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Summary

An analytical model that captures the essential mechanics of dwell and interface defeat—the
phenomenon where an impacting projectile flows radially outward (erodes) along the surface of the target
(usually ceramic) with no significant penetration—is presented. During dwell, the projectile loses kinetic
energy due to mass loss and deceleration. It is shown that model predictions are in very good agreement
with experimental data.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The role of a ceramic tile in the defeat of an armor-piercing (AP) projectile is to erode and
decelerate the projectile. The phenomenon called dwell or interface defeat is where the impacting
projectile flows radially outward (erodes) along the surface of the target, usually ceramic, with no
significant penetration. During dwell, the projectile loses kinetic energy due to mass loss and
deceleration.
In one sense, dwell is an asymptotic extension of the Taylor anvil experiment in which a

cylindrical rod (projectile) strikes perpendicular to a rigid boundary. Taylor developed an
approximate formula that related the profile of the cylinder after impact with the dynamic yield
see front matter r 2004 Elsevier Ltd. All rights reserved.
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point of the rod material [1]. The velocities used in the Taylor impact experiment are relatively low
(a few hundred meters per second). When the stresses at the projectile–target interface exceed the
elastic limit of the projectile material, a plastic region is formed in the projectile [2–3], and the
material flows out radially; thereby decreasing the length of the projectile.
The elastic portion of the projectile cannot support stresses greater than the elastic limit. The

elastic region is decelerated by elastic waves that propagate between the tail (free surface) and the
material nonlinearity at the elastic–plastic interface [2,4]. As the impact velocity increases, the
extent of mushrooming (radial flow) also increases. The cohesive strength of the projectile
material is exceeded when the radial flow becomes sufficiently large—where ‘‘sufficiently large’’
depends upon the specific penetrator material—thereby exceeding the strain that the material can
support. The failed material consists of extremely small particulates, and as a result, this failure
mechanism is referred to as erosion. Thus, at sufficiently high impact velocities, deceleration of the
rod portion of the projectile and mass loss by erosion at the nose of the projectile contribute to an
overall loss in projectile kinetic energy.
Experimental evidence of dwell, along with the results of numerical simulations that reproduces

the phenomenon of dwell, will be presented in Section 2. Then a simplified analytical model will be
described that captures the dominant mechanics during dwell. The model is then used to quantify
the gains that can be achieved by extending dwell by just a few microseconds.
2. Experimental evidence of dwell

2.1. Small arms

Wilkins and coworkers in 1967–1969 [5–6] provided the first experimental evidence of dwell
using high-speed photographic images and X-ray shadowgraphs (3 channels of 600KeV) of small
arms projectiles impacting ceramic targets. Wilkins used a monolithic hard steel (Rc55) projectile,
2.81-cm long (including the 55-degree conical nose), having a mass of 8.13 g. This projectile was
used as a surrogate bullet for the AP7.62-mm APM2 bullet. A sequence of flash radiographs,
taken at different times after impact, is shown in Fig. 1 for an impact velocity of 701m/s [7–8].
The target is a 7.24-mm-thick boron carbide tile, backed by a 6.35-mm-thick 6061-T6 aluminum
substrate. It can be seen that dwell persists for a time period somewhere between 16 and 19ms.
The results of a numerical simulation of the experiment, using the CTH wavecode [9], are

shown in Fig. 2. The computational results use the ceramics constitutive model developed by
Wilkins [6] as modified by Anderson and Walker [10]. The penetration (nose) and tail velocities
are shown in Fig. 2(a). The simulation shows that the penetration velocity is approximately zero
for the first 20ms or so after impact; i.e., the penetration velocity, although not identically zero, is
very low during dwell. A plot of position–time for the projectile nose, tail, and ceramic-substrate
interface positions are shown in Fig. 2(b). From the point of view of position–time, the projectile
dwells on the front surface of the ceramic, i.e., there is essentially no discernable penetration for
the first 20ms. For this target and impact velocity, the target defeats the projectile.
Before proceeding with a discussion of long-rod penetrators, one more computational example

will be discussed. It is the impact of the surrogate AP bullet against 7.62-mm B4C glued to a 6.35-
mm-thick 6061-T6 aluminum substrate. This target configuration defeats the bullet at muzzle
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Fig. 1. Flash X-ray shadowgraphs of AP surrogate projectile impacting 7.24-mm B4C/6.35-mm 6061-T6 at 701m/s

