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I. INTRODUCTION

The vulnerability analyst, munitions designer, and armored
vehicle designer need a methodology for determining the effects of
"mine blast attack on the integrity of armored vehicle hull bottom
plates, In the past the information required to assess mine-tank
. bottom encounters had to be obtained by rather expensive and time con-
suming test programs - analytical methods to develop this information
- were not available. This situation was caused Ly the very complicated
nature of the problem.
‘ To avold these complications and yet achieve simple but
A\ -relevant and reasonably accurate characterizations of the subject pro-
N - blems, an approximate energy method approach was selected. In this
N method, based on the law of conservation of energy, the energy delivered
" .to the armor plate by the blast is equated to the strain energy absorbed
by the plate in reaching its final deformed shape at the end of the
blast. Fracture is assumed to occur when the maximum normal tensile
strain in the plate reaches the tensile failure strain of the plate
material (a value easily obtained by standard tensile test).
Figure 1 illustrates the specific mine-plate configuration
~ treated in this study. As shown, the plate is a flat, rectangular

aw ‘plate representative of the bottom hull plate of typical armored vehi-
6;» cles. The width, length, and thickness of the plate are a, b, and h,
-Z‘fﬁéa respectively, The plate is assumed to be simply supported around its
Twies edges with little in-plane constraint. Located directly below the
BZEO-; plate center at standoff R is the mine of weight W. As in combat, the
:g”!; top of the mine is either flush with the surface of the ground or
\<‘(§§ shallow-buried. Under action of the mine blast the plate deforms into
%%sgvf} the final pattemm with amplitude A shown schematically in Figure 1.
1=0% - This final deformation pattern, as indicated by available measured
5%% deformatlion from plate blast tests (Ref, 1) shown in Figure 2, is

closely represented by a cosine function with its origin at the plate
center. The small amount of soil atop the shallow=~buried mine is as- -
e sum&,d to have nea,li.giblc. effact on this damage. All the damage is
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attributed to the effects of free-air blast. Although the influence
of both mine shape and explosive fill on blast energy per unit area
can be easily handled by the blast treatment developed here, these
effects have not been taken into account in comparing the theoretical
predictions with test results., The mine blast energy per unit area
(mine blast wave energy flux density) is calculated as usual by neg-
lecting the excess particle velocity or afterflow left by the outgoing
spherical wave and the relationship between normally reflected peak
pressure and time in this wave is characterized by the widely used,

~ empirical Friedlander equation.

) The general mechanical behavior of the plate material is
approximated by a rigid-~linear work hardening stress—-strain relation-
shlp with independent components in the principal directions. Because
_ the work hardening portion of the energy absorption capacity of typical
armor plate materials is small compared to the rigid plastic portion,
as illustrated schematically by Figure 3, the plate behavior is fur-

gher idealized as rigid-plastic. In Figure 3 UE’ URP’ and UWH are the

:A’elastic,'rigid-plastic, and work hardening portions of the material

-strain energy density and FU, F,, Eys and e, are the ultimate strength,

Y F
yield strength, yield strain, and failure strain, respectively. This
allows the plate strain energy to be reduced to a simple expression -
which, when combined with the mine blast energy in the conservation of
energy law, yields explicit expressions for maximum transverse plate

deformation and the plate thickness at which fracture occurs,
‘ By treating the plate as a membrane, the large deformations
experienced by mine blast attacked plates are incorporated in a gen-
eral expression for the plate strain energy. This general plate strain
_ energy expression is particularized for the deformation analysis by
 disregarding in-plane displacements and for the fracture analysis by
neglecting transverse displacements. In addition, the fracture analy-
sis is further simplified by taking the displacement component ampli- -
tudes in the two principal in-plane directions to be equal.
The result of thils treatment is a simple method for rapidly
" predicting, with reasonable accuracy and without recourse to a high
_speed electronic digital computer, the deformation and fracture char-
acteristlcs of armored vehicle hull bottom plates attacked by blast
.type mines., The particular equations developed should be particularly
useful for quick vulnerability estimates and in the iaitial design
phases of land mines and most armored vehicle design projects,
_ Furthermore, the method employed in developing these equations is gen=-
eral in nature and, as such, is applicable to a wide range of problem
areas, A
i I1. DESCRIPTION OF AVAILABLE TESTS
All the data presented in this report were obtained from
avallable test results and battle damage records. The data consist of
results from armor plate - mine blast tests performed at Aberdeen
Proving Ground as well as combat damage data collected by the Battle
Damage Assessment and Reporting Program (BDARP) teams operating in
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South Vietnam. To compile the APG data a detailed search was performed
of all APG/D&PS and APG/MID armor firing records from 1942 t 1971.
The data from this survey used in this report represents approximately

