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Passage of a piane ahook wave in a solid oauses a change in shepe as well
a8 a ocompresslon of each mass element., The deformation produces a dhear stress with
& oomponent normal to the plane of the wave front; this acts in addition to the
hydrostatic pressure which is ﬁaually assumed as the only important force, For small
displacements this has the samb effect as inoreasing the bulk modulus by an amount
of the order of 16 to 30 percent depending on Polsson's ratio, When the plastio
yield strength is reached, the shear stress ceases to inorease and from there on the
total forde differs from the hydrostatic pressure by a constant amount. As a result
the ocurve representing this force as a funotion of specilio volume will have a point
of infleotion, Henoe the velooity of a weak shook (pressures of the order of 0.1
to 0,4 megabars) osn be less than the longitudinal sound velooity. Such a shook
starting from normal density would not be stable and would not, in fact, be formed,
Instead, the material will be oompressed 1n.two stages, an inltial oompression from
gero pressure to about the yield limit, and a second compression from then to the
ghock pressure, The first compression i$ oontinuous, and travels with the longitu-
dinal sound velooity., If the oompression is caused by impact, this first compression
wave has a very steep front. The second part is by shook and travels with a velocity
depending on this final pressure. When the pressure is high enough to make this
veloolty equal to or zreater then ;ongitudinal sound veloolty thq/jwﬁ oompression
waves coalesce into a single shook, Figures are given to show this effeot for Al,
€d, Cu, Fe, and tuballoy. During expansion fho strength reduces, rather than
inoreases, the effective sompression modulus on compression and expansion, and one

obtains a hysteresis loop in a pressure-volume diagram, the area of the loop being

equal to the energy lost irreversibly.
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EFFECT OF RIGIDESY & sﬁocx [$9AVES IN_SOLIDS

The theory of shock waves }s usually worked out for the case of & liquid
or gas in whioh the only foroe that matters is the hydrostatio pressure, Viscosity,
which gives rise to a shear stress, is of importanoce only for the detailed structure
of the shock, and oan be negleoted if we are oconcerned with dimensions large com-
pared to the thickness of the shook froant. (This is, for gases, of the order of
the mean free path).

For solids, small deformations may give rise to shear stresses of cone
sidarable magnitude, and we shall discuss their effoot below,

Consider a oase of one-dimensional motion, for which the veloocity is
overywhere in the x direction, and deponds only on x and on the time. Then the
only oomponent of the stress tensor which gives rise to a foroe is Oxxe This can be

written as

Oxx T Pt ogy (1)

where p 1is the hydrostatic pressure and a;x & oomponent of the shear stress.

The pressure p is a function of the specifio volume, and it may be assumed to be
the same as for all-slded compression, This we tauke as a known funotion ziven by

the ourves of LA-208,

9xx depends on the reduced shear strain i

=-§—xs- 1 (-—S ...‘Z-l-b; (2)

3 0x dy Oz

whers &, YK Yt are the diaplaoementso In our case 9 = % = 0 and henoa
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which, for small displacememys tbepomeg se

(X -1) ()
o

¢ =
’Cxx

Wl

In any event since, in our one-dimensional case, the deformation of each volume
olement depends only on one parameter, 'f;x is a unigque funotion of v,
#ithin the elastio limits,

g = 26T (4)

where G 1is the rigidity modulus, and for higher strains the stress becomes con- .

stant, We shall assume the siress-strain relntion to be ziven by

Y/2
Y/26 (5)

where Y 4is the yleld stress, 1lhis relation is not far from the truth,

The stress above the yleld point cannot depend on the strain, since,
once plastic flow sets in, the initial shape 1s no longer relovant, It may how-
ever depend on the rate of strain. The effect of this dependence is rather like
that of viscosity in a gaseous shook and we will not investigate it here.

#We can now plot the stress o,, agalnst the speoific volume v and the
curve wo obtain is shown schematically in Fig. l. vy -A is the hydrostatic pressure
only, v,~B is the shear stress, and v,<C is the sum of the two, and hence oyy.

