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The key to conducting an accurate damage assessment of a target impacted by a high 
speed projectile is the use of a robust assessment methodology. To accurately deter
mine total target damage, a damage assessment methodology must include the ef
fects of discrete impacts by solid debris cloud fragments as well as impulsive loadings 
due to molten and vaporous debris cloud material. As a result, the amount of debris 
cloud material in each of the three states of matter must be known to accurately 
assess total target damage and break-up due to a high speed impact. This article 
presents a first-principles based method to calculate: the amount of material in a 
debris cloud created by a perforating hypervelocity impact that is solid, molten, and 
vaporous; the debris cloud leading edge, trailing edge, center-of-mass, and expansion 
velocities; and the angular spread of the debris cloud material. The predictions of this 
methodology are compared against those of empirically based lethality assessment 
schemes as well as numerical and empirical results obtained in previous studies of 
debris cloud formation. © 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

The key to conducting an accurate damage as
sessment of a target impacted by a high speed 
projectile is the use of a robust assessment meth
odology. The methodology should incorporate 
all of the significant response characteristics and 
damage mechanisms that would result from such 
an impact. The response of a structural target to 
a high speed impact can be said to consist of 

two basic and distinct types of response: local 
response and global response. For high speed 
impacts, material damage associated with local 
response occurs within the first several micro
seconds and is limited to a volume immediately 
adjacent to the impact site. Global response can 
refer to anyone of a number of global phenom
ena that occur over a longer period of time (i.e. 
on the order of milliseconds), under less intense 
loads, and over a much larger area of the target. 
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Typical global responses include the denting, 
buckling, tearing, or catastrophic dismember
ment of internal missile components. 

In high speed impacts, one or more debris 
clouds are created during the initial impact on the 
outer wall of a target. These debris clouds spread 
out as they move through target voids and even
tually impact an inner wall or interior component 
of the target structure. Depending on the impact 
velocity and the relative material properties of 
the projectile and target, these debris clouds can 
contain solid, melted, and vaporized projectile 
and target materials. The levels of melt and va
porization within the debris clouds in turn deter
mine the nature of the loads transmitted to vari
ous target components. 

To accurately determine total target damage, a 
damage assessment methodology must include 
the effects of discrete impacts by solid debris 
cloud fragments as well as impUlsive loadings 
due to molten and vaporous debris cloud mate
rial. Discrete or simultaneous impacts by individ
ual fragments can pose a lethal threat to an inner 
wall or to an interior component of a target, de
pending on the fragments' speed, density, and 
trajectory, and on the density and strength of the 
target inner wall or interior component material. 
Individually, the molten and/or vaporous frag
ments in a debris cloud may not do significant 
damage; however, as a whole, they can produce 
a significant impulsive loading over a relatively 
large area inside the target. This in turn can 
result in further damage to the target at later 
times. 

As a result, the amount of debris cloud mate
rial in each of the three states of matter must be 
known to accurately assess total target damage 
and break-up due to a high speed impact. This 
article presents a first-principles based method to 
calculate: 

1. the amount of material in a debris cloud 
created by a perforating hypervelocity im
pact that is solid, molten, and vaporous; 

2. the debris cloud leading edge, trailing edge, 
center-of-mass, and expansion velocities; 
and 

3. the angular spread of the debris cloud ma
terial. 

The method presented can be used for single- and 
multimaterial solid rod projectiles impacting a 
flat thin target plate. At this point, no adjust
ments have been made to account for differences 

in response due to projectile yaw or impact obliq
uity. The predictions of this methodology are 
compared against those of empirically based le
thality assessment schemes as well as numerical 
and empirical results obtained in previous studies 
of hypervelocity impact debris cloud formation. 

SHOCK LOADING AND 
RElEASE ANALYSIS 

Consider the normal impact of a right circular 
cylindrical projectile on a flat target plate as 
shown in Figure 1. In this study, the projectile is 
assumed to be made of one or more perfectly 
bonded dissimilar layers or disks. Upon impact, 
shock waves are set up in the projectile and tar
get materials. The pressures associated with 
these shocks typically exceed the strengths of 
the projectile and target materials by several or
ders of magnitude. As the shock waves propa
gate, the projectile and target materials are 
heated adiabatically and nonisentropically. The 
release of the shock pressures occurs isentropi
cally through the action of rarefaction waves that 
are generated as the shock waves interact with 
the free surfaces of the projectile and target. This 
process leaves the projectile and target materials 

(a) Yo /CTILE 
I EJECTED DEIRIS 

// \ 
" 

(b) After the Shock In the Shield Has Reflected From 
the Bottom Face of the Shield 

SHIELD 

FIGURE 1 Wave patterns in a projectile and an im
pacted target (Maiden et al., 1963). 
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in high energy states and can cause either or both 
to fragment, melt, or vaporize, depending on the 
material properties, geometry, and the impact 
velocity. 

At very early times during the impact event, 
only the area in the immediate vicinity of the 
impact site is affected by the impact. For the 
projectile and target geometries considered in 
this study, the shock waves can be considered to 
be initially planar. This simplification allows one
dimensional relationships to be used for analyz
ing the creation and release of shock pressures. 
The shock pressures, energies, etc., in the pro
jectile and target materials are calculated using 
the three one-dimensional shock-jump condi
tions, a linear relationship between the shock 
wave velocity and particle velocity in each mate
rial, and continuity of pressure and velocity at 
the projectile-target interface. Solving the re
sUlting equations simultaneously yields expres
sions for projectile and target particle velocities 
that are then used to calculate shock velocities, 
pressures, internal energies, and material densi
ties after the passage of a shock wave. 

Although the shock loading of a material is an 
irreversible process that results in an increase of 
the internal energy of the shocked material, the 
release of a shocked material occurs isentropi
cally along an "isentrope" or "release adiabat." 
The difference between the area under the isen
trope and the energy of the shocked state is the 
amount of residual energy that remains in the 
material and can cause the material to melt or 
even vaporize. To calculate the release of the 
projectile and target materials from their respec
tive shocked states, an appropriate equation-of
state is needed for each material. To keep the 
analysis relatively simple, the Tillotson equation
of-state was used in this study (Tillotson, 1962). 