107 plate tests., The BDARP data used in this report were obtained from

a review of 244 mine-armored vehicle incidents compiled by the BDARP
teams.

The plates tested included 5083 aluminum and rolled
homogeneous steel armor plate. Charge weight ranged from 2.5 to 25 1lb
with a constant standoff and burial depth of 17 in. and 3 in., res-—

" pectively. Since mechanical properties test results for each of the
- plates tested were not available, estimates of the necessary parameters

were obtained from the material specifications. Yield strength and

- failure strain for the 5083 aluminum alloy plates were obtained from

HDBK 23 specifications. In regard to the steel armer plate, measured

or specified hardness values were converted to yield . rength and fail-
ure strain by means of well known relations (Ref. 2). The steel plates '
‘ranged in thickness from 3/4 in. to 1*1/2 in. while thickness of the
aluminum plates ranged from 3/4 in., to 3 in. All plates were ‘essen=’

 tially the same size - either 40 in. by 65 in. or 44 in. by 65 in, "All" ;
" the aluminum plates were apparently of the same strength and ducility /

whereas the steel plates ranged in strength and ducility from
90,000 psi to 172,000 psi and 0.15 in/in. to O. 23 in/an, respectlvely.

IITI, DEVELOPMENT OF: ANALY&ES o ?

GENERAL. Both deformation and fracture treatments in ‘this
investigation are based upon an approximate semi-inverse energy method
of analysis. In this method the mine blast%plate response process is
characterized by the law of conservation of energy. For the subject
problem this law may be stated in the following manner:- the work done
by the mine blast equals the sum of the kinetic energy and strain

- energy stored in the system. It may be shown that the system kinetic

energy is negligible compared to the energy from the mine and the
strain energy absorbed by the armor plate., Consequently, the defor-
‘mation problem reduces to formulation of mine blast and plate strain
energy expressions which, when equated according to the law of conser-.

vation of energy, yield an explicit expression-for plate deformation.

Plate fracture is treated in a similar manner. Mine blast
energy delivered to the plate lg equated to the strain energy absorbed -
by the plate up to the point of fracture. Fracture is characterized

"by a maximum normal strain criterion. The end result is- an explicit

equation for the thickness at which the plate will fracture,

BLAST CHARACTERIZATION. For convenience and to provide
dpproximate correspondence to actual test results, the mine blast is
assumed to deform the plate into the following pattern:

‘W= A cos gx cos El i.lm -¥ s f (a)
u=B sin %X cos %X : (b) _:1'; (1)
v =?C cos %& sin gx - : }  (c) =
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The energy from the mine that produces this deformation is
taken as simply the mine blast energy flux density multiplied by the
area of the plate:

E=abkE . ) . (2)
m .

where

™
I

work done on the plate by the energy in the blast wave,
in-1b '

B mine blast energy flux density, in-lb/in.?

The mine blast flux density is the energy flow across unit area of a-

fixed surface normal to the direction of propagation and is:defined
as follows: ' t ’ ‘

i

_ 1 oy o |
5 - e & 2de @
-7 000 A :
where \
o e, = sonic velocity, in/sec
p, = air mass density, 1b sec in, Y
p = normally reflected pressure, psi

t = time from occurrence of the peak reflected pressure,
sec .

