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Abstract

Patterned armor is characterized by an array of repeating cells, such as tiled ceramic armor or reactive
armor boxes. Performance characteristics of an ideal patterned armor with respect to multiple hits are
discussed, and the types of single-shot ballistic data needed to quantify that performance are presented. An
approach to use these data is developed to provide a quantitative measure (probability of nonperforation
after a given number of impacts) of the patterned armor performance against multiple impacts. This
performance measure can then be compared to a well-posed multiple-hit criterion to assess whether the
patterned armor meets the criterion.
r 2004 Elsevier Ltd. All rights reserved.

Keywords: Patterned armor; Armor performance evaluation; Limit velocity; Ceramic armor; Multiple-hit criterion;

Lightweight armor; Multiple-hit capability
1. Introduction

The trend in lightweight vehicle protection is towards armors that are modular in nature. These
armors consist of individual repeating cells that make up a patterned array. The cells, such as
ceramic tile or reactive armor boxes, typically are capable of defeating a single impact with very
high efficiency. However, an impacted cell may be less capable of defeating a second impact.
While specific cases of patterned armor performance have been examined in the past, there has
been no general approach developed to evaluate patterned armor for lightweight armored vehicles
attacked by automatic weapons or bursting munitions. Whatever level of performance is set as the
multiple-hit criterion, there has to be an accepted means or methodology by which the results of
see front matter r 2004 Elsevier Ltd. All rights reserved.
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single-shot ballistic data can be used to estimate the performance of a given patterned armor
design against multiple impacts.
2. Patterned armor performance characteristics

The main characteristic of patterned armor is that the armor is made up of repeating cells. The
armor is defined to have multiple-hit capability if it can defeat impacts from threat munitions on
adjacent cells and in the seams between nonimpacted cells. Clearly, it may not be possible to
design a multiple-hit-capable armor if limits are placed on the allowable areal density and cost.
However, a sufficient amount of ballistic data must be gathered on the armor performance so that
trade-offs can be quantified to the greatest extent possible.

The first step in the evaluation procedure is to determine the limit velocity of the threat against an
individual cell. A minimum limit velocity is usually the primary characteristic that is specified for the
armor. It can be specified as a V50 or a VL, either of which can be determined through standard
techniques (e.g., Ref. [1]). For purposes of discussion, we will assume that there is a single value for
the limit velocity and ignore such phenomena as the zone of mixed results. This simplistic approach
can be modified to take into account a more sophisticated concept of probability of perforation.
However, the essence of the methodology is not affected with this more involved approach.

The next step is to determine the uniformity (or lack thereof) of the ballistic performance over
the entire area of the cell. Ideally, the limit velocity specification can be met over the entire cell.
However, if there is some falloff in performance in some particular area of the cell, a performance
map of the cell needs to be generated as input data for the evaluation methodology. In the case of
ceramic-based patterned armor, particular attention needs to be placed on armor performance
near the tile edge.

The third step is to determine the performance of the patterned armor in the area between cells.
For these tests, multiple cells must be employed in an array that simulates, to the greatest extent
practical, the actual arrangement of the cells in the armor design. Limit velocities should be
determined not only for straight-edge seams but also for individual points where three or more
cells might meet.

Finally, ballistic tests must demonstrate that an impact on one cell does not affect the
performance of an adjacent cell upon subsequent impact. This is done by shooting at a target with
an array of cells put together in the same way as that envisioned for the fielded armor design. The
actual number of cells in any one target would be determined to some extent by their size and
geometry (and possibly test costs). If this aspect of multiple-hit capability cannot be achieved,
then it is presumed that changes would be made in the design and materials of the armor so that it
meets this requirement.

The ballistic data gathered in all these tests come in the later stages of the research and
development cycle. It is presumed that the armor designs being examined have already undergone
some initial tests and have a high potential for actual fielding on an armored vehicle. In the
absence of ballistic data, the methodology can still be useful in conducting trade-off studies and
providing guidance to armor researchers. However, whether the ballistic data are generated or
not, it is still necessary to have a well-posed multiple-hit criterion against which to judge the
effectiveness of a real or supposed armor design.
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3. Basic methodology

For automatic weapons, the dispersion of impacts on the armor array is most likely described
by a bivariate normal distribution. For bursting munitions, the impact locations can be described
with a uniform random distribution. It has been shown [2] that for a large number of impacts n in
a burst (n47), the difference between using the bivariate normal distribution and a uniform
random distribution is less than 5%. Consequently, a uniform random distribution will be used.