Propagation of Shock Pressures in a 
Multimaterial Projectile 

As the shock wave generated by the impact on 
the target propagates through a multimaterial 
projectile, it encounters the various interfaces 
between material layers. At each interface be
tween two dissimilar materials, a transmitted 
shock wave and a reflected wave are generated. 
The properties of the reflected and transmitted 
waves are found using the method of impedance 
matching (see, e.g., Rinehart, 1975). In this tech
nique, continuity of pressure and particle veloc
ity are enforced at each interface. If the reflected 

pressure is greater than the incident pressure, 
then the reflected wave is a shock wave. Con
versely, if the reflected pressure is less than the 
incident pressure, the reflected wave is a rarefac
tion wave. Once the pressure and the particle 
velocity in a subsequent material layer are deter
mined, the one-dimensional shock-jump condi
tions are used to calculate the specific volume 
and the energy of the shocked material. This pro
cedure is repeated for each successive projectile 
material layer. Thus, the impact conditions are 
used to define the shocked states in the target 
and first projectile layer materials; the shocked 
states in subsequent projectile material layers are 
obtained using an impedance matching tech
nique. 

Release of Shock Pressures 

The target shock pressures are released by the 
action of the rarefaction wave that is created by 
the reflection of the shock wave in the target 
from the target rear free surface (R3 in Fig. O. 
This rarefaction wave propagates through the 
target material and into the shocked projectile 
layer materials. In doing so, it also releases the 
projectile materials from their respective 
shocked states. For the purposes of the model 
developed herein, this process of shocking and 
releasing continues until the rarefaction wave 
overtakes the shock wave. After this point in 
time, it is assumed that no additional shocking 
and release of projectile material occurs. In this 
manner, the model developed herein considers 
only material that is "fully shocked." 

As mentioned previously, in some instances 
the relative impedance of two adjoining projec
tile layer materials may result in a shock wave 
being reflected back into a projectile material 
layer that has been shocked and released. How
ever, it is assumed for the purposes of this study 
that this reflected shock wave does not "re
shock" the projectile material and that the mate
rial into which it is reflected remains released. 
This assumption is reasonable because as the re
flected shock wave moves back into the released 
layer material, it continuously creates rare
faction waves at the projectile edge free sur
faces that release any material shockIng it pro
duces. Thus, in this model, any projectile layer 
material that has been shocked and released 
will remain released regardless of the nature of 
the wave reflected from its interface with an 
adjoining layer. 



276 Schonberg 

DEBRIS CLOUD MATERIAL 
CHARACTERIZATION 

Computing Percentages of Solid, Liquid, 
and Gaseous Debris Cloud Material 

Once the residual internal energies in the 
shocked and released portions of the projectile 
and target materials are obtained, the percent
ages of the various states of matter in the result
ing debris cloud are estimated using the following 
procedure. This procedure requires the knowl
edge of the materials' solid and liquid specific 
heats (Cps. Cpt), melting and boiling points (Tm, 
Tv), and heats offusion and vaporization (Hf, Hv) 
in addition to the residual internal energy (Er). 

If Er < CpsTm' all of the shocked and released 
materials is considered to remain in a solid mat
ter state. If CpsTm < Er < CpsTm + Hf , the quan
tity (Er - CpsTm)IHf represents the fraction of 
the shocked and released material that was 
melted, while the remaining shocked and re
leased material is assumed to be in solid form. If 
CpsTm + Hf < Er < CpsTm + Hf + Cp/(Tv - Tm), all 
of the shocked and released material is con
sidered to be in a liquid state. If CpsTm + Hf + 
Cp/(Tv - Tm) < Er < CpsTm + Hf + Cp[(Tv -
Tm) + H v, the quantity {Er - [CpsTm + Hf + 
Cp[(Tv - T m)]}/ Hv represents the fraction of the 
shocked and released material that was vapor
ized, while the remaining shocked and released 
material is considered to be in liquid form. If 
CpsTm + Hf + Cp[(Tv - Tm) + Hv < En all of the 
shocked and released material is vaporized. 

Computing Masses of Solid, Liquid, and 
Gaseous Debris Cloud Material 

The material in the debris cloud created by the 
initial impact consists of the target material re
moved by the impact and the impacting projectile 
mass. The mass of the projectile material in the 
debris cloud is known a priori; the mass of the 
target material in the debris cloud is determined 
by multiplying the target hole-out area by the tar
get thickness and the target material density. The 
diameter of the hole created in the target plate by 
the initial impact can be calculated using anyone 
of a number of empirical equations for hole diam
eter in a thin plate due to a high speed impact 
(see, e.g., Jolly, 1993). 

To calculate the masses of the various states 
of the projectile and target materials in the debris 
cloud, the amounts of shocked and released tar-

get and projectile material must be determined. 
Referring to Figure 1, these quantities are ob
tained by determining the location in the target 
plate where the rarefaction wave R2 overtakes 
shock wave S2 (Maiden et al., 1963). In the pro
jectile, the rarefaction and shock waves of inter
est are R4 and SI. respectively. It is the material 
through which both the shock wave and the re
lease wave travel that is shocked and released 
and is therefore either melted or vaporized, de
pending on the particulars of the impact event. 
Any material beyond the point at which the rare
faction wave overtakes the shock wave is as
sumed, for the purposes of this study, not to be 
shocked and to remain in a solid matter state. If 
the point at which the release wave overtakes the 
shock wave is beyond the thickness of the target 
plate or the length ofthe projectile, then all of the 
material is considered shocked and released. For 
the target plate and for a single-material projec
tile, the equations derived by Maiden et al. (1963) 
are used directly. For a multimaterial projectile, 
the location in the projectile where the rarefac
tion wave overtakes the shock wave is deter
mined using a technique based on that used for a 
single-material projectile. 