The typical blast wave pressure-time history may be expressed by the
Friedlander equation: S

t At
p o= P (1—At)e W
. -where ‘
L P =  peak reflected pressure, psi
“ e = base of the natural system of lengarithms
LT At = time duration of the positive normally reflected
> ' pressure, sec

Substitution of the pressure-time relation, Equation 4, into the

. -energy flux density definition, Equation 3, and subsequent integra-

' “tion over the time duration of the normally reflected pressure,.’i,

~results in the relation

B = 21‘_;9_;5_ P2At (5)
00

© . An approximate empirical relationship for mine blast energy flux
;40 density fitted to this relation for free air blast at sea level is

4 R - . - - 2 ;
*~Fm, 109.04 x 10 W w1/3 y in=1b/in, (6)

;;hlt is included here because it provides (as Fquation 5 doesn't) a

; direct relation between energy flux density and the practical factors
}g‘chaxge-wgight W and standoff R.
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Equation 6 yields results that are higher than Equation 5

for scaled standoff below 5.1 in/1bl/3 and above approximately 14.5
in/1b1/3 ) yhereas between these scaled standoffs, it yields results
lower than Equation 5. The maximum errors of Equation 6 over the
practical mine-tank encounter range vary from +17 percent to -18
percent to +11 percent at R/wl/3 3.86, 9.94, and 17 1n/lbl/3, res-
pectively. This scaled standoff range corresponds, for example, to a
30 1b mine at approximately 12 in. standoff up to a 2.5 1b mine at 24
in. standoff, respectively. At scaled standoffs beyond this range the
_approximate empirical expression, Equation 6, increasingly over-
"estimates the mine blast energy flux density. In this case, the
original expression Equation 5 should be employed for more accurate
"results,

MAXIMUM TRANSVERSE PLATE DEFORMATION. The maximum trans-
verse plate deformation A (see Figure 1) is obtained by a semi-inverse
approach, With the desired deformation amplitude A as an unknown
parameter, the mine blast energy required to deform the plate the
amount A is set equal to the strain energy absorbed by the plate in

'reaching this final deformed configuration. The resulting equation
of mine blast energy and plate strain energy is then solved for the
deformation A,

A general expression for the strain energy of deformation

of a flat plate U is

— - i .
U \ox e *+ oy ey + Oy exy dx dy dz (N

where Oy cy, ny are the normal and shear stresses in the x ahd;y

plane of the plate and e ey, exy are the strains in the plane of the

N

- plate with dx dy dz an incremental volume in the place. Since the
mine blast attack produces gross deformation throughout the plate the
stress~strain relations are taken as follows: .

'Ux = F +E ex
= +E 8
oy Fy ey (8)

oxy = Sy + G exy

where Fy and Fu are tensile yield and ultimate strengths, respectively,

Sv and Su are shear yield and ultimate strengths, respectively, ep =

tensile normal failure strain, Yp = shear failure strain,

_ F =¥
E&--—le-——n-l

OF »
and
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‘Substitution of the stress-strain relations, Eq. 8, into the plate
-strain energy equation, Eq. 7 yields

U.= Fe +E2+Fe +E2+Se +0G2]|. (9)
) Yy x X yvy y ¥y Xy Xy
dxdydz
In this equation the work hardening contribution to the plate strain
energy consists of those terms containing E and G. This work hardening

portion of the total plate strain energy is small (5 percent and 16 s
percent for steel and aluminum armor plate, respectively) and hence is

‘neglected in comparison to the rigid-plastic portion. Consequently,

by assuming that the displacements u, v and w are constant through the
plate thickness and substituting the following straln—displacement

relations for large plate deformation lnto Eq. 9:

1

e = u’+-w?
X 2
e = v i
y 2
e = u +v+ww
Xy

. where for convenience in notation ( )“ = 3C) and ( )' = éé;l an

X
expression for thu rigid-plastic plate strain energy, URP’ is obtained:

e
o

2 2

cl
lg_,_,,——’\

o

.—'"
\ )
& . u _+-l w2 v w'zj + Sy u'+v‘+w‘w']

ol

dxdy (10)