Other simplifying assumptions are used to develop the methodology. First, the cell geometry is
taken as a square with a side length of D. Other geometries could be used, but the basic approach
would remain the same. Second, it is assumed that the armor has been designed such that a hit in
one cell leaves adjacent cells unaffected. Third, it is assumed that when a cell is impacted, it is no
longer capable of defeating a subsequent impact by a threat round. This particular assumption
will be relaxed in a later development. Fourth, we assume the possibility of a zone of weak
performance located at the edge of the cell having a width d. If the round strikes the cell anywhere
in this zone at the prescribed velocity, the cell is perforated. This zone of weak performance takes
into account either an inherent variation of ballistic performance as a function of hit location
within the cell, the effects of impacts on the seam, the effect of the round having a finite diameter,
or a combination of these effects. For ease of calculation, the bullet diameter is assumed to be zero
so that it can impact only one cell at a time. Seam impacts where two or more cells might be
destroyed is an added complexity not addressed by this methodology. Finally, let A be a circular
area that contains the hit locations of n rounds. If the cell size is small in comparison to A, then a
good approximation is

A ¼ ND2; (1)

where N is the number of cells contained within A.
The case where N is small (e.g., three or four) is not considered here and would take a somewhat

different approach. Small N generally indicates attack at close range where A is also small. For
n4N, the probability of defeating all of the rounds is zero.

The probability that the first round in the burst is defeated by the target is given by

P1 ¼ ð1 � 2d=DÞ
2: (2)

After the first impact, one cell has been destroyed, and the probability that the patterned armor
defeats two rounds is given by

P2 ¼ ððN � 1Þ=NÞð1 � 2d=DÞ
4: (3)

Similarly, the probability Pn that the target defeats n rounds is given by

Pn ¼ fðN � 1ÞðN � 2ÞðN � 3Þ . . . ðN � n þ 1Þ=Nn�1g

� ð1 � 2d=DÞ;2n ð4Þ

Pn ¼ fN!=NnðN � nÞ!gð1 � 2d=DÞ
2n: (5)

For d ¼ 0; Eq. (5) reduces to the expression obtained by Bless and Jurick [3].
For d ¼ 0; the model and its assumptions dictate that the cells be as small as possible (i.e., large

N) for maximum armor performance. This is because the protected area is reduced by a smaller
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amount with each impact given a smaller cell size. However, there are practical limits. At some
point, cell performance will be affected by impacts on neighboring cells, or there may be a cell size
effect itself (depending on the armor technology used) that limits cell performance. In most cases,
this size is reached well before the lateral dimensions of the cell equal the round diameter.

The model can be used to determine the effects of small differences in armor designs. Compare
two patterned armors with the following characteristics. The first has a cell size with D ¼ 100 mm
and d ¼ 0; while the second has D ¼ 90 mm and d ¼ 1 mm: The supposition here is that an
attempt can be made to reduce the cell size from 100 to 90 mm (and increase the performance
against multiple hits) but that a price was paid in terms of a seam effect. (One mm is less than the
radius of small arms rounds.) Given a value of A ¼ 2 m2; the calculated value of Pn vs. n is shown
in Fig. 1 for each design.

The model shows the value of having no zone of weak performance. The calculations can be
continued with smaller cell sizes but the same value of d. The difference in performance between
the two armor designs grows due to the fact that as the number of cells increases in the impact
zone (area A), the negative effect of increasing vulnerable area (seam effect) overwhelms the
positive effect of having a smaller cell size. The methodology can easily be applied to more
complicated situations where d is nonzero and varies with cell size.

Consider now a hypothetical patterned armor with the following characteristics. First, the cell is
a square with side length equal to 3 projectile diameters. Second, assume the armor, called concept
X, can defeat the incoming round 19 out of 20 times given hits on undamaged cells. That is, in 1
out of 20 tries, the armor is perforated, even though the bullet strikes an undamaged cell. Third,
d ¼ 0: Other assumptions, such as cells adjacent to impacted cell being unaffected by the impact,
also hold. In this case,

P1 ¼ 0:95ND2=ðND2Þ ¼ 0:95: (6)
n, Number of Impacts
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Fig. 1. Probability of nonperforation Pn given n impacts for two cell types.
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As before,

