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Summary—We conducted depth of penetration experiments in concrete targets with 3.0 caliber-
radius-head, steel rod projectiles. The concrete targets with 9.5 mm diameter limestone aggregate
had a nominal unconfined compressive strength of 58.4 MPa (8.5 ksi) and density 2320 kg/m3. To
explore geometric projectile scales, we conducted two sets of experiments. Projectiles with length-
to-diameter ratio of ten were machined from 4340R

#
45 steel, round stock and had diameters and

masses of 20.3 mm, 0.478 kg and 30.5 mm, 1.62 kg. Powder guns launched the projectiles to striking
velocities between 400 and 1200 m/s. For these experiments, penetration depth increased as striking
velocity increased. When depth of penetration data was divided by a length scale determined from
our model, the data collapsed on a single curve. Thus, a single dimensionless penetration depth
versus striking velocity prediction was in good agreement with the data at two geometric projectile
scales for striking velocities between 400 and 1200 m/s. In addition, we conducted experiments with
AerMet 100R

#
53 steel projectiles and compared depth of penetration and post-test nose erosion

data with results from the 4340R
#

45 steel projectiles. ( 1998 Elsevier Science Ltd. All rights
reserved
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INTRODUCTION

This paper completes our work on laboratory-scale, concrete-penetration experiments for
striking velocities between 400 and 1200 m/s. In our first study [1], we present a depth-of-
penetration equation for ogive-nose projectiles and concrete targets. This penetration
equation contains a single, dimensionless empirical constant S for fixed values of the target,
unconfined compressive strength f @

#
. The dimensionless constant S is obtained from depth of

penetration versus striking velocity data and is independent of the projectile mass and
geometry. In our second study [2], we present the special case of our penetration equation
for ogive-nose, solid-rod projectiles. For solid-rod projectiles, the penetration equation [2]
contains dimensionless groups of variables that display clearly the problem parameters.
Our method requires penetration data to obtain the constant S, which depends only on
target strength and is independent of the projectile parameters. So, from laboratory-scale
experiments, we obtain S and can predict or estimate depth of penetration versus striking
velocity for much more expensive field tests with larger-scale projectiles. While our laborat-
ory-scale experiments are limited to 30.5 mm diameter, 1.62 kg projectiles, our equation
predicts accurately the data published by Canfield and Clator [1, 3] for 76.2 mm diameter,
5.9 kg projectiles.

This study presents additional data and examines further the accuracy of our penetration
models [1, 2]. In particular, the concrete targets for this study used a limestone aggregate
(Mohs hardness scale [4] of 3.0), whereas the work in Ref. [2] used a harder quartz-based
aggregate (Mohs hardness scale [4] of 7.0). In addition, we conducted experiments at two
geometric projectile scales with 4340 R

#
45 and AerMet 100 R

#
53 [5] steel rod projectiles.

While the aggregate and projectile hardnesses changed the amount of nose erosion, we
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Table 1. Penetration data for the 20.3 mm diameter, length-to-diameter ratio of ten projectiles and concrete
targets with nominal f @

#
"58.4 MPa. For pitch and yaw D"down, U"up, R"right, L"left

Shot
number

Target
length
(m)

Projectile
material

Striking
velocity
(m/s)

Pitch
yaw
(deg)

Penetration
depth
(m)

Projectile
mass loss

(%)

1-0354 0.94 4340 R
#
45 442 0.75D, 1.0R 0.287 0.81

1-0355 0.94 4340 R
#
45 610 1.0D, 0 0.491 1.55

1-0356 1.07 4340 R
#
45 815 0.25D, 0.5R 0.840 2.69

1-0357 1.52 4340 R
#
45 1009 0.5U, 0 1.300 3.52

1-0358 1.93 4340 R
#
45 1162 0.5D, 0.2R 1.590 4.12

1-0390 2.28 AerMet R
#
53 791 0, 0 0.73 2.58

1-0391 1.98 AerMet R
#
53 994 1.0U, 0 1.16 3.76

1-0392 2.28 AerMet R
#
53 1165 0, 1.5L 1.46 4.64

Fig. 1. Projectile geometry.

detected small differences in depth of penetration versus striking velocity data for either
concrete aggregate or projectile material.

In addition, the limestone aggregate, concrete targets for this study had nearly equal
compressive strengths for the batches of targets cast at several times during our experi-
mental program. For targets with nearly equal strengths, we could divide measured
penetration depth by a length scale determined from our model [2] and collapse data from
two geometric projectile scales on a single curve. Thus, a single dimensionless penetration
depth versus striking velocity prediction was in good agreement with data at two geometric
scales for striking velocities between 400 and 1200 m/s.