(from Wilkins [8]). (a) t=1.8 ms; (b) t=3.8 ms; (c) t=8.9 ms; (d) t=11.8ms; (e) t=15.8ms; (f) t=19.8 ms; (g) t=25.2 ms; (h)
t=35.5ms.
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velocity, 820m/s [7]. The nose and tail velocities from a numerical simulation are shown in Fig. 3.
The onset of penetration begins at approximately 20ms, similar to the simulation of Fig. 2.
Numerous simulations have shown that the termination of dwell is relatively independent of
impact velocity for thin ceramic targets (at least for small arms projectiles over a velocity range of
several hundred meters per second). This has been confirmed experimentally [11]. However, the
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Fig. 2. Surrogate AP projectile impacting 7.24-mm B4C/6.35-mm 6061-T6 at 701m/s. (a) Velocity vs. time. (b) Position

vs. time.

Fig. 3. Nose (penetration) and tail velocities versus time for surogate AP projectile impacting 7.62-mm B4C/6.35-mm

6061-T6 at 820m/s.
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time duration of dwell is dependent upon tile thickness (as well as the geometric and material
properties of the substrate material), but the differences between those corresponding to tile
thicknesses of 7.62mm vs. 7.42mm are not sufficient to see the effect of tile thickness. As seen in
Fig. 3, the simulation predicts defeat of the projectile, in agreement with experiment. Results from
the analytical dwell model will be compared with this example later in the paper.

2.2. Long-rod projectiles

Fig. 4 shows experimental data from Westerling et al. [12], for tungsten long-rod projectiles
penetrating confined boron carbide targets. The experiments were performed in the reverse
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Fig. 4. Penetration vs. time for tungsten long-rod projectiles into confined B4C targets (data from Ref. [12]).
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ballistics mode; flash radiographs were used to obtain the position–time data. The length-to-
diameter ratio of the long rods was 75 (diameter of 2mm), and the B4C ‘‘targets’’ were
approximately 40-mm long. It is seen that under certain conditions, which depend upon the degree
of confinement and the impact velocity, that there can be no-to-little penetration of the ceramic
target. The open symbols, which represent targets confined by 4-mm-thick steel (heated to
produce a shrink fit around the ceramic) show very little penetration for approximately 25ms in
one case, and effectively complete defeat of the projectile at a slightly lower impact velocity.
Although these specific experiments were performed in the reverse ballistics mode, Hauver—who
first observed the dwell phenomenon for long-rod penetrators—conducted his experiments in the
traditional ‘‘forward ballistics’’ mode [13–14].
Numerical simulations of these experiments have been conducted [12,15–16] using the

Johnson–Holmquist constitutive model [17]. The comparison between simulation and experi-
ments is particularly good in Refs. [15–16], where the authors used a numerical algorithm that
converted ‘‘eroded’’ elements to meshless particles (thereby maintaining penetration pressure on
the ceramic), along with slightly modified constants for boron carbide.
Hauver called this effect, in which there is substantial radial flow of long-rod penetrator

material at the projectile–target interface with no or little penetration, interface defeat [14,18]. The
phenomenon is the same as described above for small arms, i.e., the projectile dwells at the surface
of the ceramic. The analytical model developed in Section 3. applies equally well to small arms
and long-rod projectiles.
3. An analytical model for dwell

A simple theory is very illustrative of the mechanics of dwell. Three coupled equations describe
the centerline mechanics of the projectile [19]