Consider Figure 2, which is an extension of 
the single material projectile curves to the case of 
a multimaterial projectile. In Figure 2, the speeds 
of the waves R4 and SI. which are denoted by D 
and E subscripts, respectively, are seen to 
change as they move through the projectile mate
rial layers. In addition, the interface velocity, 
which is denoted by a C subscript, also changes 
from interface to interface due to the different 
material layer properties. As in the case of a sin
gle-material projectile, we are interested in cal
culating the length L4, which is the distance from 

T 

FIGURE 2 Extension of single-material X-T dia
gram to multimaterial projectiles. 
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the undisturbed leading edge of the projectile to 
the point within the projectile where the rarefac
tion wave R4 overtakes the shock wave S) as it 
moves through the various projectile layers. This 
quantity is obtained by performing a sequence of 
calculations provided by Schonberg (1994). 

Figure 3 shows the results obtained when these 
calculations are applied to a three-layer projec
tile impacting an aluminum plate at 6 km/s. The 
projectile materials, their stacking sequence, and 
the geometry of the impact are also given in Fig
ure 3. As can be seen from Figure 3, the original 
rarefaction wave emanating from the target rear 
surface overtakes the shock wave in the projec
tile at a distance of approximately 0.71 cm from 
the leading edge of the undisturbed projectile. 
This implies that at the impact velocity consid
ered, the first two projectile layers (i.e. the alu
minum and the steel) are completely shocked and 
released as is the first 0.202 cm of the third pro
jectile layer (i.e. the tungsten). 

In calculating the amount of target material 
subject to shock loading and release, it is as
sumed that the shocked target material comes 
from an area of the target equal to the presented 
area of the projectile (Herrmann and Wilbeck, 
1987); the remaining material ejected from the 
target in the creation of the target plate hole is 
assumed to remain in a solid, albeit undoubtedly 
fragmented, state. Further, it is also assumed 
that the depth of the shocked target material ex
tends completely through the target thickness. 
Were this not the case, then other target failure 

modes, such as plugging, for example, might 
come into play. This in turn would seriously 
compromise the validity of the assumptions 
made in the development of this debris cloud 
model. A direct consequence of this assumption 
is that this model is not valid for "thick" target 
plates. 

Once the projectile and target mass contribu
tions to the debris cloud and the fractions of 
these masses that were shocked and released 
were obtained, the masses of the target and pro
jectile materials in each of the three states of 
matter are computed by multiplying each matter 
state percentage by the appropriate total shocked 
and released mass. The mass of the solid 
shocked and released material (if any) is then 
added to the mass of the un shocked material (if 
any) to obtain the total mass of the solid compo
nent of the debris cloud material. 

Debris Cloud Velocities 

The equations developed in the subsequent sec
tions are presented in their most general form. 
They can be applied directly to a single-material 
projectile and adapted easily to the impact of a 
multimaterial projectile. In characterizing the ve
locities of the debris cloud created by a hyperve
locity impact on a thin plate, there are two possi
bilities that need to be considered. 

First, all of the projectile material is shocked 
and released. In this case, the debris cloud con
sists of the projectile and target material that is 

X-T Diagram For 6 km/s Impact 
IALI <-- IALISTIWI 

0.06 
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Axial Position X (em) 
(T = 0.254 em, L 1 = L2 a 0.254 em, L3 = 5.08 em) 

FIGURE 3 Movement of rarefaction wave R4 and shock wave SI specific example. 
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shocked and released and the additional frag
mented target material that is ejected from the 
target plate during the perforation process but, 
according to the assumptions made herein, is not 
shocked and released. In the debris cloud model 
developed herein, all of this material is allowed 
to move axially and expand radially. The quanti
ties of interest in this case are therefore the de
bris cloud leading edge, center-of-mass, trailing 
edge, and expansion velocities, that is, vf, Vi, V" 

and v exp , respectively. 
Second, some of the projectile material re

mains, according to the assumptions employed 
herein, unshocked. Although it would not be ap
propriate to call this unshocked projectile mate
rial a "residual projectile mass," it is reasonable 
to presume that this material is less severely 
stressed than that which is fully shocked and 
then released. Hence, it is also reasonable to pre
sume that if there is any un shocked projectile 
material, then it does not significantly expand ra
dially as it moves axially. In this case, the debris 
cloud consists of shocked and released target and 
projectile materials and the additional unshocked 
fragmented target material. The quantities of in
terest are the debris cloud leading edge, center
of-mass, and expansion velocities (vf' Vi> and 
v exp) and the velocity of the remaining unshocked 
projectile material, vpr • Note that due to the pres
ence of the unshocked projectile mass, there is 
no debris cloud trailing edge for which to calcu
late a velocity. 

Debris Cloud Velocity and Spread Calculations. 
Consider the impact of a projectile on a thin tar
get and the debris cloud created by it as shown in 
Figure 4. As indicated in the figure, the velocities 
of interest are Vf, Vi, Vexp , and Vr . As the initial 
shock wave created by the impact strikes the rear 
surface of the target, it creates a rarefaction 
wave that travels back into the target and eventu
ally in some form into the projectile. This action 
and interaction of the shock wave and the free 
surface impacts a velocity Ufsl to the target rear 
surface equal to the sum of the particle velocity 
in the target material due to the shock wave upl 

and the particle velocity due to the rarefaction 
wave UrI> that is, 

(1) 

Because UrI = Upl (Rice et aI., 1958), we simply 
have ufsi = 2upl. 

In both of the cases described in the previous 

~ 
TARGET PLATE /, ......... 

