue to be sufficient as the
constitutive model for these materials. However, because of the
linear relationship between effective stress and strain rate, the higher
stress estimates for 105=s strain rate required to match the flyer plate
tests made the model overestimate the SHB regime data. Because of
this, the greater flexibility of the Zerilli–Armstrong model became
important. It was possible to construct a Zerilli–Armstrong model
that came close to matching the SHB data, and still made the fit to the
flyer plate data possible. Figure 4 illustrates the Johnson–Cook (JC)
and Zerilli–Armstrong (ZA) models that were required to match the
flyer plate data and also match the SHB data (Exper.) as much as
possible. Note that the HEL derived from flyer plate experiments
(discussed next) appears also. It is clear that the Zerilli–Armstrong

formulation is superior in its ability to maintain better matches to
both sets of experimental data.

Figure 5 illustrates the CTH simulation of the shock stresses as a
function of time for the Johnson–Cookmodel developed tomatch all
the flyer plate experiments. Figure 6 is the same simulation, using the
Zerilli–Armstrong model. On both figures, the experimental stress
gauge data are depicted on the simulation. In addition, where the
gauge or material failed during the experiment, that fact is annotated
on the figure. Table 2 summarizes the constants for both models
which were determined to match the flyer plate stress data. Because
of the better fit to the SHB data, the Zerilli–Armstrong model was
chosen as the one with which to continue the investigation.

Figure 7 illustrates the fit that the Zerilli–Armstrongmodel and the
EOS in CTH are able to make to the remaining experimental flyer
plate tests (which were performed in the second configuration). The
stress wave was measured within the material, as opposed to at the
rear of the target. Additionally, these tests were conducted at a lower
velocity to provide varying peak stresses to match the models
against.

Based on the results, the authors conclude that a very accurate
constitutive model has been developed which creates a close match
to the flyer plate impact test data and the previously performed SHB
tests. Although the JC model developed from the flyer plate
experiments tended to produce similarly good results to those
appearing in Fig. 7, the poor fit to the SHB data was a concern. The
authors returned to previously conducted analyses in which the SHB
tests were simulated in a finite element code [12]. In that work, the

Fig. 4 Models required to match flyer plate data and also match SHB data as much as possible: a) stress vs strain rate, VascoMax 300, 1% strain, and
b) stress vs strain-rate, 1080 steel, 6% strain.

Fig. 5 Shock stresses as a function of time for the Johnson–Cook model: a) VascoMax 300, and b) 1080 steel.
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posttest geometry of the SHB specimens was matched using the
Johnson–Cook model which was developed before the flyer plate
tests. Returning to those simulations, the new JCmodel developed in
this paper failed to accurately replicate the observed posttest
geometry. Figure 8 shows both the previous simulation for
VascoMax 300 (which did match those posttest measurements) and
the new simulations based on an adjusted JC model from the flyer
plate data. The overestimated flow stress predictions for the
intermediate strain rates (102–103=s) from this adjusted model leads
to less necking than was observed experimentally. However,
applying the Zerilli–Armstrong model, which more accurately
reflects the intermediate strain-rate regime, would more closely
match the correct geometry in the SHB simulations. This
comparison, along with the better fit of the Zerilli–Armstrong model
to the SHB data and the good results generated in the flyer plate test
simulations, led the authors to choose the Zerilli–Armstrong model
for all further simulations in CTH of these materials undergoing
dynamic deformation (in this work and future applications).

IV. Validation of the Material Constitutive Models

To ensure these new Zerilli–Armstrong constitutive models were
experimentally validated against all the experimental data available
to the authors, simulations of previously conducted impact tests were
conducted in CTH using these new models.

The first series of tests that were replicated was a Taylor Impact
test conducted with VascoMax 300 and 1080 steel projectiles shot
against a rigid target of VascoMax 300. In that previous
investigation, the material constitutive models were based
exclusively on the SHB data [10,11]. The authors reaccomplished
the CTH simulations and found that these new models did not
significantly alter the previously observed results. That is, these flow
stress models were able to successfully match Taylor cylinder

mushroom diameter, final specimen length, and undeformed section
length within 5% of experimental values. This result is an expected
one, as the strain rates for Taylor Impact tests are on the order of
103=s. That is, these impact tests reside in the same intermediate
strain-rate neighborhood as the SHB tests.

The next series of tests simulatedwas the laboratory hypervelocity
gouging tests conducted by the authors to create a high-strain-rate
event approximating the gouging phenomenon at the HHSTT
[17,18]. Four test shotswere conductedwith sufficiently high-impact
angles to ensure gouge generation. Additionally, two target types
were shot: one rail with iron-oxide coating, and the other with epoxy
coating. These are the two coatings in use on the rails at the HHSTT
to mitigate the formation of gouging. Table 3 summarizes the test
shots and the resulting gouges.