This relation may be further simplified by neglecting the in-plane dis-
placements u and v. Utilizing this simplification, an expression for
the major portion of the strain energy absorbed by the plate in deform-
ing to a maximum amplitude A can be obtained by substituting the
derivatives of the transverse deflection w from Equation la into Eq. 10.
After the resulting terms are multiplied as required, and then integra-
ted, the approximate plate strain energy can be reduced to

(12 | a2+ b2

2T . 2 »
LB b | F hJ As ., (11)
Since the basis for this semi-inverse encrgy method is conservation of

encrgy, the deformation can be obtained by equating Equations 2 and 11
and solving the resultant equation for A:

U=

E 1/2
2,2 o]
Aw [a. ache b (12)
v ape Y

where Bm is given either by Equation 5 or the approxiwate expression

of Equation 6. Equation 12 indicates that maximum transverse defor-
mation depends un the size and shape of the plate, is directly
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proportional to the square root of the mine blast ene1gy and is
inversely proportional to the square root of the plate's yield strength
and thickness,

PLATE FRACTURE. The conservation of energy principle is
applied to determine the conditions for plate fracture in a manner
similar to its use in predicting deformation. For plate fracture the
principle can be stated as follows: fracture, or rupture, occurs when
the blast energy from the mine equals the maximum strain energy which
can be absorbed by the plate. This maximum strain energy that can be
absorbed by the plate is determined by the tensile normal failure strain
of the material.

An approximate expression for strain enmergy can be obtained
by assuming the plate to behave as a rigid-plastic material as given
by Equation 10, Furthermore, if the transverse displacement is neg-
lected, Equation 10 yields the following approximate strain energy
expression which leads to a particularly simple formulation for frac~
ture thickness:

a b a b
_ 2 (2 2 ( 2
U= Fyh (u‘ + v'| dxdy + Syh \ u + v’ dzxdy (13)
Jads Jaty
2 2 2 2

After the derivatives of u.and v from Equation 1 are substituted into
this equation and the integration is performed, the strain energy with
C = kB becomes

= 4

U T Fyh
and since the chosen basis for developing a fracture criterion is that
the mine blast energy is equal to the plate strain energy absorbed to
the point of rupture, the strain energy given by Eq. 14 is set equal
to the mine blast energy:

!

b+ kaj B (14)

4 \
ab Em - FyhF b+ ka) B, (15)

whera h,, is the plate thickness at which fracture occurs. This expres—-
sion is related to the pc 1t of rupture, the normal failure strain of
the platc material, by the parameter B, the strain amplitude in the
x-direction of the plate. Since maximum strain occurs at x = y = 0,

it can be shown that '

. | .
B 3 °F (16)

Substitution of this expression for B ianto Equation 15 and rearrange-
ment resulis in the following relation for fracture thickness:

[
D

N S W | | | .
B = 7 03 ]1”- un
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where the term Fye is recognized as the plate material rigid-plastic

F
energy absorption capacity URP and, for simplicity, it has been
assumed that k = 1.

This relation indicates that the thickness at which a plate
wiil fracture is dependent upon its shape, is directly proportional
to the mine blast energy flux density, and inversely proportional to
its plastic strain energy absorption capacity i.e., toughness.

IV, CORRELATION OF ANALYSIS AND TEST RESULTS

DEFORMATION CORRELATION, The test and analytical results
are plotted in Figure 4. In this figure the test data have been plot-

.- ted as reduced deformation amplitude A defined by:

A
A = ,{_5 a%p2 _1___ 1/2 (18)
k14 a2+b2 FYh

versus mine blast energy flux energy E_calculated by Eq. 5. As may
be seen from the figure, plate deformation predicted by the present
theory is higher than would be obtained in practice. The average
posi.ive error between predictions of Eq. 12 and the test results is
26 percent and the average negative exror is 8 percent with the overall
average exror +18 percent. The average absolute error is 21 percent.
If a conservative method for predicting deformation is desired the j;;ﬁa*
equation corresponding to either of the 2¢ limits could be employed.
For e;ample, use of the upper 2¢ cuxve to predict deformation would - .
yield results that 95 percent of the time are higher than would ba: '
obtained in actual practice.