/ I' 
f' / / f}., vrad '" 
I .... / \ \ 
I / \ 
I vR ~ .~ VI }---. vF 

"\{~ / L-[r ......... _ ~\L//~ BUMPER MATERIAL 

\ PROJECTILE MATERIAL 

EXTERNAL BUBBLE 

FIGURE 4 Debris cloud velocities. 

subsection, the velocity ofthe leading edge of the 
debris cloud vfis approximated with Ufsl (see also 
Piekutowski, 1990), that is, 

Vf = Ufsl = 2upt. (2) 

Also common to both cases is that the half
angle measuring the spread of the debris cloud 
materials is given by 

(3) 

What distinguishes the two types of debris 
clouds mathematically is the manner in which Vi, 

vexp , and Vr or Vpr are calculated. When all of the 
projectile material is shocked and released, then: 

(4) 

Vi is obtained from momentum conservation be
fore and after the impact event, that is, 

(5) 

and, vexp is obtained from the application of en
ergy conservation before and after the impact 
event, that is, 

where mdc = mp + m l is the total debris cloud 
mass; mp is the projectile mass; m l is the total 
target hole-out mass; Epr and E lr are the internal 
projectile and target energies, respectively, that 
have gone into heating the projectile and target 
materials; and ufsp = Upp + u rp is the velocity of 
the rear free surface of the projectile. As in the 
case of ufsl, ufsp is taken to be equal to the sum of 
the particle velocity in the projectile material due 
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to the passage of the shock wave, UPP ' and the 
particle velocity due to the passage of the rare
faction wave in the projectile material, urp , cre
ated by the reflection of the shock wave from the 
projectile rear free surface. 

In the event when not all of the projectile ma
terial is shocked and released, then Vi, vexp , and 
vpr are obtained through the solution of the fol
lowing three simultaneous equations: 

Vexp = VI - Vi; 

mpvo = mprvpr + mdcVi; 

mpv~12 = Epr + E tr + mprv~rl2 

+ mdcvr/2 + mdcv;xp/2 

(7) 

(8) 

(9) 

where in this case mdc = mp + m t - mpr, and mpr 
is the mass of the unshocked projectile material. 
In this particular case, substituting for vexp and vpr 
into eq. (9) using appropriate expressions ob
tained from eqs. (7) and (8) yields a quadratic 
equation for Vi. This equation is then solved to 
yield the following expression for Vi: 

Vi = b/a - [(b/aF - (c/a)]1/2 (l0) 

where 

a = 2 + mdJmpr 

b = vI + (mp/mpr)vo 

C = V} + (mp/mr - l)(mp/mdc)v~ 

+ 2(Epr + Etr)/mdc. 

(lIa) 

(lIb) 

(lIc) 

The quantities vexp and vpr are then easily ob
tained from eqs. (7) and (8). 

DEBRIS CLOUD CHARAClERIZA liON 
SCHEME VERIFICATION 

A FORTRAN program called DEBRIS3 (Schon
berg, 1994) was written to implement the various 
equations and procedures described previously. 
DEBRIS3 is an interactive program that prompts 
the user for the following information: 

1. number of projectile layers; 
2. projectile material; 
3. target material; 
4. impact velocity; 
5. target thickness; 
6. projectile diameter; 

7. lengths of projectile layers; and 
8. hole diameter option. 

DEBRIS3 requires a material library input file, 
which also contains appropriate Tillotson equa
tion-of-state parameters. DEBRIS3 generates an 
output file, which contains a detailed summary of 
the following information: 

1. projectile and target geometric and material 
properties; 

2. impact conditions; 
3. projectile and target material equation-of

state parameters; 
4. projectile and target material end-state cal

culation results, including the waste heat 
generated, the resulting temperature in
crease, the percent of solid, liquid, and va
porous material, and the masses of the 
solid, liquid, and vaporous components; 
and 

5. debris cloud velocities vI, Vi, and Vr, and 
vexp , as applicable. 

In the following two sections, the predictions 
of DEBRIS3 are compared qualitatively and 
quantitatively against experimental results, the 
predictions of various one- and three-dimen
sional hydrocodes, and the predictions of several 
empirically based lethality assessment schemes. 
For single-material projectiles, direct quantita
tive comparisons are possible because of the 
availability of experimental and numerical data 
for the chosen projectile geometry. U nfortu
nately, quantitative comparisons with experi
mental results for multimaterial projectiles are 
not possible because such data does not exist in 
the open literature for cylindrical projectiles. 
However, qualitative comparisons with experi
mental results were still possible using the results 
of a series of impact tests performed with layered 
spherical projectiles. In an attempt to lend fur
ther credibility to the model developed herein, a 
series of CTH runs was performed using layered 
cylindrical projectiles. This allowed a direct 
quantitative assessment of the predictions of 
DEBRIS3 for multimaterial projectiles. 

Single-Material Projectiles 

Comparison with Experimental Results and One
Dimensional Hydrocode Predictions. Debris 
cloud velocity values were calculated using 
DEBRIS3 and compared against experimental 
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results and one-dimensional hydrocode predic
tions obtained from a previous study of debris 
cloud formation and growth using thin copper 
disks (LID = 0.3) impacting thin aluminum plates 
(Piekutowski, 1990). As can be seen in Table 1, 
the predictions of DEBRIS3 for Vf, Vi, and Vr 

were in excellent agreement with those of the 
one-dimensional hydrocode and the experimen
tal results. 

Over all the cases considered, the average dif
ference between the predictions of DEBRIS3 for 
Vf, Vi, and Vr and the corresponding experimental 
results was approximately 4% with a standard 
deviation of approximately 3%. However, the 
predictions of DEBRIS3 for vexp exceeded the 
experimental results by an average of approxi
mately 40% with a standard deviation of approxi
mately 15%. This discrepancy may have been 
due to the fact that the expansion velocity mea
sured by Piekutowski (1990) was that of the 
heavier copper component of the debris cloud 
while the velocity calculated by DEBRIS3 was 
based on both debris cloud materials. 

Comparison with CTH and Lethality Assessment 
Scheme Predictions. Figure 5 presents a compar
ison of the predictions of DEBRIS3, the hydro
code CTH, and the semiempirical code FATE
PEN2 (Yatteau et aI., 1991a, b) for debris cloud 
leading edge velocity vf for steel cylinders 
(LID = 1) normally impacting thin aluminum tar
get plates (TID = 0.125). As is evident in Figure 
5, the predictions of DEBRIS3 compare favor-

ably with those of FA TEPEN2 in the velocity 
regime for which F ATEPEN2 was designed to be 
used (i.e. less than approximately 5 km/s). A 
quick calculation reveals that the difference be
tween the DEBRIS3 predictions of leading edge 
velocity and those of FATEPEN2 was approxi
mately 26% of the DEBRIS3 values with a stan
dard deviation of approximately 4% for the im
pact velocities considered. One reason for this 
difference could be the fact that the mass of the 
impacting projectile considered exceeded the 
maximum value of projectile masses used to de
velop the FATEPEN2 equations. 

