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Experiments utilizing explosives with and without fiyer plates have been used to determine the shock com­
pression properties of ~hoal granite. High-speed framing camera records were used to determine the free 
surface angles which occur in wedge-cut samples upon the emergence of the resulting shock waves. The 
shock equations are given for the oblique geometry. Previously observed yield point data are used to obtain 
the Hugoniot of shoal granite in the range between 0 and 400 kbars. 

I. INTRODUCTION 

A number of reports and publications have given 
high-pressure data for granite. l -4 Attempts to plot 
these data on a single curve sometimes show consider­
able scatter.2,6 Such scatter is no doubt due in part to 
experimental errors and sample to sample variation 
but may also be partially attributable to differences in 
the materials studied. Materials with a fairly wide 
variation in the proportion of mineral abundancies fall 
under the general classification of granite. 

In this paper the results of high-pressure shock com­
pression experiments on shoal granite are given.6 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 were given. In 
the earlier work a shock tube method was used j here 
high explosives were used to obtain pressures up to 
about 400 kbars. The object of this work is to furnish 

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

II. EXPERIMENTAL METHOD 

Two different configurations were used to generate 
a shock wave in a wedge-cut sample of granite. In the 
first, as shown schema.tically in Fig. 1, an explosive 
train consisting of a detonator, plane wave generator, 
and pad of high explosive were used to impact a flyer 
plate upon the sample. In the second, the explosive 
train was placed in direct contact with the sample. In 
both configurations, a shock wave was generated in the 
sample which caused free surface motion of the back 
face of the sample. A framing record of the slit and 
fiducial markings between the sample and knife edge 
were recorded on a Beckman Whitley model 189 framing 
camera. The slit area was back lighted by an argon light 
bomb detonated prior to the free surface motion. The 
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timing sequence was determined by the position of the 
rotating mirror in the framing camera. Thus, at a pre­
determined rotor position after detonation of the 
explosive train, the argon flash was detonated. A gating 
scheme was used to ensure that the triggering signal 
generated during each revolution of the camera rotor 
did not ignite the argon flash until after the explosive 
train was detonated. The explosive train was detonated 
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. 

ill. SHOCK WAVE EQUATIONS 

In a number of investigations the shock equations 
have been used. These equations relate the one-dimen­
sional strain and the diagonal stress tensor component 
in the shock propagation direction to the measurable 

FIG. 1. Configuration for explosively 
driven flyer plate experiments on wedge­
cut samples. 

variables, the shock and material velocities. For a single 
shock wave propagating into initially unstressed mate­
rial the stress and strain are 

u=poU.Up (1) 

and 

(2) 

where U. and Up are the shock wave and material 
velocities and Po and Vo are the initial density and 
volume, respectively. The stress u differs from the 
hydrostatic stress when the shear modulus has 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 u found from Eq. (1) cannot be thought of 
as the hydrostatic pressure, and shear waves can be 
expected. 

FIG. 2. Sample record of slit area 
showing intersections of the elastic and 
plastic waves with the free surface of a 
granite wedge. 
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FIG. 3. Schematic diagram of possible response curves for shock 
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 material which is 
shock compressed to a stress slightly above its dynamic 
elastic limit or phase transition pressure. In such cases 
the stress and strain behind the second wave are 

U2= [PoUB1 ( U,2- Up1 ) (Up2 - Upl )/ ( Ud - Upl)J+Ul, 

(3 ) 
and 

where Ud and U,2 are the velocities in laboratory co-

Initial free surface 
direction 

Reflected plastic 
wave front 

" / Free surface direction 
:--.. /' / behind elastic 
~ /' wave s 
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I , 

ordinates of the first and second shock waves, and U pI 

and U p2 are the material velocities behind the first and 
second waves. The regions in which these equations are 
applicable are shown in the Hugoniot diagram of Fig. 3. 
The Hugoniot shown in Fig. 3 corresponds to a material 
with a yield point or phase transition at Ul. If the transi­
tion or yielding does not occur at a well specified stress 
but occurs over a range cf stresses (Ul to Ul' in Fig. 3) a 
shock wave fan will be generated for stresses between 
Ul and u,. For this case Eqs. (3) and (4) may be 
generalized to n shock waves. Thus, 

U,,=Un-l+[Po( U.,.- Up.n- i ) (Upn- Up.n- 1)/ (1- ':,,--I)J 

(5) 
and 

i-n 

E,,=l- II [(U.i-Upl)/(Ud-Up.i-l)J. (6) 
i=1 

For the wedge configuration used in this series of 
experiments, it is possible to determine the general 
features of the Hugoniot by analysis of the shape of the 
free surface. Thus in Fig. 2, it is seen that the free sur­
face has two points of slope change which correspond to 
the intersection of two waves with the free surface. The 
analysis of these data are based on the two wave con­
figuration shown in Fig. 4. For such a two-wave system, 
the first wave is the elastic wave and transmits a stress 
corresponding to the dynamic elastic limit or yield 
point. Upon its reflection at the free surface, two waves 
reflect into the sample, a dilatational and a shear wave. 
Because the second wave or plastic wave is well above the 
yield point, shear forces are not considered so that only 
a single longitudinal decompression wave is considered 
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FIG. 4. Free surface and shock wave configuration. 
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to be reflected at the free surface. The vector diagrams 
in Figs. 5 and 6 show the material velocities associated 
with each of these waves and 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 strain behind each wave, it is neces­
sary to determine the material velocities, Upl and Up2, 

which occur behind the first and second waves within 
the sample. 