PENETRATION EXPERIMENTS

Concrete targets

The concrete targets had 9.5 mm diameter limestone aggregate (Mohs hardness scale [4]
of 3.0), a nominal unconfined compressive strength of 58.4 MPa (8.5 ksi), and density of
2320 kg/m3. Several batches of targets were cast in corrugated steel culverts during our
experimental program. In addition, four 51 mm diameter, 102 mm long cylinders were cast
for unconfined compressive strength tests for each target batch. Unconfined compressive
strength tests were conducted from 130 to 520 days after the pours. We conducted 24
unconfined compressive strength tests and obtained an average strength of 58.4 MPa with
a standard deviation of 4.7 MPa.

20.3 mm diameter projectiles and 0.51 m diameter targets

Steel projectiles were machined from 4340 R
#
45 and AerMet 100 R

#
53 [5] round stock.

Figure 1 shows the geometry for the 3.0 caliber-radius-head, solid-rod projectiles. For
the experiments summarized in Table 1, 2a"20.3 mm, ¸"169.5, and l"33.7 mm.
The projectile mass was 0.478 kg and the total length-to-diameter ratio was ten. In addition,
we conducted three experiments at a nominal striking velocity of 800 m/s to examine
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Fig. 2. Post-test photographs of the 20.3 mm diameter, 4340 R
#

45 projectiles.

Table 2. Penetration data for the 4340R
#
steel, 20.3 mm diameter projectiles with three length-to-diameter ratios

and concrete targets with nominal f @
#
"58.4 MPa. For pitch and yaw D"down, U"up, R"right, L"left

Shot
number A

¸#l

2a B
Target
length
(m)

Striking
velocity
(m/s)

Pitch
yaw
(deg)

Penetration
depth
(m)

Projectile
mass loss

(%)

1-0356 10.0 1.07 815 0.25D, 0.5R 0.840 2.69
1-0367 12.5 2.03 797 0,0 1.010 2.85
1-0369 15.0 2.26 803 0,0 1.226 3.02

length-to-diameter effects. For these experiments, nose length l and diameter 2a were held
fixed and we varied the shank length ¸. Results for these experiments are summarized in
Table 2.
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Table 3. Penetration data for the 30.5 mm diameter, length-to-diameter ratio of ten projectiles and concrete
targets with nominal f @

#
"58.4 MPa. For pitch and yaw D"down, U"up, R"right, L"left

Shot
number

Projectile
material

Target
length
(m)

Striking
velocity
(m/s)

Pitch
yaw
(deg)

Penetration
depth
(m)

Projectile
mass loss

(%)

LROD95-1 4340 R
#
45 1.07 445 0.5U, 0.5L 0.46 0.7

LROD95-2 4340 R
#
45 1.07 584 0.2U, 0.5L 0.79 1.5

LROD95-3 4340 R
#
45 1.68 796 0.1U, 1.1L 1.23 2.5

LROD96-0 4340 R
#
45 2.44 980 0.1U, 0.2L 1.95 3.5

LROD95-4 4340 R
#
45 2.44 992 0.5U, 0.4L 1.96 3.4

LROD95-6 4340 R
#
45 3.05 1176 0.1U, ——— 2.67 3.8

LROD96-1 AerMet R
#
53 2.74 972 0.3U, 0.5L 1.96 3.1

LROD96-4 AerMet R
#
53 3.05 1225 0.1U, 0.1L 2.83 3.6

Fig. 3. Post-test photographs of the 20.3 mm diameter, AerMet 100 R
#
53 projectiles.

A 32 mm diameter, smooth-bore powder gun launched the 0.478 kg projectiles to striking
velocities between 400 and 1200 m/s. The projectiles were fitted with sabots and obturators
that separated from the projectiles prior to impact. Four laser diode systems measured
striking velocities, and orthogonal flash X-rays measured pitch and yaw angles. Figures
2 and 3 show post-test photographs of the ogive-nose rods that were recovered from the
targets.

30.5 mm diameter projectiles and 0.91 m diameter targets

These 3.0 caliber-radius-head, steel rod projectiles were also machined from round stock.
For these experiments summarized in Table 3, 2a"30.5 mm, ¸"254.2 mm, and l"50.5
mm. The projectile mass was 1.62 kg, and the total length-to-diameter ratio was ten.
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Fig. 4. Post-test photographs of the 30.5 mm diameter, 4340 R
#

45 projectiles.