The CTH values plotted in Figure 5 are aver
age values of the velocities of three Lagrangian 
station points along the impact centerline within 
the aluminum target plate. These average values 
differed from the corresponding minimum and 
maximum values by approximately 0.5 km/s at 
an impact speed of 2 km/s and 3.0 km/s at an 
impact speed of 14 km/ s. Inspection of Figure 5 
also reveals that there is excellent agreement be
tween the predictions of DEBRIS3 and CTH for 
debris cloud leading edge velocity. The average 
difference between the DEBRIS3 and CTH val
ues was approximately 4% of the DEBRIS3 val
ues with a standard deviation of approximately 
3%. 

Figure 6 presents a comparison of the predic
tions of DEBRIS3, CTH, FATEPEN2, and two 
other semiempirical damage assessment codes, 
PEN4 (Bjorkman et aI., 1987) and KAPP-II 
(Greer and Hatz, 1992), for debris cloud half-an-

Table 1. Comparison of DEBRIS3 with Empirical Results and 1-D Hydrocode Predictions 

T mp Vo vivo v;lvo v,lvo vexplvo 

(mm) (g) (km/s) (1) (2) (3) (1) (2) (3) (1) (2) (3) (1) (3) 

Effect of Target Thickness 
1.0 1.0 6.39 1.44 1.41 1.40 0.91 0.89 0.89 0.36 0.34 0.34 0.24 0.27 
1.5 1.0 6.36 1.44 1.41 1.40 0.88 0.83 0.84 0.36 0.34 0.34 0.24 0.32 
2.0 1.0 6.38 1.42 1.41 1.40 0.83 0.79 0.79 0.35 0.34 0.33 0.27 0.36 
2.5 1.0 6.53 1.46 1.41 1.40 0.79 0.76 0.75 0.35 0.34 0.33 0.27 0.38 

Effect of Impact Velocity 
1.5 1.0 3.45 1.37 1.39 1.39 0.86 0.84 0.84 0.43 0.36 0.36 0.23 0.33 
1.5 1.0 4.85 1.43 1.40 1.39 0.87 0.84 0.84 0.39 0.35 0.35 0.23 0.33 
1.5 1.0 6.36 1.44 1.41 1.40 0.88 0.83 0.84 0.36 0.34 0.34 0.24 0.32 

Effect of Projectile Mass 
2.0 1.0 6.38 1.41 1.41 1.40 0.83 0.79 0.79 0.35 0.34 0.34 0.27 0.36 
2.9 3.0 5.66 1.44 1.40 1.40 0.82 0.80 0.79 0.34 0.34 0.23 0.36 
4.4 10.0 5.12 1.40 1.40 1.39 0.83 0.80 0.79 0.36 0.35 0.35 0.22 0.37 

(1) Experimental Results (Piekutowski, 1990). 
(2) I-D Hydrocode Predictions (Piekutowski, 1990). 
(3) DEBRlS3 Predictions. 
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Debris Cloud Leading Edge Velocity Comperlson 
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FIGURE 5 Debris cloud leading edge velocity comparisons. 

gle for steel cylinders (LID = 1.0) normally im
pacting thin aluminum target plates (TID = 
0.125). In Figure 6, the average difference be
tween the predictions of KAPP-I1 and DEBRIS3 
was approximately 18% of the DEBRIS3 value 
with a standard deviation of approximately 10%; 
the average difference between PEN4 and DE
BRIS3 was approximately 6% with a standard 
deviation of nearly 7%. Based on these results, it 
may be argued that the predictions of DEBRIS3 
agree fairly well with those of KAPP-I1 and 
PEN4. However, comparing the differences be-

tween DEBRIS3 and F ATEPEN2 was somewhat 
more difficult because F ATEPEN2 distinguishes 
between target debris spread and projectile de
bris spread but DEBRIS3 does not. In FATE
PEN2, the target debris half-angle is fixed at 25° 
while the projectile debris half-angle is based on 
material properties, impact conditions, etc. 

It is interesting to note that unlike the smooth 
curve predictions of KAPP-I1, FATEPEN2, and 
PEN4, the curve representing the growth of the 
debris cloud spread generated by DEBRIS3 con
tains numerous kinks. In particular, the impact 

Debris Cloud Half-Angle Comparisons 
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Steel Projectile (L/D= 1.01. Aluminum Plate (T/D=0.125) 
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FIGURE 6 Debris cloud half-angle comparisons. 
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velocities corresponding to the vertical lines in 
Figure 6 also correspond to impact velocities at 
which significant changes occur in the way the 
initial kinetic energy of the projectile is distrib
uted to various competing mechanical and ther
mal processes during the impact event. These 
features ofthe curve predicted by DEBRIS3 are 
discussed in the following paragraph. 

For the impact considered in Figure 6, be
tween 2 and 5 kml s, increasing the impact veloc
ity resulted in a steady increase in debris cloud 
spread. However, at 5 km/s, the target material 
began to melt. As a result, some of the additional 
kinetic energy of the initial impact provided as 
impact velocity increased beyond 5 km/s was 
used up by the target material state change and 
was not available for debris cloud expansion. 
Thus, the rate of debris cloud expansion slowed, 
and the slope of the curve decreased as impact 
velocity increased beyond 5 km/s. Between 8 
and 9 km/s, the projectile material began to melt 
and the target material began to vaporize. This 
further decreased the rate of debris cloud expan
sion. However, once the projectile was com
pletely melted, the rate of debris cloud expansion 
increased. Near 12 km/s, the projectile material 
began to experience vaporization. The rate of de
bris cloud expansion slowed down only slightly 
because by now the debris cloud consisted of a 
significant amount of hot vaporous material. By 
15 km/s, the debris cloud was nearly all vapor 
causing its rate of expansion to increase dramati
cally. 