P2 ¼ ð0:952ðN � 1ÞD2Þ=ðND2Þ; (7)

and

Pn ¼ 0:95nNðN � 1ÞðN � 2Þ . . . ðN � n þ 1Þ=Nn

¼ 0:95nðN � 1Þ!=Nn�1ðN � nÞ!Þ: ð8Þ

The concept X armor can be compared to the conventional patterned armor array by using
Eqs. (5) and (8). As in the previous example, the choice of input parameters is arbitrary, and the
comparison is made for demonstration purposes only. For the concept X armor, a cell length edge
is taken as 25 mm. Using A ¼ 2 m2; Fig. 2 shows the performance difference between concept X
and a patterned armor with cell edge length of 90 mm and d ¼ 1 mm: Here, the concept X armor is
slightly lower in protection capability for small values of n. For n ¼ 5; there is a cross-over in
performance, and for n45, the concept X armor has a higher probability of defeating n rounds
than the conventional patterned armor. Different results would be obtained with different input
parameters.
4. Velocity effects

Based on the dispersion characteristics of the threat weapons, the model presented to this point
takes into account the effect of weapon-to-target distance (range) through an increase in impacted
area. That is, as the range is increased, A increases, and the probability of no perforations for a
given number of impacts goes up. However, an increase in range also means that the impact
n, Number of Impacts
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Fig. 2. Performance comparison between concept X and conventional patterned armor.
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velocity of a given round decreases. For small- and medium-caliber weapons, this decrease can be
substantial. For instance, the impact velocity as a function of range is shown in Fig. 3 for the 0.50-
caliber AP-M2 machine gun round [4]. The large reduction in velocity has not been taken into
account up to now. However, the examples given show that it is quite easy to incorporate velocity
effects into the model, provided the ballistic data exist.

First, consider the range at which the impact velocity equals the limit velocity for a given cell.
For ranges less than this value, perforations will occur for all impacts. That is, Pn=0 for all n. For
ranges greater than this, the model can be applied in its current form. A primary goal of the armor
designer is to produce a cell that has a limit velocity above the muzzle velocity of the threat
weapon.

Next, consider a cell that is capable of defeating the threat round everywhere except in a zone of
weakness, previously described. Also assume that the performance of the zone of weakness is
velocity dependent. That is, at some velocity lower than the specified velocity, the threat round
will be defeated in the zone. The armor performance thus increases with increasing range for two
reasons—increase in A due to weapon dispersion and an increase in cell area capable of defeating
the round. The second reason will result in an incremental increase in P at the range
corresponding to the velocity at which the zone of weak performance is eliminated.

Finally, it is a reasonable assumption that at some impact velocity a given cell will be able to
defeat more than one impact (in addition to having d ¼ 0). It may not happen in all cases,
especially if the hit locations on a given cell are very close. Also, the assumption might not hold
for some armor technologies such as reactive armor. For the sake of argument, however, assume
that at some velocity, a cell can defeat two impacts. At the range corresponding to this velocity,
there will be another incremental increase in the probability that the armor array is not perforated
after some number of impacts.
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Fig. 3. Impact velocity vs. range for 0.50-caliber AP-M2 ammunition [4].
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To calculate this probability, consider an array of N cells representing a patterned armor. Let
PðmÞ be the probability that all shots up to and including the mth shot are stopped by the array.
(This new notation is used to distinguish multihit cells from single-hit cells.) If PAðmÞ is the
probability of the mth shot hitting a cell that has not been struck before in an array that
has survived without perforation, and PBðmÞ is the probability of the mth shot hitting a cell that
has been hit just once in an array that has not been perforated, then

PðmÞ ¼ PAðmÞ þ PBðmÞ: (9)

Now let QAðm � 1Þ equal the number of undamaged tiles in the set of all possible outcomes up
to (but not including) shot number m. In a similar manner, QBðm � 1Þ is the number of single-
impacted tiles in the set of all possible outcomes up to (but not including) shot number m. The
number of cells in all combinations of outcomes through the mth shot is Nm. Thus,

PAðmÞ ¼ QAðm � 1Þ=Nm

and

PBðmÞ ¼ QBðm � 1Þ=Nm: ð10Þ

To delineate the possible combinations of outcomes from the shots on the patterned array,
the following notation will be employed. Let (x0, x1, x2, x3, y) represent an array that has
x0 cells with no impacts, x1 cells with one impact, x2 cells with two impacts, and so forth.
Clearly,

X
ixi ¼ m (11)

and
X

xi ¼ N; (12)

where i goes from 0 to the number equal to the largest number of impacts in a cell in an array.
There will be many combinations for a given set of xi, and the frequency of each combination may
be different. The primary interest is in the number of cells with no impacts ðx ¼ x0Þ or just a single
impact (x ¼ x1). Note also that xi is either 0 or a positive integer and cannot exceed m.