Equation 12 may be rewritten in the following manner to
allow direct computation of the theoretical maximum plate deformation,
the mean value as obtained by test or the * 20 probability limits of
the maximum plate deformation:

_f la2 \”ﬁ,q

A
n \aﬁ*bz F “I m

(19)
where
' q = 0.5 from theory
= 0.4834 for test data wmean
» ().5188 for the +2¢ deformation limit
= 0,4319 for the =20 deformation limit
FRACTURE CORRELATION. fThe plate fracture test data is plot-

“ted in Figurc 5. In this figure plate strain energy absorbed to the -
- -point of fragturc per unit plate area dufinud by

8 - -;-5 {1 +*6 Fyél- . - | : (20)

: 1s plocted versus wine. blasc enetgy flux dcnaity. " whore h .is '
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calculated according to Equation 5. Along with the plate test and
armored vehicle data points, this figure shows the least squares fit
curve of the plate test data, 2¢ probability limits, and the theoret-
ical fracture line. As in Figure 4 the circles and squares represent
5083 aluminum and class 2 rolled homogeneous armor steel plates res-
pectively. The triangles correspond to actual tank damage from mine
blast in South Vietnam. These tank combat data were not used on con-
struction of the test mean. As indicated by the figure the theoretical
criterion for fracture is slightly below the test mean line. The
average difference between theory and test is -9.4 percent with the
average positive and negative differences between theory and test 12.1
percent and 22,2 percent, respectively. The average absolute difference
between theory and test is 18,4 percent.

The tank combat damage data points which were not used in
arriving at the least squaxes fit of the data and the 2¢ limits fall
well within the plate test 2¢ probability limits,

It should be noted that the theory agrees very well with the
tank combat damage data peints. This agreement, in fact, is within
12 percent.

As in the case of the deformation equation, the fracture
relation may be rewritten to allow direct computation of both theoret-
ical and test mean fracture thickness as well as the thickness corres-
ponding to the + 2¢ probability limits. To this cnd Eq. 17 is xe-
written as follows: o ' .

KE , ‘ -
by = e . _ )
(+ i;) FyeF - =

where ‘ .
: K = 72/4 for the theorctical fracture thickness

w 2,868 for the median test fracture thickness

= 1.8056 for sure fracture, i.e., 95.percnnt-ptabability
T ' of fracture N
~ » 3.9306 for no fracture, i.e., 95 perceat ptobability

R - that fractuye will not occur ,

, V.  DISCUSSION -
GENERAL. Both the deformation relation, Equation 12, aad the

- ciples without making use of test data to develop the equations, These'
- equations characterize deformation and fractute in tems of plave size,
- shape ‘and material paramcters and mine attack parameters. The deforma-

. tion equativn relates deformation, plate leagth, width, thickaess, and
. -yield strength, mine charge weight and standoff. The fracture equation -

- relates plate width, length, toughuess, mine charge weight and standoff

- with the plate thickness at which fracture occurs. These ave all prac-
. tical factors useful in design and analysis. Furthermore, as formula-
ted, they appear to provide a good characterization of defonsation and

- fracture since predictions of the theoretical deformation and fracture

-.eqnatious cot:clate withia an average erro- af 18 percent and 10. perceat.

B

fracture thickness relation, Equation 17, were derived frow first pfinalAf o
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respectively with available aluminum and steel plate-mine blast tests
and the predictions of the fracture equation correlate within 12
percent with data from armored vehicles damaged by mine blast in
combat.,

DEFORMATION. . ispection of the deformation equation
indicates that, in consonance with experience, deformation decreases
as the plate is made more rectangular and as charge weight decreases.
It also decreases with increasing plate thickness and yield strength
and min2 standoff. However, it can be shown that increasing plate
thickness above 1 to 2 inches results in only a minor decrease in
deformation. It can also be shown that a significaunt drop in defor-
mation occurs as the yield strength of relatively low strength plate
material is increased. On the other hand, the relative decrease in
deformation attainable by increasing plate strength above that of
class 2 armor steel reaches a point of diminishing retums. For
example, to halve the mine blast deformation of present class 2 xolled
homogeneous armor steel by increasing yleld strength would require a
material with a minimum yield strength of approximately 400,000 psi.
“This is wore than twice the nominal value for class 2 awmor,