Consider now a discontinuocus transition by shook from the normal state
{volume v°) to a state given by the point P, From the relations of Hugoniot we
oan see as usual that the slope of the line Pvg iz equal to U2/¥oz where U 1is
the shock velocity, For a ligquid with ¥ = 0, G = 0 the line would lead to P¢

instead, and it is seen that, in the case shown, the differencs is small 1f the

1) LA-165 p.74 W%, %30 S o0 see se,
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shook strength is large oog@gréd.?b Ya o

However, for a somewhat weaker shock, as shown by § in the figure, the

line vo(¢ interseots the ourve v,o at an intermediate point s, Since the line v Q
now lies partly below the curve, such a shook would be unstable according to the
eriterion of von Neumannz} What aotually happens then is that the shock will extend
only from T to Q, where T is the point of contaot with the curves from Q,

The iniltial compression from v, to T will in general alsc be disocon-

o
tinuous. This follows if we take our definition (6) as exactly valid, since the
function o*(v) is linear, whereas p(v) is always convex towards the v-axis, so that
the resultant is also slizhtly convex and a stablé shook from v to T 4s possible,
Aotually even if the line from vo to T were exactly straight, the
oompression would be discontinuous, since we would then have the mooustio case in
which the pressure distribution propagates without change of ghape, 1If, therefore,

tha shock is aeaused, [or example, by an impact, it will have a discontinuous rise

initially and then bo propageted without change,

e find, therefore, that a shook which 18 not too stronz will consist of
an initial small ocompression to the yleld limit, end a final shook. The velocity of

the first part is given by the slope of the line v,-T, which evidently is

- (dp/av), + (4/3)6

or sinoce

- (dp/av), =
where 1 1s the oomprea;ion modulus, it is

w +(4/3)a
This is equal to the square of veloocity times density, honoce the velocity of the
initial shook is |

Ju + (4/3)6

oo JCRE N T .

l) la-160  p. T4
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This is the velooity of a ma xtu:iin&;l. gg:zrﬁfsignalo

It 18 evident from the figure that conditions will be ag exemplified by
the point P or Q respectively acoording to whether the velocity of the main shoock
1s greator or less than longitudinel sound veloolity.

Flgs. 2 £o 6 show the quantitative pictures for a number of metals. The
hydrostatic pressures are taken from the report by Hetropolis (LA-208), For the
elastio constants values were collected from the literature, In general the value
of Polsson's ratio and Younzt's modulus given in Kaye and Laby's tables, were most
nearly consistent with Bridgman's values for the oompfessibility on which LA-208
is baged. In each case two slopes are shown for the longitudinal sound velooity,
using either the published value of Poisson'$ ratio or of Younz's modulus, to sive
an idea of the ocomsistenscy. In tho.case of Al only one ocurve is shown, since in
this oase the data nre exaotly consistent.

Elastic oonstants for tuballoy wers taken from measurements by Birch.

The data ere summarized in the following tablo, The first column gives the hydro-
dynanmic sound velocity, the seoond the longitudinal velocity, which is also equal

to the oritioal shook velocity, for which the shock just csases to be preceded by a
sound signal, The next column gives the pressure oorresponding to the pressure
belonging to this shock if strength is negligibleo Actually sinoe the strength
raises the curve v,FP of Iig. 1 somewhat above the curve vyP', the actval oritieal
shook pressure is slightly less than the figure given in the tabl;n

The fourth oolumn gives the oorr;sponding ocompression, again neglecting
strength,

The last column gives, approximately, the shock pressure expected to be

caused in each material by a detonation wave in Comp., B strikink the metal normally,
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1t 1s seen that this exoeods the oritical pressure for Al, Cd, Cu, that it is below
Porit in Fe, and about equal to it for Tu. Hence the affcet described here ought
to exist in steel, might exist to a very small extent in tuballoy, and should be
absent in normal conditions in all other metals included in the table,