Figure 9 is a high-speed photograph of the impact event. The
projectile entered the frame from the left, and had impacted the
epoxy-coated rail surface. The flare generated indicates the large
thermal input into the rail, which was previously reported [1,19,20].
Figure 10 shows two of the four gouges created in these
hypervelocity gouge tests. The view is looking down on the gouges,
with the velocity vector of the projectile left to right in the
photographs.

To characterize these deformations as gouging, a similar pro-
cedure of metallurgical analysis was conducted on these laboratory
gouges as was performed on a gouged rail from the HHSTT [19,20].
The gouges were cut along their length and examined through the
depth into the rail material. In previous work, gouges exhibited
characteristic microstructure changes, indicative of 1080 steel
heating above the austenizing temperature of 725	C and then rapidly
cooling. This large thermal event was identified as one of the key
elements of a gouging impact. If this large thermal profile is a key
element of gouging, we should expect CTH to generate those same
thermal profiles as part of the material model validation process.
Recall that these constitutivemodels are viscoplastic in nature,which
establishes their incorporation of material temperature in their flow
strength predictions.

Therefore, the gouges were sectioned and prepared for optical
microscopy. Figure 11 illustrates the metallurgical examination of
test he-1; the coating has been removed by the gouging impact. There
is also a micrograph of an undamaged rail head section provided for
comparison, on which the coating still appears. One can see the
evidence of microstructural change similar to that reported for an
examined gouge from theHHSTT [19,20]. From this investigation, it
appears that the microstructure is changed down to approximately
1.0 mm. This indicates that the 1080 steel heated above the
austenizing temperature and then cooled rapidly following the
impact. The information that this provides for model validation is
that we should expect to see temperatures of approximately 1000 K
down to 1.0 mm into the rail during the gouging process.

Fig. 6 Shock stresses as a function of time for the Zerilli–Armstrong model: a) VascoMax 300, and b) 1080 steel.

Table 2 Model constants for VascoMax 300 and 1080 steel

Property 1080 steel VascoMax 300

ZA: A, GPa 0.825 1.42
ZA: c1, GPa 4.0 4.0
ZA: c2, GPa 0 0
ZA: c3, eV

�1 160.0 79.0
ZA: c4, eV

�1 12.0 3.0
ZA: c5, GPa 0.266 0.266
ZA: n 0.289 0.289
JC: A, GPa 0.7 2.1
JC: B, GPa 3.6 0.124
JC: C 0.17 0.03
JC: m 0.25 0.8
JC: n 0.6 0.3737

320 CINNAMON, PALAZOTTO, AND SZMEREKOVSKY



The four hypervelocity gouging impacts described in Table 3were
simulated in CTH with the Zerilli–Armstrong model constants
delineated in Table 2. For the EOS model, CTH has an
experimentally based EOS table for these materials developed by
Sandia National Laboratories. A two-dimensional plane-strain
model of the impacts was used. The suitability and accuracy of this

approachwas previously examined [17,21]. Using this approach, the
cylinder with a hemispherical nose is modeled as a unit-thickness
plate with a rounded leading edge. Figure 12 illustrates this model
(with the velocity vector depicted). The high-speed photography
available from the impacts indicated that the projectile oriented
during flight in such a manner as to impact the target rail as depicted

Fig. 7 Stress vs time for test a) 7-1874, VascoMax 300, b) 7-1875, 1080 steel, c) 7-1876, VascoMax 300, and d) 7-1877, 1080 steel.

Fig. 8 Stress, Pa, SHB test for VascoMax 300 for a) previous JC model, and b) current JC model.
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in Fig. 12. Whereas the velocity vector was still oriented at 10 or
15 deg to the rail surface, the long axis of the projectile was aligned
with the longitudinal axis of the target rail.

Figure 13 is of impact test he-1, with an impact velocity of
2147 m=s, and an impact angle of 15 deg. The solution of the impact
scenario shows the characteristic material mixing and high plasticity
of gouging. Additionally, Fig. 14 illustrates the pressure and strain
rate associated with 10 �s. Note that the strain rates computed by
CTH are predominately in the 104–106=s range in the gouging
region. The four simulations of the laboratory gouging shots
demonstrated excellent agreement to experimentally observed
values for gouge depth. Table 4 summarizes these results.