FRACTURE. A xelatively simple and straightforward means for
determining the thickness of a given plate that will fracture vhen
‘attacked by a mine blast is provided by nomograms prepared from the
fracture equation (Eq. 21) and prescnted in Refevence 6. These noumo-
grams yield mean fracture thickness obtained from test, plate thiekness.
- corresponding to 95 percent probability of fracture under wine blast .
- attack, and the plate thickness requived for 95 percent probability -
that the plate will not fracturc under mine blast attack. Through :
- five scales these nomograms relate the praceical faetors: plate widthe
- to-length ratio, toughness, fracture thicknoss, mine charge weight, -
- and standoff, Fracture thickness ecan be determined from these nomo-
 grams in littlo more thew the time xequirnd to draw throe straighc
'jliues on the nowmograms, -
Coo 7 Fra cure thickness decreases with inereasing standoff and '

1toughuuss dnd ineroases with eharge woight. For oxample, doubling
- standoff from 10 to 20 iachoes for a 20 1b charge docrcases fracture
. thickaess by about 54 percent, or doubling charge weight from 10 to’

h«: 20 1b alwwst doubles fracture thickaess at a 15 inch standoft,

Fracture thickuess is hoavily d;pendent on voughuess - decreasiag hypeye
. bolically with increasing toughuess. This behavior is similar to the
- heavy depundence of deforwmation on yield strength as described pre=
_viously. Consequontly, the plate fracture thickacgs-toughness:

~ 7 relationship has two practicul bounds. Une of these is the practical

- lower toughness bound. Toughness decreases below this bound cause an
. inordinate eise in plate thickness reguired to preclude fracture, L
The other bound is a practical winimue plate thickness bound. To de-
-efedse fracture thickness below this practical bouad requires a prac- -
ticafly unattainable increase in material toughness. For exagple, if
. a 5083-1321 aluminum alloy plate with toughness = 3480 in- lbl:n.3 s

- changed to a NIL-T-9046 Type 111 titanium alloy plate with a 3.7 tises
- the 5083-H321 tou;hu&ss, th; 1xauturc thxckness alao drups by a faistor

-39 S -
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of four. However, for increased toughness beyond that of titanium and
class 2 rolled homogeneous armor steel, fracture thickness decreases

at a much reduced rate. That is, increasing toughness 64 perceat,

for example, beyond that of class 2 RHA steel results in only a 35 per-
cent decreasc in fracture thickness. This is sigpificant because
toughness increases of this magnitude do not appear feasible with pre-
sent techwology,

APPLICATIONS. Figures 6 and 7 illustrate some applications
of the deformation and fracture analyses developed by this investiga-
tion. These figures are based on Equations 19 and 21 and present the
characteristics of a 71 in. by 125 in. plate typical of the size of
the bottom hull plate of 2 current ayxmovred vehicle.

Figure 6 shows the effects of plate thickness and mine charge
-weight on the maximun deformation of both aluminum and steel plates
at a typical 17 in. standoff. 1In consonance with experience, this
figure indicat:s that the steel plates deform much less than the alum-
inum, For example, the defermation of a 2 in. thick rolled homogencous
armor steel plate attacked by a 10 1b mine is a little less than half
the 17 inch deformation of an equal thickness alwainun pldte. it may
abso be noted that the charge weight requirved to obtain a given level
of deformation increcases essentially lincarly with plate thickness.,

Figure 7 illustvates the effect of charge weight, standoff,
and plate material on mean fracture thiulnoss, areal weight, and total
- weight of the typical 71 in. by 125 in. armored vehicle bottom plate.

. As indicated, mean fracture thickness ineroases practically linearly - .

