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Abstract

We developed an abrasion model that predicts mass loss and change in nose shape for steel projectiles that penetrate

concrete targets. Mass loss data from four sets of experiments with two ogive-nose projectile geometries and concrete

targets with limestone and quartz aggregates were used to develop the abrasion model. We plotted post-test mass loss

versus initial kinetic energy and found a nearly linear dependence for striking velocities to approximately 1000m/s. With

this linear relationship, we derived a mathematical model that was implemented into the Sandia-developed, Eulerian

hydrocode CTH. Predictions from CTH agreed well with experimental observations.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Some of our previous studies on the penetration of concrete targets focused on final penetration depth
versus striking velocity with ogive-nose, solid-rod projectiles [1,2]. Projectiles were made from 4340 Rc45 steel
[3] with a 3.0 caliber-radius-head nose shape and a total length-to-diameter ratio of 10. In [1,2], the concrete
designs used a quartz aggregate or a limestone aggregate with Mohs hardnesses [4] of 7.0 and 3.0, respectively.
Tables 1 and 2 give other parameters for these two studies. In Tables 1 and 2, 2a and m0 are the projectile
diameters and initial masses; and sc, r, and d are the unconfined compression strengths, densities, and
maximum aggregate diameters of the concretes. For the work described in [1,2], depth of penetration and mass
loss versus striking velocity data were obtained for striking velocities between 400 and 1200m/s.

In later studies [5,6] with 76.2-mm diameter, 13-kg projectiles, deceleration-time data were obtained for
striking velocities between 140 and 460m/s. Our powder guns could only launch these larger projectiles to
approximately 500m/s. However, the smaller solid-rod projectiles could easily be launched to striking
velocities of 1200m/s. We show later that mass loss is proportional to the square of striking velocity and is
only significant for the larger striking velocities. Thus, we use the mass loss versus striking velocity data for the
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Table 2

Parameters from [2] for the limestone aggregate concrete with a Mohs hardness scale of 3.0. Solid-rod projectiles made from 4340 Rc45

steel with a 3.0 caliber-radius-head nose and a total length-to-diameter ratio of 10

2a (mm) m0 (kg) sc (MPa) r (kg/m3) d (mm)

20.3 0.48 58 2300 9.5

30.5 1.60 58 2300 9.5

Table 1

Parameters from [1] for the quartz aggregate concrete with a Mohs hardness scale of 7.0. Solid rod projectiles made from 4340 Rc45 steel

with a 3.0 caliber-radius-head nose and a total length-to-diameter ratio of 10

2a (mm) m0 (kg) sc (MPa) r (kg/m3) d (mm)

20.3 0.48 63 2300 9.5

30.5 1.60 51 2300 9.5
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solid-rod projectiles [1,2] for the abrasion model presented in this study. For a reasonably complete discussion
of other concrete penetration studies, the reader is referred to the recent paper by Li et al. [7].

Beissel and Johnson [8,9] proposed a computational model for projectile abrasion. Their model assumes
that the rate of mass loss at a point on the surface of a projectile is proportional to the normal traction times
the sliding velocity between the projectile and the target. This approach leads to good predictions of overall
mass loss from the projectile over a range of striking velocities. However, predicted projectile nose shapes
following extensive abrasion tend to be more pointed than the nose shapes in the experimental observations
[1,2]. We believe this results from the model’s assumption that rate of mass loss is proportional to local sliding
velocity, which is a minimum at the projectile nose tip. Hence, the model favors maximum abrasion toward
the projectile shank rather than the tip.

In this study, we develop an abrasion model that predicts mass loss and change in nose shape for steel
projectiles and concrete targets. Mass loss data [1,2] from the four sets of experiments, summarized in Tables 1
and 2, were used to develop the abrasion model. We found a linear dependence between projectile mass loss
and initial kinetic energy and then derived a mathematical model that was implemented into the Sandia-
developed, Eulerian hydrocode CTH [10,11]. Predictions from CTH were in good agreement with
experimental results.

2. Penetration data

References [1,2] present penetration data for the four sets of experiments summarized in Tables 1 and 2. In
addition, post-test photographs of the ogive-nose, solid-rod projectiles are shown in [1,2]. Fig. 1 is a
photograph from [1] and shows clearly the change in nose shapes and shortening of the projectiles. Note that
mass loss is a maximum at the tip of these projectiles. We show later that our proposed abrasion model is in
agreement with this observation.

