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Shock Compression of Shoal Granite 
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Physics Deptlrlmw;, [/Ili;:usity oj l/Iillc}:'st at Chicago Cir<"ie, ChicClo, I llinois 6fJ6S0 

(Rccei\'ed 1·1 ~c\'embcr 1969; in fin:.! l iorm l:! June 1970) 

E~erirnents utilizing explosives with and wi ,hout Eyer plates have been used to dete~mine the 3hvd .. com 
pression properties of ,hoal grani te . High.spcctl framing camera records were used to determine the free 
surface angles which occur in wedgc~cut sam ples upon the emergence of the resulting shock waves . The 
shock equations are given for the oblique geometry. Previously observed yidd point data are used to obtain 
the Hugoniot of shoal granite in the range between 0 and 400 kbars. 

1. INTRODUCTION 

A number of reports and publications have given 
high-pressure data for gr::tnite.l-I .\ ttempts ·to plot 
tb ~se da ta on a single curve sometimes sho\y c(JD.sider­
able scatter.~ ·fi Such scatter is no dcubt due in part to 
experimental errors and sample to sample variation 
but may also be partially attributable to difIerences in 
the materials studied. :YIaterials with a fairly 'wide 
variation in the proportion of mineral abundancies fall 
under the general classifica tion of granite. 

In this paper the results of high-pressure shock com­
pression ex-periments on shoal granite are given.s The 
mineral content of this material was reported in a 
previous paper7 where the results of experiments for 
shock pressures up to about 40 kbars .... vere given. In 
the earlier WUtk a shock tube method \vas usedj here 
high explosive,; were used to obtain pressures up to 
ahout 400 kb.rs. The obJect of this work is to furnish 

shock data for one particular type of gnmite throughout 
the complete range up to 400 kbars. 

II. EXPERIMENTAL METHOD 

Two di .Ieren t configura tions \vere used to genera te 
a 'shock W:lve in a wedge-cut sample of grallite . In the 
first, as shown schematic:>. lIy in Fig. 1, an explosive 
train con!'isting of a detcnator, plane wave generator, 
aJ;ld pad of high explosive were used to impact a fiyer 
plate upon the sample. In the second, the explosive 
train was pbceu in direct contact with the sample. In 
both configurations, a shock wave was generated in the 
sample which cau~ed free surface motion of the back 
face of the sample . . \ framing record of the sli land 
fid ucial markings between the sample and knife edge 
were recorded on. a Beckman Whitley model 139 frarnio 6 
camera. 'l'he 5!it area was back lighted by an argon light 
bomb detonated priL1r to the free surbce motion. The 
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timing :;equenct: was detemlined by tht: position of the 
rotating mirror in the framing camera. Thus, :lot a pre· 
determined rotor position after detonation of the 
explosive train, the argon flash was detonated . . -\ gHing 
scheme was used to ensure that the triggering signal 
generateri during each revolution of the camera rotor 
did not ignite the argon flash until after the explosive 
train was detonated. The explo5i ve train was ddon:J.ted 
when the rotating mirror reached the desired rotational 
velocity. 

A record of the free surface configuration is shown in 
Fig. 2. From a series of such consecutive records, the 
shock wave and free surface velocities were calculated. 

III. SHOCK WAVE EQUATIONS 

In a number of investigations the shock eqt:. .tions 
have been used. These equations relate the one·dinlen­
sional strain and the diagonal stress tensor componen t 
in the shock propaga tion dirfction to the·r..easurable 

-

variables, the shock anJ material velocities. for a single 
shock ,vave propagating into initially unstressed mate· 
rial the stress and strain are 

(1) 

and 

(2) 

where U, and Up are the shock wave and material 
velocities and pa and Vo are the initial density and 
volume, respectively. The stress II differs from the 
hydrostatic stress when the shear modulus ha5 a finite 
value. For very high stresses the shear modulus vanishes 
and the diagonal stresses are equal to the pressure. In 
most of the experiments discussed here the stress level 
is not high enough to neglect the shear forces so that 
the value of II found from Eq. (1) cannot be thought of 
as the hydrostatic pressure, and shear waves can be 
expected. 
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FIG. 2. Sample record oi ;lit area 
showing in ter:;ections of the e1a.tic and 
plastic waves \\"ilh the free surface of a 
granite wedge. 
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rIG. 3. Schematic diaciram of possible re,punse cu,,'es io. Sh'lCk 
compression. 

In Ref. 8 conditions were discussed in which more 
than one shock wave are generated. Two shock waves 
are expected to be generated in a materia l which is 
shock compressed to a stress slightly above its dynamic 
elastic limit or phase trJ.nsition pressure. In such cases 
the stress and strain behind the second wave are 

0"2= [PQUJI ( U,2- U pl ) (Up2 - Upl ) / (Us! - Upl )]...L 17 l , 

(3 ) 
and 

whe re U,I and U,2 are the velocities in laboratory co-

Free surface behind 
plast ic wave 

Initlal fr.e 
direction 

s'.,;r:ace 

Reflec ted p las t lc 
...,ave franc. 