The characteristics of hypervelocity gouging, such as a high
pressure concentration [4–6] at the gouge location and material
mixing, are evident in these simulations. Additionally, localized
temperatures (illustrated in Fig. 15) were generated that could create
the microstructural changes reported in the literature and are evident
in Fig. 11 [19,20]. Note that an austenizing temperature of 1000 K is
generated by CTH in Fig. 15 down to approximately 1.0 mm below
the gouge depth. This matches the experimentally observed
temperature profile in the gouge specimens. Therefore, the
experimentally determined thermal profile from the metallurgical
study validated the CTH simulation. Figure 16 illustrates this
agreement.

The goal of these experiments and simulations was to validate the
new material models for VascoMax 300 and 1080 steel for use in
CTH. The hypervelocity gouging tests were as close, in a laboratory
sense, as the authors could get to the conditions at the HHSTT. The
plane-strain simulations show outstanding agreement to the
experimental tests in terms of gouge depth. This success, as
compared to earlier efforts, can be attributed to a new strength model
that incorporates the experimental flyer plate datawith strain-rates on
the order of 105=s. Also, the metallurgically determined
microstructural change resulting from the thermal aspect of the
gouging event was replicated in the CTH simulation. The depth of
the temperature change indicated in CTH closely matched the
experimental findings.

Table 3 Laboratory hypervelocity gouge test results

Test Coating Angle, deg Impact velocity,
m=s

Gouge depth
(measured), mm

hi-1 oxide 10 2225 0:5
 0:1
hi-2 oxide 15 2150 1:0
 0:1
he-1 epoxy 15 2147 1:0
 0:1
he-2 epoxy 10 2163 0:5
 0:1

Fig. 9 High-speed photograph of hypervelocity impact on epoxy-

coated rail.

Fig. 10 Comparison of two gouges created on a) iron-oxide-coated rail, and b) epoxy-coated rail.

Fig. 11 Metallurgical examination of test he-1.

Fig. 12 CTH model of hypervelocity gouging test, with velocity vector

depicted.
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V. CTH Modeling of HHSTT Gouge Scenario

With the validated Zerilli–Armstrong flow stress model, and the
built-in EOS tables for these twomaterials, a CTHmodel can be used
to simulate the HHSTT gouging scenario with high confidence in the
accuracy of the material models. A full-scale model of the sled shoe/
rail gouging problemwas previously developed [4–6]. Bymodifying
that previous effort with these validated material models, a further
investigation wasmade into the gouging phenomenon. Themodel of
the sled/rail interaction is also a two-dimensional plane-strain
implementation, as illustrated in Fig. 17.

As previous investigators found, there are three primary
mechanisms to replicate the gouging phenomenon in CTH. The
first is providing the shoe with sufficient vertical impact velocity to
deform the rail and initiate material mixing and gouging. In other
words, a threshold vertical kinetic energy exists, beyond which
gouging is created. Gouging includes aspects like material “jetting”
and mixing, in which shoe material remains within the rail after
impact and vice versa. Impacts that are simulated below this
threshold energy cause a glancing impact that can be described as
“scraping” or “wear.” There is permanent material deformation and

Fig. 13 Simulation of test he-1 at a) 5:0 �s, and b) 10 �s.

Fig. 14 Comparison of test he-1 at 10 �s for a) cell pressure, and b) strain rate.

Table 4 CTH gouge simulation comparison to experiment

Test Coating Angle, deg Impact velocity, m=s Gouge depth (measured), mm Gouge depth (simulated), mm

hi-1 oxide 10 2225 0:5
 0:1 0.6
hi-2 oxide 15 2150 1:0
 0:1 1.1
he-1 epoxy 15 2147 1:0
 0:1 1.1
he-2 epoxy 10 2163 0:5
 0:1 0.5
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removal, but it does not develop into gouging. This concept of a
threshold is analogous to a threshold penetration energy described in
previous work [18].

The second kind of impact that creates gouging is simulating shoe
contact with a rail discontinuity, rail roughness, or an asperity [4–6].
A collision of the shoe with these kinds of rail conditions causes
gouging at the horizontal (downrange) velocities being considered,
i.e., 3 km=s. These discontinuities represent actual conditions
possible at the HHSTT.

The final type of simulation that can cause gouging is allowing the
shoe to strike an angled rail. This would occur in the field when the
sled is oscillating during its run and the shoes come down from an
oscillation at an angle to the rail. By angling the rail in the simulation,
we can replicate the conditions of this collision (i.e., the sled’s
velocity vector oriented parallel to the shoe). The angle chosen is
computed by considering the maximum shoe-gap. This is the
designed gap between the rail and the shoe when it is at full travel in
the up position, held onto the rail by the bottom arms of the shoe (see
Fig. 1b). Allowing this gap on the rear shoe (0.635 cm) creates up to a
0.14 deg angle of incidence at the front shoe, approximately 2.5 m in
front of the rear shoe.