Experiments by Group G-8 have shown strong indieéations of suoh an esffect
in stegl and none in the other metals; this agrees thorefore with our expectation.
In all oases, the effect might be expested in thick plates and with very small amounts
of lI.E,, since the shock attonuation will reduce the shoock strength so that the

sound siznal will detach itself from the shock after some initial run as a sinzle

shock. It would, however, be neocessary to use very high weight ratios of metel %o

HoEs to make the sffect observadble,

hydro, longit.
velooity veloolty Porit Porit Pshoock
Material | m/ssc. 860, mezabars Y Megabars
Al 6210 6320 17 1,19 .28
Cd 2270 2880 101 1.18 035
2790 097 1,16
Cu 3920 4780 216 1.12 37
4580 184 1,11
Fe 4630 8020 T 0438 1,18 036
6290 0388 1,16
Tu 2440 3240 -40 1,26 039

The part of the ourve voP in Fig. 1 which lies above the yield point T

is irreversible, and on expansion the material will follow a ocurve which instead
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of lying above the hydrosta.%i.a. caarvé, .';.Uf.iie below 1t zince the plastic stress

will agﬁin appose deformation and will now aot in & direction opposite to the
hydrostatic pressure.
The shape of the descending part of this curve is of great importance for

the theory of spalling,

PUBL*F C RELEASE




APPROVED FOR PUBLI C RELEASE

[ X J
L] L
» L
0000

®
0000

[ 4
[
0@ 00
) L 4
L
rese
L
[ 4 [ 4
)eoce
re® e

)oeee

[ X 1 1]
[ ] [ ]
o000 00
[ 2 [ 2
e » [
oo0000
[ [ ]
o000 00
[ [ ]
[ 3
o o
s00000
[ [ 2
o00000
[ ] [ ]
[ 3 [ 2]
o o [ ]
[ ] [ ]

F16.

OR PUBLI'C REL EASE

APPROED B



APPROVED FOR PUBLI C RELEASE

~98

94 .96
PUBItI C*'RELEASE

i3

APP

074 76 78 .80 B2 .84

£aes sottir Qigl 'R3237 WALTY
5.33n8 Y.¥Q r-CGCJ "CNR Tl TANWLNC T CAVNUB SITEYND

ve



APPROVED FOR PUBLI C RELEASE

e

e

lil

il T!il I i

:
ili

i

i:

I
o

T
11%"

JEY

o !

|
:|
‘f ;{' 1‘!

HiHE

Sip

L

ith

Y

X 10 G

96 .98

7 < T
H |
. i

Bl Uik NS SRR T St

42°94

PR AR A ST Y
v ,

L)

s
® o oo
® & o

8g -90
APPRAVED" ECR- PUBL| C"RELEASE

82 .84 3@

I

11
!
1

A

I

D

HO
 ®
o
=
10
1S
<
~

o._..



APPROVED FOR PUBLI C RELEASE

LS SRS ~

filichg s

RIS FRIEE s 0 TR 01

R RTHE

i
H

i

|;z-

o
1
it

e

i

=
bl

i
ted

Lifl i

sl

et

it}

]
r
ol

b

I ge i

5.33+8 VAVC

»+00.

N

L33 ECREAW IRTITR G PRREREHTT) - |
TN AAVEr.CD TNINTKG Sty




APPROVED FOR PUBLI C RELEASE

RURDH

l§1

%4 .

v
v

wnien

B 4!