1
2
rpðu � vÞ2 þ Yp ¼

1
2
rtu

2 þ Rt; (1)
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rp‘
dv

dt
¼ �Yp; (2)

d‘

dt
¼ �ðv � uÞ; (3)

where rp and rt are the projectile and target density, respectively; Yp is the flow stress of the
projectile; Rt is the target resistance; v is the projectile velocity; u is the penetration velocity, ‘ is
the length of the projectile, and t is time. For interface dwell, the penetration velocity u is zero;
and the third equation becomes

d‘

dt
¼ �v: (3a)

With u=0, Eq. (1) no longer applies. Eqs. (2) and (3a) are solved simultaneously to obtain the
projectile velocity and length as a function of time.
Using dv/dt=vdv/dx, it is possible to explicitly integrate Eqs. (2) and (3a), which gives

1
2
rpðv

2 � v20Þ ¼ Yp lnð‘=‘0Þ; (4)

where v0 is the impact velocity and ‘0 is the initial length of the projectile. Eq. (4) gives the
projectile velocity in terms of remaining length of the projectile. The kinetic energy of the
projectile on the centerline in terms of its length at a given time is

KE � 1
2
rp‘v

2 ¼ 1
2
rpð‘ � ‘0Þv

2
0 þ Yp‘ lnð‘=‘0Þ þKE0; (5)

where KE0 ¼ rp‘0v
2
0=2: It is of interest to see where these terms originate, namely, what part of the

decrease in kinetic energy is due to the elastic waves traveling the length of the projectile and
decelerating it, and what part is due to the erosion of material. The kinetic energy along the
centerline of the rod is given by

ðKEÞrod ¼
1
2
rpv2‘ (6)

and thus,

dðKEÞrod
dt

¼ rpv‘ _v þ 1
2
rpv2_‘; (7)

where the dot over a symbol implies the time derivative. The first term is the loss of kinetic energy
due to deceleration, while the second term is the loss in kinetic energy due to erosion (decrease in
rod length).
The change in kinetic energy due to deceleration, using Eqs. (2) and (3a), is

DKEdecel ¼

Z t

0

rp‘v_vdt

¼ �

Z t

0

Ypvdt

¼

Z ‘

‘0

Ypd‘ ¼ Ypð‘ � ‘0Þ ð8Þ



ARTICLE IN PRESS

C.E. Anderson Jr., J.D. Walker / International Journal of Impact Engineering 31 (2005) 1119–1132 1125
which gives, using Eq. (5), the change in kinetic energy from erosion

DKEerosion ¼
1

2
rpv20ð‘ � ‘0Þ þ Yp‘ lnð‘=‘0Þ þ Ypð‘0 � ‘Þ: (9)

From these results, the change in kinetic energy can be calculated as a function of projectile
length

dKE

d‘
¼ 1

2
rpv20 þ Y p lnð‘=‘0Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

erosion

þ Y p|{z}
deceleration

(10)

from which the time rate of change of the kinetic energy can be written:

1

KE0

dKE

dt
¼ �

v

‘0
1þ

Yp

1
2
rpv20|fflfflfflfflfflffl{zfflfflfflfflfflffl}

erosion

lnð‘=‘0Þ þ
Yp

1
2
rpv20|fflffl{zfflffl}

deceleration

8>>><
>>>:

9>>>=
>>>;
: (11)

The assumption at this point is that the cross-sectional area of the projectile is constant. A
variable cross-sectional area can be accommodated with a little more effort; the effect of a conical
nose tip will be shown in Section 4.
Eq. (11) can be used to provide an estimate of the benefit of a few additional microseconds of

dwell. Putting in reasonable values for a hard-steel projectile at rifle velocities (2.1GPa and 820m/s,
respectively), and taking that the bullet has lost �60% of its initial length ð‘=‘0 � 0:6Þ; the term
within the brackets of Eq. (11) is approximately 1.38, and hence

1

KE0

dKE

dt
� �1:38

v

‘0
: AP bullet: (12)