Multimaterial Projectiles 

Comparison with Experimental Results. Three 
high speed impact tests were performed at 4 kml 
s using three different equal-weight projectiles 
(Wilbeck et al., 1988). The first was a solid 7.5-g 
TAIOW (i.e. a tantalum alloy with 10% tungsten) 
sphere, while the second and third projectiles 
were 7.5-g layered spheres with a solid TAI0W 
core surrounded by a steel shell. The outer shell 
of the second projectile was 1018 steel (i.e. mild 
strength steel) and that of the third projectile was 
4340 steel (i.e. a high strength steel). 

In simulating these three impact tests with 
DEBRIS3, the layered spheres were modeled as 
cylindrical projectiles with three layers. The mid
dle layer corresponded to the spherical core and 
the first and third layers represented the outer 
shell material. The thicknesses of the first and 
third layer were set equal to the outer shell thick-

ness. The thickness of the inner layer and the 
diameter of the cylindrical projectile were calcu
lated by setting the inner layer thickness equal to 
the cylindrical projectile diameter and then solv
ing for the diameter by equating the mass of the 
cylindrical projectile to the mass of the original 
layered sphere. 

In addition to adapting the geometry of the 
original projectiles used in the test series to a 
projectile geometry that was compatible with 
DEBRIS3, some compromises were also made 
regarding the projectile and target materials. In 
the original test series, the target was a two-di
mensional flat plate representation of a half-scale 
reentry vehicle, that is, a layer of silica phenolic 
bonded to a thin layer of aluminum. Because the 
current version of DEBRIS3 does not allow for 
multimaterial targets, the targets used in the 
DEBRIS3 impact simulations did not have the 
outer layer of silica phenolic. In addition, 
whereas one of the original projectile materials 
was a tantalum alloy with 10% tungsten, the cor
responding material in the DEBRIS3 impact sim
ulations was pure tantalum. 

As expected, the simplifications described in 
the previous two paragraphs precluded any di
rect comparison of the predictions of DEBRIS3 
and the experimental results. However, it was 
possible to make qualitative comparisons of the 
DEBRIS3 predictions and the actual test results 
because the simplifications maintained some sim
ilarity between the original test materials and 
configurations and the materials and geometries 
of the DEBRIS3 impact simulations. These qual
itative comparisons became possible after the 
DEBRIS3 predictions were analyzed to infer the 
relative severity of the damage levels that could 
have been expected on subsequent witness plates 
had they been placed behind the initial target 
plate. 

First, DEBRIS3 predicted that a significant 
portion of the target material would be melted 
when impacted by the solid tantalum sphere. Al
ternatively, when impacted by the layered pro
jectiles, DEBRIS3 predicted that the target mate
rial would be shocked and released but would 
return to a solid state of matter. This indicates 
that the target material would probably be frag
mented but not melted. Second, DEBRIS3 pre
dicted that the kinetic energy of the remaining 
unshocked projectile material would be greatest 
for the layered projectile with a tantalum core 
and a high-strength steel shell and would be least 
for the solid tantalum projectile. Taken together, 
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these two features indicate that the cylindrical 
projectiles simulating the layered sphere projec
tiles would probably inflict more severe damage 
on a witness plate behind the target than would 
the cylindrical projectile simulating the solid 
TA10W projectile. This agrees with the actual 
test results that state that among the three impact 
tests, the crater depth and volume in a witness 
block behind the target impacted by the projec
tile with a TA10W core and a 4340 steel shell 
were greatest and those in a block behind the 
target impacted by the solid TAlOW projectile 
were least. 

Comparison with Hydrocode Predictions: First 
Series. The first series of numerical runs con
sisted of two sets of three high speed impacts at 
11 km/s using the SOIL hydrocode (Wilbeck et 
al., 1988). The projectiles used were similar in 
construction to those in the previously discussed 
experimental tests (i.e. one solid and two layered 
spheres in each test set). The major distinguish
ing feature between the two sets of impact simu
lations in this series is the mass ofthe projectiles: 
45-g projectiles were considered in the first set; 
5-g projectiles were used in the second set. In 
both sets of simulations, the solid sphere was 
made out of tungsten as was the core in the lay
ered spheres; the shells of the layered spheres 
were made out of different strength steels. In 
modeling the SOIL impact simulations with DE
BRIS3, simplifications in the projectile and target 
geometries were made similar to those in the pre
vious section. As a result, the following compari
sons are again only qualitative in nature. 

As in the DEBRIS3 simulations of the experi
mental tests, the DEBRIS3 simulations of the 
SOIL runs indicated that the solid projectiles 
would melt some of the target plate material but 
the layered projectiles would not. In addition, 
the kinetic energies of the unshocked projectile 
materials from the layered projectiles greatly ex
ceeded those of the unshocked projectile mate
rials from the solid projectiles. These two fea
tures again indicate that the layered projectiles 
would inflict more severe damage on a witness 
plate behind the target than would an equal
weight solid projectile. 

Interestingly enough, while the general trends 
observed in the DEBRIS3 impact simulations 
agreed with the hypothesis that motivated the 
original layered projectile investigation, they dis
agree with the actual numerical results obtained 
as part of that investigation. The corresponding 

SOIL runs predicted that the witness block dam
age due to the impacts of the solid projectiles 
would be approximately the same as the damage 
caused by the layered projectiles. Apparently, ei
ther the impact and/or geometric parameters 
used in the SOIL runs masked subtle differences 
in damage levels resulting from the solid and lay
ered projectile impacts and prevented them from 
being discernible, or the DEBRIS3 modeling of 
the projectile and target geometries overempha
sized some impact phenomenology that pro
duced some differences in response that would 
otherwise have been negligible. 

In any event, it is apparent that additional test
ing of multimaterial projectiles that are compati
ble with the modeling capabilities of DEBRIS3 
are required to fully validate the predictive capa
bilities of DEBRIS3. As an intermediate step, 
several CTH runs were performed using projec
tile and target geometries that were ideally suited 
for and matched to the capabilities of DEBRIS3. 
The results of these runs and how they compared 
with the predictions of DEBRIS3 are discussed 
in the next section. 