RELEASE

C

LT

30

Sl.jpeme

i T I A e o

51

FOR PUB

e
21000

TR THEIIED

.88
APPROED

a5

dis

Lr'
AR

il
i

e L

€. 33v3 Vivg

»+0C2 CN

Zavat Bau] Y3G1 " 1-TREINR
"IN ANYAWCS DUINNYE S$3THYHD




APPROVED FOR PUBLI C RELEASE

SH;

EE
132

i fegl
BT
RGN
2902 T A 56
RS by
u..nl .T_ W_hw;
4] e i) it el
(e 5 ool s
4 T h Iei S S e e
TS T " TETTE I RTHT
IERaH TS [T eetnd 1 .ﬂw.ﬂw
I . .ﬂ w_.q _. s _i...nm 2
IR S HY o1 AR H Wﬂﬁ
AN ..__w.h th 1i .w_x_u.nm g ,.mr
S EES Fr 3 et : PR 3 }
Fh ST i HH LB A T
H N nae w —tH T TR A TR IEER
1] 11 Vi gl e RS H
w .Um y T%H. j H Ee4 mm. ma...dl ._umw {14
Hi e A I AT R A :
| _-rnm huw@mﬁmr rm\yp_u-r i
w.. s IR TR e nf” apdbepgiqnd
r”_n_w.h.mﬁ.mﬂ mex nmx_ jeits
HH T T Erps b sinrr iy yat : 1
H adjagsals grphddde .Hr mT ;.rw%% .w._ﬂ m..m_”,# i
Tugph. sidpnidafiin n Byt ! fedil ] v Ehiagddy:
R [T R HinH s ;._.‘.um‘ S H -
HH R HTTETRTHR] R Hihtn T oY
A FHIH i Bill HH m ds £l
. ARESRRNE QP argEupN ot { s .
i SR R HT A E A e e R
: HotohiaHE :
] FHE R R Vg R I3 Fiiarmady ts
2 ,w e Sihaicithic ”-frvmw_ gtk Lwa%\ i
) jiedadl-datiss Rt daM i fis=falelsoialqic Red e rpradilan THLA T HE
: TR P e A
- ERYERAMETa S MRS R pSHREE T o L e ~idih
R HEHE R B R Anini
e s b e T ks R FEr HtH
i Tn «Hﬁ.mwm Wuw 3] 24 ;ﬂ_.rm.._
.Lml Aot o it yarTais
jaigt ﬁnu.wm..ﬁn# ..m y. Ass .w.
i Hodirhbs Aottty 1%
il b ».*umfi....u_n,- st
T A galnubnade Sl ouls i ekiddsdunguisignyas s {
.,:k i il et o Fd i PR R o
Ty H gt b Sy F R N3 8 o
ﬂ.m : H app{gineadyuid peb iR gku Ay dus
el e o P R R T
syt - a4 B i =
e S
g ySt AL T 21T, 3
i Hif S HEE i
ergld S 59 VIS 313
\wm ; 22gad R T
414 i e
i iy [RTRE STt ¥
b SR e H R L
N . '] 2 EaS Y s
A R iE3 228
[LE Tt Tt Lh
jse} et 35 3! Haptfas! i
: T R EITTHA: T
L “_.“n+ T T H SEpiice i
T JITHR S z pEsgayyEagagy Y RY h e
bbbt T U nel R Y1k i E
T T qrgwn 3 i3 3 =
BEHHE RS ] R 3k ndQ
b H-Bd 2 d SHHEH -
uw H 3 n 180 % Laatthirn
! i bl T
S el o i R
4 i} it B R i Hkle
o e i - ..wi. .u,_+_ lTn‘erl | vm H 8
0 . e i FRLE b Selafeils E2H i
v 1 oty goau .I.LmrH .
RH i =1 tHEEEH T R
! i : Foh HHEHTE A LRI
1t r.z i : qu_... (R I TIHTH
3 T o pY T IR -+
e , FHT i Rl i
4 [E342 SRt LI TR 1D sext
-1 A i il
RS T TR e H
e k‘“ ml w*.xz. sugass FhTi
kel il aasalagd +h
o H 1111 FHH [
i AL

0
0]




UNGLASSIFIED

UNCLASSIFIED

APPROVED FOR PUBLI C RELEASE

e e e e g———
.

APPROVER, RtR BUBEI G el EASE

.‘.. .