If the core has decelerated to 600m/s, then Eq. (12) gives

1

KE0

dKE

dt
� 0:03ms�1 AP bullet (13)

or a loss of about 3% of the initial kinetic energy per microsecond of dwell. Thus, if dwell can be
increased just 3.3ms, we would expect to see another 10% reduction in kinetic energy of the
projectile. Of course, this analysis (and numbers) is for the specific examples selected and are not
general. Detailed application of the model is described in Section 4.
4. Application of model

The model certainly oversimplifies the mechanics. The simulations suggest that the penetration
velocity is not identically equal to zero. However, the penetration velocity is very low—almost
zero—during dwell. A plot of core length vs. nose position (i.e., depth of penetration) for the
simulation of Fig. 3 is shown in Fig. 5. It is seen that the majority of bullet erosion occurs in the
first millimeter of penetration. Therefore, it might be expected that this simple model provides a
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very good engineering approximation to the operative mechanics. It will be shown below that this
is the case.

4.1. Small arms

The model was applied to the Wilkins’ AP surrogate bullet, with an impact velocity of 820m/s
(i.e., the impact condition associated with results of Fig. 3). Deceleration of the projectile tail is
given by Eq. (2). Since the model does not directly account for strain hardening and strain-rate
effects, an effective flow stress Yp must be used. For the hard steel core, this was estimated to be
2.1GPa. Projectile velocity vs. time is shown in Fig. 6; and the length and mass of the projectile
are shown as functions of time in Fig. 7. The slope of the length–time curve is not constant
because of deceleration of the tail. There is little mass loss initially, however, because of the
551conical nose. Once the conical nose is eroded (the projectile length must decrease by 0.71 cm
before the conical nose is completely eroded away), mass loss is directly proportional to the
decrease in projectile length.
The model is compared to the simulation result shown in Fig. 3. The projectile dwells for

approximately 20ms. According to the simulation, the projectile tail velocity is 576m/s at the end
of the dwell period, a decrease of 244m/s from the impact velocity of 820m/s. The analytical
model gives a tail velocity of 558 m/s at 20 ms, a decrease of 262m/s. The analytical model is within
7% of the simulation results for the velocity decrement. The numerical simulation predicts that
the 2.81-cm-long projectile erodes to 1.48 cm after 20ms; the analytical model predicts the eroded
length to be 1.40 cm. The answers are within 5%. Of course, the analytical model is valid only up
to the end of dwell.
Fig. 5. Length vs. penetration depth for the simulation of Fig. 3.
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Fig. 7. Core length and mass vs. time.

Fig. 6. Velocity vs. time.
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From the mass and velocity, the kinetic energy can be calculated, as shown in Fig. 8. The kinetic
energy loss can be partitioned between that due to mass loss (erosion) and that due to
deceleration. The dashed line depicts how the kinetic energy decays due to projectile erosion, and
the solid line represents the total kinetic energy. The difference in the two curves is the kinetic
energy that is lost through deceleration. Again, because of the conical nose of the projectile, little
kinetic energy is lost due to erosion at early times.
What is evident from the curves is that just a few extra microseconds of dwell substantially

changes the kinetic energy of the projectile. Three more microseconds dwell at 16.5ms decreases
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Fig. 8. Relative kinetic energy vs. time for surrogate AP projectile assuming dwell (impact velocity of 820m/s).
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the kinetic energy by another 10.2%, is in good agreement with the approximations leading
to Eq. (13).
4.2. Long-rod projectiles

The tail velocity for long-rod penetrators remains approximately constant until the projectile
length has decreased to only a few diameters in length [3,20]. This is largely a consequence of the
fact that the deceleration steps are a smaller fraction of the impact velocity for high-velocity, high-
density projectiles as compared to small arms AP projectiles.1 As in Ref. [20], it is convenient to
plot the response as a function of the scaled time, tv0=‘0 � tv0=L0: The scaling parameter vo/Lo is
also suggested by Eq. (11) since vEvo for long-rod projectiles. Plotting in this manner, the
results—for the same projectile material—are accurate to within a few percent over a relatively
large velocity range (e.g., 1.2pv0p3.0 km/s).
The 1480-m/s experiment in Fig. 4 will be used for a specific example. It has been assumed that