Comparison with Hydrocode Predictions: Second 
Series. In the second series of hydrocode runs, 
four higher speed impact simulations were per
formed at 10 km/ s using CTH with multimaterial 
cylindrical projectiles. The projectile diameter 
and target plate thickness were kept constant at 
2.54 and 0.3175 cm, respectively. In the first two 
runs, the layers were relatively "thin" (i.e. 
L/D = 0.1 each); in the second two runs, the 
projectile layers were relatively "thick" (i.e. 
LID = 1.0 each). In the first and third runs, an 
aluminum target plate was impacted by a projec
tile with an aluminum leading layer, a 4340 steel 
middle layer, and a tungsten rear layer. In the 
second and fourth runs, the order of the projec
tile materials was reversed. A detailed descrip
tion of the impact and geometric parameters are 
given in Table 2; the results of the DEBRIS3 im
pact simulations and the corresponding CTH 
results are given in Table 3. In Tables 2 and 3, a 1 
in the first column refers to the leading layer of 
the projectile and a 3 refers to the rear-most pro
jectile layer. 

The predictions of CTH and DEBRIS3 regard
ing the state of the target and projectile layer 
materials were compared quantitatively and 
qualitatively. To facilitate quantitative compari
sons of material end states, average densities 
were computed for each material layer using the 
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Table 2. Geometric and Impact Parameters for DEBRIS3 and CTH Comparison Runs 

Run No. 

(1) (2) (3) (4) 

V (km/s) 10.0 10.0 10.0 10.0 
D (em) 2.54 2.54 2.54 2.54 
T(em) 3.175 3.175 3.175 3.175 
Material 

Target Aluminum Aluminum Aluminum Aluminum 
Layer I Aluminum Tungsten Aluminum Tungsten 
Layer 2 4340 Steel 4340 Steel 4340 Steel 4340 Steel 
Layer 3 Tungsten Aluminum Tungsten Aluminum 

LI (em) 0.254 
L2 (em) 0.254 
~3 (em) 0.254 
LID 0.3 
Proj. mass (g) 38.24 

DEBRIS3 and CTH results. The DEBRIS3 val
ues were obtained by multiplying the mass of 
shocked and released material by its final den
sity, adding to it the product of the density of the 
unshoeked material and its mass, and then divid
ing by the total mass of the material layer under 
consideration. The CTH values are simply aver
age values through the particular layer thickness 
and were obtained from density history plots 
along the centerline. 

A feature common to all four impact simula
tions and evident in Table 3 is that the average 
target material densities predicted by DEBRIS3 
were significantly higher than those predicted by 
CTH. However, the reason for this is that they 
include the solid component of target material 
not considered to be shocked and released by the 
impact (i.e. the remainder of the ejected target 
material not swept out by the projectile). The 

0.254 2.54 2.54 
0.254 2.54 2.54 
0.254 2.54 2.54 
0.3 3.0 3.0 

38.24 382.40 382.40 

contributions of the solid material component to 
the average density of the target material are sig
nificant considering that they constitute approxi
mately 90% of the target material in the debris 
cloud created by the impact. If the target hole 
diameter had been set equal to the projectile di
ameter (which is not an unreasonable assumption 
for the impact velocity and geometries consid
ered), then there would not have been any un
shocked target material and it is reasonable to 
presume that the average densities of the target 
material would have been much closer to the 
CTH values. 

The differences between the DEBRIS3 predic
tions of debris cloud leading edge velocity and 
the corresponding CTH values in runs 1-4 are 
25.4, 22.3, 3.9, and 13.9%, respectively, of the 
CTH values. The somewhat large differences in 
runs 1 and 2 may be explained by the following 

Table 3. Comparison of DEBRIS3 and crn Impact Response Predictions 

Run No. 

(1) (2) (3) (4) 

DEBRIS3 CTH DEBRIS3 CTH DEBRIS3 CTH DEBRIS3 CTH 

Vf (km/s) 10.65 14.27 17.36 14.20 10.65 11.08 16.26 14.28 
(J (deg) 36 32 34 27 48 37 21 22 
Ptarg (g/cm3) 2.56 0.21 2.36 -0.0 2.63 1.33 2.52 -0.0 
PI (g/em3) 2.02 -0.0 18.52 0.67 2.22 2.25 18.98 9.20 
P2 (g/em3) 7.04 0.17 7.25 5.50 7.83 8.53 7.83 6.94 
P3 (g/em3) 18.42 0.97 2.48 1.41 19.17 17.19 2.71 3.39 
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considerations. In the characterization scheme 
employed by DEBRIS3, the target shock loading 
and release analysis used to obtain the debris 
cloud leading edge velocity is truly one-dimen
sional, that is, it is performed using only the lead
ing projectile layer and the target material. Any
thing behind the first projectile material layer is 
ignored. In the case of thick projectile layers, the 
use of one-dimensional equations is appropriate 
because the rear layers of the projectile are suffi
ciently far from the impact site to not affect the 
magnitude of the velocity of the target rear free 
surface. However, in the case of the thin projec
tile layers, the second and third projectile layers 
are close enough to the projectile-target inter
face to influence the shock and release process in 
the target material and the resulting velocity of 
the target rear free surface. CTH, being a three
dimensional hydrocode, is apparently sensitive 
to these effects while DEBRIS3, being a first 
principles based code, is not. As a result, the 
CTH and the DEBRIS3 predictions differ some
what more in runs 1 and 2 and are more in agree
ment in runs 3 and 4. 

The differences between the DEBRIS3 predic
tions of debris cloud leading edge velocity and 
the corresponding CTH values in runs 1-4 are 
11,26,23, and 5%, respectively, ofthe DEBRIS3 
values. The CTH predictions of debris cloud 
half-angle were obtained indirectly from debris 
cloud output plots. In some cases, the precise 
angles were difficult to determine from the CTH 
plots because not all of the debris cloud material 
was retained by CTH and subsequently plotted. 
If there is a very small fraction of a material in a 
cell in which more than one material is present, 
then it is possible for that small fraction of mate
rial to generate negative internal energies in that 
cell. CTH allows the user to set a flag that forces 
CTH to drop the cell from subsequent calcula
tions in such cases. If this is not done, then in 
such cases the time step becomes so small that 
the impact simulation will be forced to terminate 
prematurely. Apparently, in runs 2 and 3, CTH 
dropped a fair amount of cells as the calculations 
proceeded that in turn produced rather sparse 
debris clouds. Although the agreement between 
the DEBRIS3 predictions and the CTH values 
was in general fairly reasonable, this may explain 
in part why in runs 2 and 3 the DEBRIS3 predic
tions of the half-angle values were significantly 
higher than the CTH values. 