Post-test projectile mass losses and corresponding striking velocities are tabulated in [1,2]. We plotted mass
loss versus initial kinetic energy and found a nearly linear dependence for striking velocities to about 1000m/s.
We then divided both mass loss and initial kinetic energy by the original projectile mass and found that the
data from the two geometric scales collapsed over a single range. Figs. 2 and 3 show these data and linear data
fits for the quartz and limestone aggregates, respectively. The data fit is given by

Dm

m0
¼

CV 2
s

2
, (1a)

Dm ¼ m0 �mf , (1b)
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UNFIRED 3 CRH 20.3mm DIA. x 203mm L.

1-0335 4340 STEEL 450 M/S

1-0336 4340 STEEL 612 M/S

1-0337 4340 STEEL 821 M/S

1-0341 4340 STEEL 926 M/S

1-0346 4340 STEEL 985 M/S

1-0338 4340 STEEL 1024 M/S

Fig. 1. Photographs of 20.3-mm-diameter 4340 Rc45 steel rods launched into quartz aggregate concrete.
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Fig. 2. Mass loss from 4340 Rc45 steel rods launched into quartz aggregate concrete [1]. The linear fit corresponds to C ¼ 0:13 (s/km)2.

S.A. Silling, M.J. Forrestal / International Journal of Impact Engineering 34 (2007) 1814–18201816
where Dm is mass loss, m0 is original mass, mf is final mass, and Vs is striking velocity. C is an
empirical constant that depends on the projectile and concrete target properties given in Tables 1
and 2. However, Figs. 2 and 3 show that this constant C is the same for both projectile diameters given in
Tables 1 and 2.
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Limestone Aggregate
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Fig. 3. Mass loss from 4340 Rc45 steel rods launched into limestone aggregate concrete [2]. The linear fit corresponds to C ¼ 0:069
(s/km)2.
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3. Abrasion model

Motivated by the observation that Eq. (1a) provides a linear fit to the mass loss data for striking velocities
up to 1000m/s, a model for the removal of mass from the surface of a projectile can be inferred. First, assume
that Eq. (1a) provides, at any given time, the incremental mass removal in any increment of time dt. Thus,

_m ¼ Cm0
d

dt

V 2

2

� �
, (2)

where V is the current projectile rigid-body velocity at any time, m is the current projectile mass, and _m is the
current rate of mass change. Carrying out the differentiation leads to

_m ¼ Cm0V
dV

dt
¼ CVF , (3)

where F is the current total axial force on the projectile, obtained from F ¼ m0 dV=dt under the assumption
that m � m0. (Note that Fo0 since the projectile is decelerating.) Next, assume that the relation given by
Eq. (3) between rate of mass change and axial force holds not only globally, but also locally on the surface of
the projectile. If dA is a small element of surface area and d _m is the time rate of mass change through this area
element, then Eq. (3) leads to

d _m ¼ �rva dA ¼ CVsz dA, (4)

where sz is the axial force per unit area on the surface of the projectile, and r is the mass density of the
projectile material. (Note that in general sz is equal to neither the normal traction nor the tangential traction.)
The quantity va is the local abrasion velocity, which is the velocity relative to the projectile at which the surface
moves normal to itself during abrasion (Fig. 4). Let szz;srr;srz be the stress components, taken positive in
tension, at some point on the projectile surface in a cylindrical coordinate system with z parallel to the
projectile’s central axis. Then from Eq. (4),

va ¼ �
CV

r
ðsrznr þ szznzÞ, (5)

where nr and nz are the components of an outward-directed unit normal vector at any point on the projectile
surface. The proposed abrasion model in Eq. (5) gives the local abrasion velocity, and hence the rate of mass
removal at any point on the surface of the projectile.
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Fig. 4. Projectile geometry and abrasion velocity.
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Eq. (5) is suitable for implementation in a Lagrangian code, in which it is straightforward to define geometrically
the direction of the abrasion velocity, since all information about the current element geometry is available. To
illustrate implementation in an Eulerian code, consider a penetrator–target interface in an axisymmetric two-
dimensional Eulerian mesh. These interface cells contain both penetrator and target materials. Let DAi

r and DAi
z

denote the areas of the cell faces with normal directions parallel to the r and z directions, respectively. (The
superscript i refers to cell i.) Define an equivalent penetrator surface area increment DAi by

DAi ¼ ðni
rÞ
2DAi

r þ ðn
i
zÞ
2DAi

z. (6)

This may be used with Eq. (4) for purposes of determining D _mi, the rate of mass removal from the cell due to abrasion:

D _mi ¼ CVF
si

zDAiP
j s

j
zDAj

, (7)

in which the sum in the denominator is taken over all Eulerian cells on the penetrator–target interface. Since the cell-
based quantities are all approximate, the normalization in Eq. (7) is included to assure that the total rate of mass
removal is consistent with Eq. (3), i.e.,