the flow stress for the tungsten alloy (density of 17.6 g/cm3) is 2.0GPa. The normalized tail
velocity, as a function of scaled time, is shown in Fig. 9. As can be seen, assuming dwell, the tail
velocity is �93% of the impact velocity at a scaled time of 0.75. For the specific case of the 1480-
m/s experiment, the projectile appears to dwell at the surface of the ceramic approximately 25ms
before it begins to penetrate the ceramic (there is a 4-mm-thick cover plate in the experiment, but
it is ignored in this analysis). The 25ms corresponds to a scale time of approximately 0.25
(L0=150mm; v0=1.48 km/s). During this time, approximately 18 projectile diameters (see Fig.
10) will have eroded.
1The elastic deceleration step is approximately 50m/s for a tungsten-alloy projectile material that has a 2.0-GPa flow

stress. In contrast, the deceleration step for the hard-steel AP projectile, with a flow stress of 2.1GPa, is approximately

110m/s. Further, the initial L/D of the AP projectile is only �3.6.
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Fig. 10. Eroded length vs. scaled time.

Fig. 9. Relative velocity vs. scaled time.
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The length of remaining projectile is not given in Ref. [12]; however, in other experiments by the
same group [21], the ‘‘instantaneous’’ projectile lengths were measured from the flash radiographs
and reported. For these reverse-ballistic experiments, the tungsten-alloy projectile was 778.5-mm
long, with a diameter of 1mm. The length of the projectile after 132.3ms of dwell (impact velocity
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Fig. 11. Relative kinetic energy vs. scaled time for long-rod projectiles.
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of 1500m/s) was 580mm. The 132.3ms corresponds to a scaled time of 0.255 for this projectile and
impact velocity. The model predicts that 197mm of projectile would be eroded (Fig. 10), which
corresponds to a remaining projectile length of 581mm, in excellent agreement with experiment.
The decay of kinetic energy for tungsten–alloy long-rod projectiles is plotted in Fig. 11. It is

seen that most of the loss in kinetic energy is due to erosion. This is in contrast to the results
shown in Fig. 8 for the small arms AP bullet, where a significant amount of kinetic energy loss is
from bullet deceleration.
A similar approach that leads to Eqs. (12)–(13) can be made for long-rod projectiles. For a

specific example, it will be assumed that the long rod has an L/D of 30, with a diameter of 6mm (a
typical laboratory-sized projectile). Eq. (11) becomes, for an impact velocity of 1.5 km/s and the
specific dimensions specified:

1

KE0

dKE

dt
� �

1:6

L=D
� �

D
¼ 0:0089ms�1 long rod: (14)

Thus, 12ms of dwell will result in a 10% loss in kinetic energy. The decrease in kinetic energy is
not quite as dramatic for a long-rod projectile compared to the small arms AP bullet because of
the differences in geometry and penetration physics, particularly deceleration.
However, an alternative way to consider the benefit of dwell for long rods is to examine the

change in total depth of penetration. In the ordnance velocity range, normalized penetration is
proportional to the impact velocity [3,22]:

P

L
� V or P � VL: (15)
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Thus, a 10% decrease in the length of the projectile results in a 10% decrease in penetration. For
the L/D 30, 6-mm-diameter projectile, 12ms of dwell corresponds to 7.5 projectile diameters, or
45mm, less penetration (Fig. 10). At an impact velocity of 1.5 km/s, this L/D 30 projectile will
penetrate �125mm of armor steel [23]; therefore, 12ms of dwell would result in a 35% reduction
in penetration. This is a rather significant reduction in penetration.
5. Conclusions

An analytical model for dwell or interface defeat has been presented, and then applied to small
arms and long-rod projectiles. Agreement between the simplified model and full up numerical
simulations and experimental results is quite good, validating the simplifying assumptions of the
dwell model. The model is particularly useful for quantifying the decrease in penetration
performance (or increase in armor performance) if dwell time can be enhanced.
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