For projectiles with thin layers, although Ta
ble 3 indicates that there were significant differ-

ences between the material densities predicted 
by DEBRIS3 and those obtained with CTH, 
closer examination of the DEBRIS3 and CTH 
predictions of material state did in fact reveal a 
qualitative agreement in the results. For exam
ple, the extremely low material densities for run 
1 predicted by CTH indicate that the material 
from the three projectile layers in both cases are 
in highly expanded states. However, the density 
of the rear-most portion of the third material 
layer in run 1 (approximately the last 33%) was 
nearly 3.5 times that of the forward portion of 
that layer, indicating that the rear third of the 
final projectile layer was significantly more dense 
than the rest of the projectile material. Interest
ingly enough, for run 1, DEBRIS3 predicted that 
the first two material layers would be in a liquid 
state, while the last 25% of the third layer would 
not be fully shocked. Thus, although the actual 
density values may have been different (which 
was not totally unexpected given the relatively 
simple nature of the physics employed by DE
BRIS3), there was some qualitative agreement 
between CTH and DEBRIS3 with regard to the 
state of the projectile material following the ini
tial impact. 

With regard to the target material, CTH pre
dicted that the target material would be in a 
highly expanded state in run 1 and probably va
porized in run 2; DEBRIS3 predicted that the 
target material would be completely melted in 
run 1 and in run 2 it would be partially vaporized 
as well. Thus, there was again some general 
agreement between CTH and DEBRIS3 regard
ing the state of the target material following a 
hypervelocity impact of a projectile with thin ma
teriallayers. 

For projectiles with thick material layers, pro
jectile material characterizations predicted by 
DEBRIS3 were again found to agree in a general 
sense with the postimpact material states pre
dicted by CTH (Table 3). For example, DE
BRIS3 predicted in both run 3 and run 4 that the 
second and third projectile layers would remain 
un shocked while part of the first layer would be 
shocked and released. The CTH results for runs 
3 and 4 showed the third material layers to be 
relatively undisturbed and the second material 
layers to be only slightly deformed. These char
acteristics are also evident in Table 3 where the 
density values predicted by CTH for the second 
and third projectile material layers were near 
ambient values; the densities predicted by 
DEBRIS3 for the second and third layers were 
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naturally exactly equal to the respective ambient 
values due to the assumptions within the 
DEBRIS3 model. 

With regard to the first material layer, 
DEBRIS3 predicted that in run 3 the entire 
shocked and released portion would be all liquid, 
and the shocked and released portion in run 4 
would be a mixture of liquid and solid material. 
The CTH results for both cases showed that the 
density of the leading edge of the first layer was 
approximately 30% of the ambient value, while 
the density of the rear portion of the leading layer 
approached the ambient value of the second 
layer material, indicating a significantly more 
compressed state than that of the leading edge. 

Some interesting features are also evident in 
the CTH and DEBRIS3 predictions of the state 
ofthe target material. In run 3, the average target 
material density as predicted by CTH is approxi
mately 12% of ambient. This indicates a signifi
cant liquid, if not vaporous, component of the 
target material in the debris cloud. For run 3, 
DEBRIS3 predicted that 100% of the shocked 
and released target material would be liquid and 
that the density of the shocked and released tar
get material would be approximately 75% of am
bient. The near-zero value of the target material 
density as predicted by CTH in run 4 indicates a 
material state near complete vaporization for the 
ejected target material while DEBRIS3 predicted 
that approximately 24% of the shocked and re
leased target material would be in a vapor state 
and that 76% would be liquid. The density of the 
shocked and released target material predicted 
by DEBRIS3 was 40% of the ambient value indi
cating a highly expanded material state. 

SUMMARY AND CONCLUSIONS 

A robust damage assessment methodology for 
high speed impacts must include the effects of 
discrete particle impacts as well as the response 
of the target to impUlsive debris cloud loadings. 
A first principles based scheme has been devel
oped and implemented to determine the amount 
of material in each of the three states of matter in 
a debris cloud created by a hypervelocity impact 
on a thin target. The Tillotson equation-of-state 
was used to calculate the residual energy in the 
projectile and target materials upon release from 
their respective shocked states. Elementary ther
modynamic principles were used to determine 
the percentages of shocked and released projec-

tile and target materials that were melted and/or 
vaporized during the release process. Using as
sumed projectile and target geometries, these 
percentages were then used to calculate the mass 
of the projectile and target materials in solid, liq
uid, and gaseous form. Debris cloud velocities 
were calculated using the principles of momen
tum and energy conservation; the spread of the 
debris cloud material was then readily obtained. 

The predictions of the debris cloud model 
were compared against experimental data, the 
predictions of three different empirically based 
codes, and against the predictions of one-dimen
sional and three-dimensional hydrocodes. For 
single-material projectiles, the predictions of the 
characterization scheme compared excellently, 
qualitatively as well as quantitatively, against ex
perimental results, the predictions of a one-di
mensional hydrocode, and the predictions of sev
eral semiempiricallethality assessment schemes. 
For multimaterial projectiles, the predictions of 
the scheme developed herein compared favor
ably (at least qualitatively) with experimental 
results and hydrocode predictions. Although 
some of the quantitative details in the debris 
cloud model differed from empirical evidence in 
the case of multimaterial projectiles, it is noted 
that the debris cloud model presented herein was 
developed solely through the application of fun
damental physical principles without any empiri
cal "adjustment" factors. In this light, the agree
ment between the elementary theory predictions 
and the experimental results is encouraging. 
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