Free 9u=face dlrection 
be hind ela3tic 
waves 

Free surf3.ce behind 
el astic waves 

ordinates or the firs~ .;.uJ s,;con 1 :,1: JCk W~J.\-":', .1": 1 Cpl 

and [jp~ :ue the ma'l'rial -.-docici,c" t)(;hin.j [h; rl[,[ :lnd 
second waves. The r<::.,5io'1s:n whic1. tl:c::'t: t:q,:.(·i'J:l '; .lfe 
applicable are 51.1'.vn in the H us'''n.iot rt i.;gran ur fig. 3. 
The Ht.:goniot shown in Fig 3 COrrC5[1 " ~ld-" CO a fll.lterial 
with a yield p,)int or pln~e .r.,;btti.}u:lt (fl. If the tr:tn :;i­
tio!l or yielding does not occur J.t :l wdl sp.::cinec! stress 
but occurs over a range ci strc3SC:S {(Tl to (Tt' in Fi;,; . 3) a 
shock wave bn will be f t'lerJ.ted for stresses be[>\-een 
0"1 and 0',. For this C<ise Eqo' .. (3) :lnd (-0 m ay be 
generalized to 1/ shock \\\i '.-C:5. Thu3. 

O"~ = O"n-t+[pQ( U, .... - [-P.,,_\) ( Up .. - [' ;J,n- I)! (1- tn __ l) ] 

(5) 
and 

t~= l- II [ ( C .. -Up1)!( U,I-Up.j.-ol)]. (6) 
i=l 

For the wedge contigu raticn used in this series of 
experiments, it is pcssible to determine the general 
features of the Hugor,iot by analysis of the shape of the 
free surta 'e. Thus in Fig. 2, it is seen that the free sur­
face h::ts t\\ a pain t5 of ~lope change which correspond to 
the intersec tion of two W2..ves with the free surface. The 
analysis of these datl are based on he two wave con­
figuration shown in Fig. -1. For such a two-wave system, 
the first wave is the eb -tic wave J.mi transmits a stress 
corresponding to the dynamic elastic limit or yield 
pcint. L"pon its rellectivn a t the free surface, two waves 
reflect into the sampk, a uilatational and a shear wave. 
Because the second wa \-e o~ plastic WCi.ve is well above the 
yield point, shear forc<::s are not considered so that only 
a single longi tudinal decompression wave is considered 
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Reflected d illtational 
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Normal to In!tia! 
free surface 

FIG. ·t Free surface and shock wa'~ con~.::rur:ttiun. 
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to be reflected at the free surface. The v\:ctor diagrJ.ms 
in Figs. 5 and 6 show the mattrial velocities associated 
with each of these waves J. nd their relation to the free 
surface angles which may be measured in each experi­
ment. In addition, in order to use Eqs. (3) and (4) to 
find the stress and strJ.in behinu each wave, it is neces­
sary to determine the mate ria l velocities, Upl and Upz , 

which occur behind t he first and second wa n~s within 
the sample. 

From Fig, 5, the free surface angle el , is 

where 

and 

O+rd CO"Cll+72 ~ina~ 
tanOl= -------------­

l / El- ( l-rl ) sinal -r2 cO.3a~ ' 

Tl = t.Up l ' / t.Upl 

r2= t1 Up,/ ~Upl 

(7) 

are the reflected material velocity ratios for the di:ata-

Reflected p las tic 

/ 

wave fr on t 

Initial free 

...... ......, /8urface 

tienal and shear waves, respectively; 0'1 and a~ are the 
shock front angles between the f ree surface and the 
dilatational and shear wa\"e fronts, respect ively ; El is 
the strain at the yield poin t as defined in Eq. (2) ; 
6. U p I is the material velocity occurring behind the 
incident elastic wave ; and 6"Up1' and :1 Up. are the 
material velocities which occur behind the reflected 
dilatational and shear waves, respectively, as shown in 
Fig. 5. 

The velocity ratios are related to the angles of 
obliqu ity e and f as shown in Fig. 5 by the relation­
ships!t-ll 

and 

tl __ U __ P __ 1' = 4tanf tane- (tan2j- l )g(v) 

t1Up1 4 tanftane+ (tan 2f-1)g (v) 

-4taneg(v) 

4 tane tanf+(tan2j- l)g (v) , 

(8 ) 

(9) 
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TARLE 1. Sh0,:k Ja~a [0r Siw :;.! 6 rarUce. 