As an example, take N=3. Before any impacts occur, QAð0Þ ¼ 3 and QBð0Þ ¼ 0: In general,
before there are any impacts, the only possible arrangement is (N), and

QAð0Þ ¼ N and QBð0Þ ¼ 0: (13)

The probability of nonperforation resulting from the first shot for our specific example is given
by

Pð1Þ ¼ 3=31 þ 0=31 ¼ 1: (14)

In general,

Pð1Þ ¼ N=N1 þ 0=N1 ¼ 1: (15)

The first shot results in an array designated by (2, 1). That is, there will be two undamaged cells
and one damaged cell for each possible array. In general, the resulting configuration will be
designated as (N�1, 1). For the specific case, the total number possible of undamaged cells is six,
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and there are three total possible undamaged cells. In general,

QAð1Þ ¼ ðN � 1ÞN and QBð1Þ ¼ N: (16)

For the next shot (m ¼ 2), the probability of nonperforation for the specific case of N ¼ 3 is
given by

Pð2Þ ¼ 3 	 2=32 þ 3=32 ¼ 1: (17)

In general,

Pð2Þ ¼ ðN � 1ÞN=N2 þ N=N2 ¼ 1: (18)

The number of undamaged cells is 12, and the number that has been impacted once is also 12.
Thus, QAð2Þ ¼ 12; QBð2Þ ¼ 12; and

Pð3Þ ¼ 12=33 þ 12=33 ¼ 8=9 (19)

for N ¼ 3:
In general, the third shot will impact a target represented by either (N�1, 0, 1) or (N�2, 2, 0).

There will be N combinations where a single cell has been hit twice. All other combinations will
have two cells with one impact and N�2 undamaged cells. There are N(N�1) of these
combinations (N41). Thus,

QAð2Þ ¼ ðN � 1ÞN þ ðN � 2ÞNðN � 1Þ

and

QBð2Þ ¼ 2NðN � 1Þ: ð20Þ

This gives

Pð3Þ ¼ ððN � 1ÞN þ ðN � 2ÞNðN � 1ÞÞ=N3

þ ðð2NðN � 1ÞÞ=N3

¼ ððNÞ
3
� NÞ=ðNÞ

3
¼ 1 � 1=N2: ð21Þ

The same line of reasoning can be applied for the fourth shot. After the third shot, there will be
N combinations (N�1, 0, 0, 1) where a single cell has been hit three times. This set of
combinations will no longer be considered in calculating QA and QB, since it has been perforated.
A second combination (N�2, 1, 1, 0) will be one that has a single hit and a double hit. This can
happen if a shot impacts an undamaged cell in an array that has two hits in one cell or the shot
impacts an array in a cell that has already been hit once. The number of ways this can happen for
these two cases is N(N�1) and 2N(N�1), respectively. The third arrangement will be (N�3, 3, 0,
0) for arrays with three or more cells. Its frequency is N(N�1)(N�2). Multiplying the number of
cells with no impacts in all unperforated arrays times the frequency of occurrence gives

QAð3Þ ¼ ðNðN � 1Þ þ 2NðN � 1ÞÞðN � 2Þ

þ NðN � 1ÞðN � 3Þ: ð22Þ
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Similarly for one-impact cell arrays

QBð3Þ ¼ ðNðN � 1Þ þ 2NðN � 1ÞÞ

þ 3NðN � 1ÞðN � 2Þ: ð23Þ

Grouping terms and simplifying,

Pð4Þ ¼ 1 � 4=N2 þ 3=N3: (24)

By similar reasoning, it can be shown that

Pð5Þ ¼ 1 � 10=N2 þ 15=N3 � 6=N4; (25)

Pð6Þ ¼ 1 � 20=N2 þ 45=N3 � 26=N4; (26)

and

Pð7Þ ¼ 1 � 35=N2 þ 105=N3

� 56=N4 � 105=N5 þ 90=N6: ð27Þ

Note that P(3)=P(4)=P(5)=P(6)=P(7)=0 for N=1, P(5)=P(6)=P(7)=0 for N=2, and
P(7)=0 for N=3. The general solution for any value of N and m and for cells that can withstand
k impacts (k41) is somewhat cumbersome and not readily amenable to closed-form solution [5].