An 83 mm diameter, smooth-bore powder gun launched 1.62 kg projectiles to striking
velocities between 400 and 1200 m/s. The projectiles were fitted with sabots and obturators
that separated from the projectiles prior to impact. A Hall Intervalometer System measured
striking velocities and orthogonal flash X-rays measured pitch and yaw angles. Figures
4 and 5 show post-test photographs of the ogive-nose rods that were recovered from the
targets.

PENETRATION MODEL AND RESULTS

References [1, 2] present the penetration equations and data analysis procedure. Briefly,
the model describes the concrete targets with density o

5
, unconfined compressive strength f @

#
,

and an empirical, dimensionless constant S that depends only on f @
#
; the projectiles are
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Fig. 5. Post-test photographs of the 30.5 mm diameter, AerMet 100 R
#
53 projectiles.

Fig. 6. Penetration depth versus striking velocity.

described with mass m, shank diameter 2a, and caliber-radius head t. For the special case of
solid, ogive-nose rods, the projectiles are described by the rod density o

1
and the geometry

shown in Fig. 1. With these parameters given, a value of S is calculated for each experiment
from measured values of striking velocity »

s
and penetration depth P. We then take the

average values of S"8.7 and 7.9 calculated from the data in Tables 1 and 3, respectively,
and plot model predictions and data points. Figure 6 shows penetration depth P versus
striking velocity »

s
for the experiments summarized in Tables 1 and 3.
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Fig. 7. Dimensionless empirical constant versus unconfined compressive strength.

As previously mentioned, the constant S depends only on the unconfined compressive
strength f @

#
. For the work reported in Refs [1,2] and this study, we have data from grout and

concrete targets for 13.5(f @
#
(97 MPa. Figure 7 shows S versus f @

#
and a power-law data

fit.
For this study, the concrete targets had nearly equal compressive strengths and

the projectiles were solid rods with ogival noses. Guided by the penetration equations in
Ref. [2], we divide measured penetration depths by a length scale determined from the
model, and plot dimensionless penetration depth versus striking velocity. Figure 8 shows
that the data in Tables 1—3 nearly collapse on a single dimensionless depth of penetration
versus striking velocity plot. In Fig. 8, P is measured penetration depth, ¸ and a are defined
in Fig. 1, and k is given in Ref. [2] and depends only on caliber-radius-head t. For t"3.0,
the value of k"1.813. Also, for model predictions in Fig. 8, we take S"8.3, which is the
average value for the 20.3 and 30.5 mm diameter projectiles.

CONCLUSIONS

Because the complex penetration process for ogive-nose steel projectiles and concrete
targets could depend on many parameters, we decided that it was necessary to conduct
additional experiments and further examine the accuracy of our penetration equations
[1, 2]. This study used concrete targets with a limestone aggregate (Mohs hardness [4] of
3.0), whereas the work in Ref. [2] used a harder, quartz-based aggregate (Mohs hardness of
7.0). In addition, we conducted experiments with both 4340 R

#
45 and Aer Met 100 R

#
53

[5] steel projectiles and compared erosion with post-test photographs of the projectiles and
tabulated mass losses. We showed that while the aggregate and projectile hardnesses
affected the amount of nose erosion, these hardnesses had a small effect on the depth of
penetration versus striking velocity data.

In this study, we took special care to provide nearly identical targets for all projectiles
over the duration of the penetration test program. The limestone aggregate, concrete targets
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Fig. 8. Dimensionless penetration depth versus striking velocity.

had nearly equal compressive strengths for tests conducted from 130 to 520 days after the
pours. We conducted 24 unconfined compression strength tests and obtained an average
strength of f @

#
"58.4 MPa with a standard deviation of 4.7 MPa. So, with the targets

poured for this study, we were able to divide depth of penetration data by a length scale
determined from our model [2] and show that the scaled data closely collapsed on a single
curve for several projectile geometries. These scaling results are shown in Fig. 8 and further
lend credibility to the model [1, 2].

The results of this study and the work presented in Refs [1, 2] complete our laboratory-
scale experiments and modeling of grout and concrete targets at normal impact. In these
studies, we have experimentally investigated a broad range of steel projectiles with masses
between 0.064 and 1.62 kg and Rockwell hardnesses between R

#
39 and 53. In addition, we

experimented with grout and concrete targets that had unconfined compressive strengths
between 13.5 and 96.7 MPa and relatively hard and soft aggregates. Our penetration model
and data from these many sets of experiments were always in good agreement. While our
laboratory-scale experiments were limited to 30.5 mm diameter, 1.62 kg projectiles, our
model predicts accurately the data published by Canfield and Clator [1, 3] for 76.2 mm
diameter, 5.9 kg projectiles.
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