Therefore, with these new material models, it is possible to
generate gouging by simulating any of these aforementioned
conditions. A representative CTH simulated gouge appears in
Fig. 18. This particular gouge was created by increasing the vertical
kinetic energy to 3 kJ. Below this threshold, the resulting damage to
the rail is material deformation and removal, but no material mixing.
This type of impact is illustrated in Fig. 19. Note that the rail has
experienced deformation, but gouging has not developed. In
addition, there is a temperature development through the depth
during this kind of nongouging impact.

However, beyond the threshold energy of 3 kJ, gouging would
develop, as in Fig. 20. This gouging shows a characteristic mixing of
material and a large thermally affected zone, in this case, down to
6 mm below the depth of the gouge.

The other two types of impacts were also investigated by the
authors. Hypervelocity gouging was found to occur both in the rail
discontinuity case (Fig. 21) and the angled rail impact (Fig. 22). The
rail discontinuity was taken to be 0.03048 cm, which matches
previous investigations and is a plausible condition on the rail in the
field [4–6]. In both of these cases, the vertical impact velocity is
2 m=s and the horizontal velocity is 3 km=s. These impacts generate
sufficient energy to initiate the characteristic material mixing that
defines gouging.

The investigation of several gouging scenarios found that gouge
depth was affected by effective sled mass, which arguably can be
allowed to vary between 25 and 100%of the sledmass aswe consider
an oscillation in which one shoe carries more of the sled mass. That

Fig. 15 Temperature profile of test he-1 at 10 �s.

Fig. 16 Comparison of test he-1 at 10 �s.

Fig. 17 Development of a plane-strain gouging model [6].

Fig. 18 Typical CTH gouge simulation.
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Fig. 19 CTH nongouging simulation, below threshold gouging energy.

Fig. 20 CTH gouging simulation, above threshold gouging energy.

Fig. 21 CTH gouging simulation, rail discontinuity case.
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is, as the sled oscillates during a test run, it is plausible that the sled
could come back down with more than one-fourth of its mass on one
shoe. In the extreme case, all of the mass could be carried by a single
shoe.

An important observation that is possible from this CTH
simulation of the gouging scenario at the HHSTT is the replication in
CTH of the thermal profile necessary to create the microstructure
changes reported in the literature [19,20]. The temperatures
generated from viscoplastic material deformation are above the
austenizing temperatures down to approximately 5 mm below the
level of the interface in Figs. 20 and 21. Not only does the amount of
material removed in the CTH simulation match the experimentally
examined gouge from the HHSTT, but the temperature profile of
austenizing down to 5 mm matches exactly also. Therefore, to the
extent that we have experimental data, the authors have replicated the
experimental gouging, both from the laboratory and from the field,
with CTH simulations. These simulations are based on a
meticulously formulated material flow model whose foundation is
experimental testing and evaluation. Additionally, the final CTH
model of the HHSTT scenario promises to allow future investigation
into the parameters that lead to gouging and to afford the HHSTT the
capability to mitigate those gouging events in the future. For
instance, different material choices could be made for the sled shoe,
or the shoe/rail impact conditions could be modified to reduce the
effects of rail discontinuities.

VI. Conclusions

In this work, newmaterial flowmodel constants are developed for
both VascoMax 300 and 1080 steel from flyer plate impact
experiments. The experiments are successfullymodeled inCTH, and
the Zerilli–Armstrong model is chosen to represent the materials in
future modeling due to its capability of matching experimental data
across the full range of strain rates.

With these refined material constitutive models, CTH simulations
are conducted of experimental impact tests to validate the capability
of CTH to replicate observed events. The material models are
validated by the excellent agreement achieved between CTH
simulations and experimental measurements of the Taylor Impact
tests and a series of laboratory hypervelocity gouge tests.

Finally, the refined material models are applied to the HHSTT
gouging scenario. The resulting simulations match experimentally
examined gouges from the field, and also point to a threshold vertical
impact energy required to generate material gouging. Additionally,
previously reported gouging results are replicated using rail
discontinuities and angled shoe impacts. With the validation of the
CTH simulation established, some observations on the conditions

necessary to initiate gouging are made. Additionally, the final result
of this effort is a full model of the HHSTT gouging scenario,
validated against experimental data, which can be used in further
studies to mitigate the onset of gouging in hypervelocity tests [22].
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