It is straightforward to show how these velocity effects would affect the value of P(m), the
probability of nonperforation through the mth shot. Consider a patterned armor with the
following arbitrary characteristics: (1) a square cell edge length of 100 mm; (2) d ¼ 2 mm; and (3) a
limit velocity for an intact cell of 800 m/s vs. 0.50-caliber AP-M2 ammunition. Assume the zone of
weak performance goes away at a striking velocity of 700 m/s and that the cell can defeat two
impacts at a velocity of 600 m/s. Let the dispersion of the machine gun be 1 mile (1 m/km). The
relationship between the dispersion s and the area A is given by [2]

A ¼ 8:71ðsRÞ
2; (28)

where R is the range to the target in the appropriate units.
Fig. 4 shows how P(7) varies as a function of range. There are steep increases in performance as

a function of range. This steepness results from the simplification that the performance changes at
a specific velocity. In reality, the transition would be smoother.

From 0–223 m, P(7) is 0 because the striking velocity is above the limit velocity of the armor for
this particular threat. From 223 to 476 m, the armor is able to stop single impacts on a cell unless
the round impacts the zone of weak performance, in which case a perforation occurs. At 476 m,
the zone of weak performance goes away. Above 754 m, a single cell is able to defeat two impacts.
Note that there is not much change in P(7) in going from the single-impact cell to the double-
impact cell capability. It may be that in many cases the capability of the armor to stop multiple
impacts at long ranges is so high that there is little room for improvement.

Consider now the trade-off between an armor cell that has a high limit velocity but single-
impact capability vs. an armor cell that has a lower limit velocity but double-impact capability.
Call the single-impact armor ‘‘high-performance’’ armor and let its cells have a limit velocity of
850 m/s vs. the 0.50-caliber AP-M2 ammunition. Call the double-impact armor ‘‘multihit’’ armor
and let its cells have a limit velocity of 800 m/s against the same threat. Both armors have cells
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100 mm on a side, and neither has a zone of weak performance near the seam. Fig. 5 shows the
probability of surviving seven impacts as a function of range for each of these patterned armors.

Up to about a 100-m range, both armors have a low probability of surviving seven impacts. The
value of having a cell with a high limit velocity is negated (to some extent) at very close range due
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Fig. 4. P(7) as a function of range, indicating velocity and multihit effects.
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to the multiple impacts hitting a small area. Above 100 m but below a 250-m range, the high-
performance armor outperforms the multihit armor. At a 250-m range and above, the multihit
armor has the better performance. These results are dependent on the specific choices of input
parameters and are intended only to demonstrate how the methodology can be used to compare
armor performance in a quantitative manner.

There are many different types of comparisons that can be made between patterned armors
with various characteristics. However, unless there is a well-posed performance criterion, the
method presented here is of little value. Being well posed means that the performance criterion
takes into account the nature of automatic weapons fire or bursting munitions. For instance, a
well-posed criterion might be stated as the requirement for the armor to defeat a seven-round
burst of a 0.50-caliber machine gun at 250-m range, with a probability of 95%. The methodology
presented here could then be used to ascertain whether the armor met the criterion.

As an added note, the methodology might also be used for monolithic armor if it is found that
an impact affects an area adjacent to the impact point so that a second round is not defeated in
that area. The cell size would be associated with the dimensions of the affected area, but there
would be no zone of weak performance.
5. Summary

The goal of the armor designer has always been to defeat any and all threats. While this is a
worthy goal, it must be recognized that light armor attacked by automatic weapons fire will
always be defeated under some circumstances. Consequently, realistic performance criteria need
to be decided upon.

Characteristics of an ideal patterned armor have been presented. The types of data needed to
determine performance were discussed. These included such items as the ballistic limit velocity for
a given cell, the variation in performance as a function of hit location on the cell, and the effect of
an impact on a neighboring cell. These data could then be used in conjunction with the presented
methodology to evaluate patterned armor performance with respect to a well-posed multiple-hit
criterion.

Hypothetical examples of how the methodology is applied were provided. These examples
showed (1) the small probability of stopping all the rounds for reasonable values of dispersion and
bursts of 10 or more rounds; (2) the importance of eliminating seam effects; and (3) the
vulnerability of patterned armor to automatic weapons fire at short ranges. While each of
these findings is an obvious result of the assumptions concerning patterned armor characteristics,
the methodology provides a way to quantify the effects of automatic weapons fire and
bursting munitions.
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