From Fig. 5, the free surface angle (h, is 

(7) 

where 

and 
r2= 1>. Up.! 1>.Upl 

are the reflected material velocity ratios for the dilata-
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tional and shear waves, respectively; al and a2 are the 
shock flOnt angles between the free surface and the 
dilatational and shear wave fronts, respectively; El is 
the strain at the yield point as defined in Eq. (2); 
1>.Upl is the material velocity occurring behind the 
incident elastic wave; and 1>.Upl' and AUPB 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 
obliquity e and f as shown in Fig. 5 by the relation­
ships~ll 

and 

A_U_P_l ' = 4 tanftane-(tan2f-1)g(v) 

AUp1 4 tanftane+(tan2f-1)g(v) 

1>. Up. -4taneg(v) 
---- = ------------~~~------
AUpl 4 tane tanf+(tan2f-l)g(v) ' 

(8) 

(9) 

" Incident plastic 
............... / wave front 

Free surface behind 
elastic waves 

/
' ~ Normal to reflec ted 

'" plastic wave front FIG. 6. Vector diagram for 
r-;;;;;;;;:::::::::=/~---'.C~",,-:~"'::"'," ____ ,--__ o-- plastic wave interaction with : , the free surface. 
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TABLE 1. Shock data for Shoal granite. 

Free surface angles Wedge Plastic wave velocities" 
(radians) angle (mm/I'sec) Stress" 

(degrees) (kbars) Strain" 
Exp. [Eq. (7)J& (obs.) (meas.) (obs.) [Eq. (1 5)J [Eq. (3)J [Eq. (4)J 
no. 61 62 "'1 U .. U,,2 P2 '2 

35 0.0199 0.1304 15.00 5.182 1.481 205.6 0.281 
38 0.0199 0.1644 15.00 5.791 2.047 313.2 0.352 
40 0.0199 0.1672 15.00 5.425 1.965 283.3 0.359 
42 0.0199 0.0964 15.00 3.932 0.898 103.8 0.210 
43 :>.0199 0.1155 15.00 4.481 1.171 145.6 0.250 
44 0.0194 0.1200 14.50 4.663 1.291 164.9 0.268 
46 J.0219 0.1497 17.00 5.822 1.672 257.0 0.286 
47 0.0199 0.1054 15 .00 3.993 0.985 113.9 0.230 
49 0.0199 0.1819 15.00 6.126 2.380 ~84.1 0.389 
50 0 .0209 0.1065 16.00 6.035 1.296 .lOS. 1 0 .215 
51 0.0194 0.1225 14.50 5.334 1.471 209.5 0.272 
52 0.0199 0.1006 15.00 3.566 0 .870 94 .7 0.221 
53 0 .0165 0 . 1112 12 .00 4.968 1.500 200.9 0.295 
56 0.0165 0.0887 12 .00 4.572 1.128 142.8 0 .236 
60 0.0183 0.1171 13 .50 5.029 1.431 193.9 0 .278 
61 0.0188 0.0902 14 .00 4.054 0 .916 107 .8 0.209 
66 U.0194 0. 1112 14.50 4.663 1.195 152.4 0.248 

& Elastic wave data taken from Ref. 7; shock velocity (Up.) =5.98 mmIJt5ee. strain ,,=0.040. material velocity (U",) = 0.239 mm/).lsec, 
yield pt. (P,) =38 kbars. and the initial density (po) =2.65 glee. 

where 

>. and J.I. are the Lame constants, and II is Poisson's ratio, 
so that >'/J.I.=211/(1-211). The notation in Eqs. (8) and 
(9) is used to correspond to that of Refs. 10 and 11, and 
the angles e and! are related to the shock front angles 
al and a 2 by the equations 

al=7r/2-e 
and 

(11) 
where 

tan'i= [2(1-11 )/(1- 211 )J(tan2e+ 1)-1. (12) 

From Fig. 6, one can also relate the free surface angle 
8z to the material velocity tl.Up2 behind the plastic wave. 
Thus 

tl.Up2 = U.2 tan (8z-8l )/sin2 (al-81). (13) 

IV. RESULTS 

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

8z, ai, Ud , and U.2, and a value of Poisson's ratio II for 
granite,l2 values of Upl and Up2 might be calculated 
since 

and 
Upl = flUB! = tl.U pi (14) 

(15) 

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

was difficult to measure. Instead, values of the yield 

point data were taken from Ref. 7 and used to calculate 
81 from Eqs. (7)-(12). Equation (13), with observed 
values of 82 and U.2 was then used to calculate Up2• The 
stress and strain were then calculated from Eqs. (3) 
and (4). The results are shown in Table 1. In Fig. 7, 
the Hugoniot for this material is shown. Results from 
the earlier low-pressure study7 and higher-pressure data 
for shoal granite from Ref. 2 are also shown. 

V. SUMMARY 

The solid line in Fig. 5 represents what is considered 
to be the best estimate for the Hugoniot for shoal 
granite.13 The scatter of the data about that line is 
partially attributable to the relatively large grain sizes 
of the mineral constituents of this material. The tech­
nique used here has one relative advantage over other 
methods, such as interferometric, which utilize informa­
tion from very small elements of the free surface of a 
sample. Here the characteristic dimension of the portion 
of the sample, which contributes to the observed angles, 
is large compared to the grain size. One disadvantage of 
the present method is that the interaction of the 
reflected and incident wave fronts within the sample is 
neglected. That neglect is analogous to simplifying 
assumptions made in experimental configurations 
utilizing normal wave interactions as already pointed 
out. 14 The accuracy of the present method is determined 
to a large e. .. <tent by the errors in measuring shock 
velocities and free surface angles. These are estimated as 
2% and 0.15 degrees, respectively, and from Eqs. (5), 
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(13), and (15), lead to errors in pressures and material 
velocities of less than 4% and 2.5 %, respectively. 
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