P
i D _m

i ¼ _m.
We implemented the proposed abrasion model in a test version of the CTH code [10], an Eulerian

hydrocode in wide use by the penetration mechanics community [11,12]. Simulations of penetration of 20.3-
mm-diameter ogive-nosed steel rods into concrete [1] were carried out using the two-dimensional axisymmetric
option in the code. Based on the measured data for mass loss shown in Fig. 2, the empirical constant C was
taken to be 0.13 s2/km2. The concrete was modeled as an elastic–plastic material using J2 flow theory with a
yield surface in which the flow stress s depends on hydrostatic pressure as follows:

sðpÞ ¼ s0 þ ðs1 � s0Þð1� e�a maxf0;pgÞ, (8)

where s0, s1, and a are constants, and p is the hydrostatic pressure. The values of these parameters were
s0 ¼ 10 MPa, s1 ¼ 80 MPa, and a ¼ 1:1� 10�8 Pa�1. Other material parameters included mass density
r ¼ 2200 kg=m3, bulk modulus k ¼ 8:8 GPa, and Poisson ratio n ¼ 0:25. No friction was used in the
calculations. Resulting code predictions for mass loss and penetration depth are given in Table 3. Fig. 5 shows
the CTH predictions for abraded rod shapes, which may be compared against the photographs in Fig. 1. Fig. 5
includes a CTH result obtained without the abrasion model, as an indication of how much change in shape is
due to advection and deformation rather than abrasion.

4. Discussion

Features of this proposed abrasion model include the following:
–
 The model involves only axial forces and rigid-body velocities, which are directly related through Newton’s
laws. It does not explicitly involve such variables as tangential traction and relative velocity between the
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Fig. 5. Abraded rod shapes predicted by CTH for 20.3-mm diameter rods launched into quartz aggregate concrete for six striking

velocities (m/s). The irregular curves near the rod shanks represent the tunnel after the penetrator has come to rest. A calculated result for

a striking velocity of 1024m/s is also shown without the use of the abrasion model, in which case there is no mass loss, but there is some

change in shape due to deformation and advection through a large number of Eulerian numerical cells.

Table 3

CTH calculated values for mass loss due to abrasion and penetration depth, compared with experimental data [1], for 20.3-mm rods

launched into quartz aggregate concrete

Vs (km/s) Dm/m0, CTH with

abrasion model (%)

Dm/m0,

experimental (%)

Penetration depth,

CTH with abrasion

model (m)

Penetration depth,

CTH without

abrasion model (m)

Penetration depth,

experimental (m)

0.45 1.3 1.5 0.34 0.34 0.3

0.612 2.4 2.7 0.5 0.51 0.48

0.821 4.2 4.5 0.78 0.82 0.76

0.926 5.4 5.5 0.92 0.97 0.95

0.987 6.1 6.6 1.01 1.08 0.92

1.024 6.6 6.2 1.06 1.13 0.94

Predicted penetration depth without the abrasion model is also shown.
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projectile surface and the target material, which are difficult to measure or even compute, particularly in an
Eulerian code.
–
 The model does not explicitly include a frictional force, thus avoiding the difficult questions of how to
evaluate dynamic friction coefficients and their possible dependence on projectile velocity, contact stress,
and surface temperature.
–
 Our model is consistent with the experimental observation that maximum abrasion occurs at the tip of a
projectile even after an initially sharp tip has been abraded. This is a consequence of the fact that in the
model, the local rate of abrasion is independent of the tangential velocity of target material relative to the
penetrator surface (see Eq. (5)).
–
 The abrasion model contains only one material-dependent constant, C, which can be found directly from
easily measurable quantities (striking velocity and total mass loss) in penetration experiments for striking
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velocities less than 1000m/s. While C depends on the parameters in Tables 1 and 2, C is independent of the
two geometrically similar projectile geometries for which we have experimental data. Although we do not
have a method for evaluating C from material property tests, we determine C from a few penetration
experiments and then apply it to other penetration events that have the same combination of materials and
geometrically similar projectiles (same length-to-diameter ratios and same nose shape). Because of the
overall complexity of the basic physics of abrasion, we do not plan to pursue a method to derive C from
more fundamental quantities.
–
 Beissel and Johnson [8,9] point out that the exact form of an abrasion model (the dependence of va on other
physical quantities) is not important to the description of their finite element algorithm (that provides for
mass loss from elements due to abrasion based on va). Thus, implementation of the abrasion model
presented in this study into such a code should be straightforward.
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