Free 3urface :lnglt! :i Wedge 
(rad ians) J.og!e 

(degrees; 
Exp. Eq. li)J' (ob ,) (mea.s .j 
00. 81 I)~ al 

3S 0.0 199 0.130-1, 15.00 
38 0.0199 0.16+1 15.00 
40 0.0199 0.1672 15.00 
42 0,0199 0.0964 15.00 
43 ).0199 ).1155 15.00 
-l-l 0.0194 ).1200 14.50 
46 J.0219 0.1497 17.00 
47 0.0199 O. L054 15.00 
49 0.0199 0.1819 15.00 
50 0.0209 0.1065 16.00 
51 0.0194 0.1225 14.50 
52 0.0199 0.1006 15 .00 
53 0.0165 0.1111 12 .00 
56 0.0165 0.0887 12.00 
60 0.0183 0.11 71 13. 50 
61 0.01S8 0. 0902 14.00 
66 0.0194 0.1112 l4.50 

:\ Ela5ttC wa \"e data taken from Rei. 7 i shock veloc ity (U pi ) =5.<)8 

yield pt. (Pt) =38 kbar ::l . and the initial density (p l) =2.65 gl ee. 

where 

X and!J. are the Lame constants, and v is Poisson's ratio, 
so that A/ !J. = 2v/ (1 - 2v). The notation in Eqs. (8 ) and 
(9) is used to correspond to th3.t of Refs. 10 and 11, and 
the angles e and fare rda ted to the shock frGn tangles 
al and a2 by the equations 

al=11/2-e 
and 

(11) 
,,:here 

tan2j= [2( 1- v) / (1- 2v) J( tau2e+ 1) -1. ( 12) 

From Fig. 6, one can also relate the free surf, ce angle 
82 to the material vdocity .),. Up~ behind the plastic wave. 
Thus 

!lUp~= U.2 tan (B2-81 )/sin2(al-81). (13) 

IV. RESULTS 

By use of Eqs. (7)-(13), the measured values cf 81, 

82, a I , U,!, and U.2, and a value of Poisson's ratio v for 
granite,l2 values of Upl and Up2 might be calculated 
since 

and 
(14) 

(15) 

A somewhat different procedure was used however 
because 81 was small, of the order of 1 deg, so that Us1 

was difficul t to measure. Instead, values of the yield 

_ ___ - . .......,--c.- - ... 

P las tic ,,'ave ve[oci(ies ' 
( rnm '",occ; Stres3' 

- ------ -_. (k')ars) Stnin ' 
(ob; .) [Eq. \1 ~ ) J [E,:. (3)J CEq. em 
U.2 Up2 Pz E',! 

5.182 1.-1,81 ~05 . 6 0.281 
5.791 2. 0-1,7 313 .2 0.352 
5.425 1.96' 233 .3 0.359 
3.932 0.898 W3.S 0.210 
4.-lSI 1. 1ll L-l5 .6 0.250 
-l.663 1.291 104.9 0,~68 

5.1322 1.6,'; ~5i,0 0.236 
3.993 0.985 "13.9 0.230 
6.126 1.380 ; g·L 1 0.389 
6.0,;5 1.296 _05.1 0.215 
5.J3-! 1.471 : 09.5 0.272 
3.566 0 .8iO 9·1. i 0.221 
-l. 968 1.500 !OO,9 0.295 
4.572 1.12S l-U.8 0.236 
5.029 1.431 193.9 O.2iS 
4.054 0.916 W 7.8 0.209 
·1.663 1.195 152,4 0.248 

mm/ "" ec . st ra in .. =0.040. material veloc ity \ c.,- pi) =0.239 mm/p.~er . 

point data were taken [)jom Ref. 7 and used to calculate 
81 from Eqs. (7)-(12 ) . Equation (13), with observed 
values of 82 and [/.2 was- chen used to ca lcula te r../p2 • The 
stress and strain Iyen: t hen calculated from Eqs. (3) 
and (.1,). T he results a r e shol\"n in T3.bJe 1. In Fig. i, 
the Hugoniot for this mCl teria l is shown. Results irom 
the earlier low.pres3ure s tudy7 and highe r.pressure data 
for shoal granite from R ef. 2 are also shown. 

V. SUMMARY 

The solid line in Fig . .3 represents what is considered 
to be the best estimate for the H ugoniot for shoal 
granite.13 T he scatter o f the data about that line is 
partially attributable to the relatively large grain sizes 
of the mineral constitu€: nts of this ma teriaL The tech· 
.niqlle used here has one rela tive advantage over other 
methods, such as interfemmetric, which utilize informa· 
tion from very small d ..;mcnts of the free surface of a 
sample. Here the characltaistic dimension of the portion 
of the sample, which cOllil:cibutes to the observed anglcs, 
is large compared to the :grain size. One disadvantage of 
the prescnt method is: that the interaction of the 
reflected and incident wa ve fronts within the sample is 
neglected . That neglect is analogous to simplifying 
assumpt ions made in experimental configurations 
uLilizin~ normal W3.ve in teractions as already pointed 
outY Th.e accuracy of tfh : present method is determined 
Lo a large exten t by the errors in measuring shock 
velocities and free surface angles. These are es tima ted as 
2% and 0.13 degrees, rtspectively, and fro m Eqs. (5), 

-.----- -:"~ ----_._ .... -
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FrG. 7. Shock data for shoal granite. 
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(13), and (15), lead to errors in pressures and material 
veloeiLies of less than -1 % and 2.5%, respectively. 
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