.- with charge h;ight'aver the range shouwn and decreases with inerousing

“standoff, It may also be shown that the charge weight required to

- fracture a plate of given thickness inereases eaponentially with stand= s

“off. As is well known, the figure illustrates the fact that a consid-
~ evably thinner steel avmor plate is vequived to defeat a given mine

attack tham is required by an alusinuwa plate. For example, the frac- - 7

“ture thickness of a cluss 2 WHA steel armor plate attacked by a 10 1b

E charge at 17 inches standoff is approxisately 1/2 inch compared to ap-

- proximately 2-1/2 inches for a 5083 aluminum piate. Op, dewvnstrated
Cin anpther way, enly a 4 1b chatge will fracture a 1 inch S0S3 alwpi-
. auas plate at 17 jnches standofV wheress approxisately 22 1bs s required
- for a elass 2 rol'ed hosogoencvus steel arwor plate. This s youghly
. a.5.5 o 1 vequired charge weight advantage for cluss 2 steel armor
- over aludiinum plate. However, as shows in the f;gure. the areal weight
Cof the § inch alumisus plate is only 14 lbs/¥e? wheveas the ) dnch -
- Steel armoy plate weighs about 40 1hs/€e2, or three times as miuch, O

"'jjsn equal weight basis stecl areor still has an advantage over alusminug,

To desonstrate this consider that 850 108 can be atlotted to arwor the
71 du. by 125 in. bottosm of a certais armoced vehicie to mine blast
C attack at 17 inches standoff. This corresponds to approxisstely a 1
~anth thick 5085 aluminua plate. This U dich 5083 plate provides pro-
Toction against fracture fro® sives containing up to 4 lbs of explo-
sive charge as shown in Figure 7. For this same 850 Ibs a 174 doch
eluass 2 RIA steel plate can be caployed which wiil provide protection
_a;aiast Rines weighing up to o 1bs. uowevvr, these coua;ddtaf.ous

- &0 .
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 have not included a significant conventional vehicle engineering de-
sign factor - the static elastic structural stiffness. Even though

the 1 inch thick aluminum bottom plate affords only 70 percent as much
mine protection as the equal weight 1/4 inch steel plate, it is approx-
imately 21 times stiffer in the elastic service design regime. This
discussion serves to illustrace the complexity of armored vehicle bot-
tom plate design but also points up the importance of the deformation
and fracture analysis methods developed by this investigation. These
methods are particularly suitable for rapid and easy design tradeoffs.

V. SUMMARY AND CONCLUSIONS

Two equations h¢ e been developed, one for deformation and
one for fracture of flat rectangular simply supported plates subjected
to blast attack from shallow-buried mines. .

These equations are found to be reasonably accurate for both

aluminum and steel plates. Furthermore, the fracture equation yields
predictions in good agreement with aluminum and steel armored vehicles
damaged by mines in combat. The average error between theoretical de-
formation predictions and plate test results is +18 percent with the
average absolute error 21 percent. The average error for the fracture
-equation is -9 percent with the average absolute error 18 percent. In
addition, predictions of the fracture equation agree within 12 percent
.with the data from armored vehicles damaged by mine blast in combat.
. Present class 2 rolled homogeneous steel armor represents -
- nearly the practical optimum blast attack resistant armor with regard
. to strength and toughness. Armor materials with greater strength and
toughness than c¢lass 2 armor do not promise large increases in mine

o “protection commensurate with the probable effort required to achieve

the necessary higher strength and toughness.

Plate deformation decreases with decrease in plate aspect
ratio, i.e., the ratio of width to length, and it decreases hyperbolic-
ally with increasing thickness and yield strength while fracture thick-
ness decreases hyperbolically with plate toughness. Increasing mine -
charge weight increases deformation exponentially while both deforma-
tion and fracture thickness decrease exponentially with increasing mine
standoff. Mine charge weight to produce a given amount of deformation
increases essentially linearly with plate thickness;and charge weight
required to fracture a plate of given thickness increases exponential-
ly with standoff.

The equations developed are directly applicable to the de-
sign of munitions and armor and the vulnerability ana1y51s of armor
plate subjected to mine blast attack.
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