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SHOCK EFFECTS ON FROZEN MATERIALS 

Exploding Wire Experiments 

by 

James L. Smith 

INTRODUCTION 

The dynamic loading process gives rise to the dynamic equation of state, or Hugoniot, of a 
material. The Hugoniot not only gives basic information regarding the shock loading process but 
also relates to the fundamental properties of materials·. Most of the empirical data -used in deter
mining.Hugoniot curves have been obtained -by making velocity measurements. The shock velocity 
and particlevelocity are measured simultaneously and the conservation equations are used to com
pute the pressure-volume relationships. 

Conservation of mass and momentum across the shock wave requires that · 

Po (mass) (1) 

· (momE:mtum) (2) 

where: 

· U
8 

= the shock velocity 

UP = the particle velocity· behindthe shock wave 

P0 = initial pressure 

Po ~ initial density: 

The pressure behind the shock wave is 

(3) 

. In these tests the shock compression is at lea.st on the order of several hundred atmospheres so 
that the ~mbient pressure or initialpressureof_~bout one atmosphere can be neglected. Then, 

(4) 
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From the definition. of strain;· 

( 

~~_v __ 

Yo 
where Vis the ~pecific volume, and:eq 1, . - · 

( 
f._ P.o. - uP 

p us 
(5) 

so that the dynamic stress an(Ist~ai n can be determined from U 
8 

and UP, the .var.iables usually di• 

rectly or indirectly n~easured i~ shock wave experiments (Cook et al .•. 1962; Dennen, 1965). 

TEST. PROCEDURE 

The exploding wire technique utilizes electrical energy stored in a capacitor system and re
leased rapidly to explode a thin 'wire which in turn creates a pressure pulse uniform along the length 
of the wire and propag_ating radially from the. axis of the wire (Fyfe~ 1968). A schematic of the 
capacitor -disc}Jarge system is shown in. Figure 1. 

The test samples were obtained from the permafrQst tunnel at Fairbanks (Fox), Alaska. The 
frozen. silt samples were·cored with a slightly modified· USA CRREL ice auger. Tungsten carbide 
cutters were substituted for the conventional steel cutters and the core barrel was adaptetl to a 
hand-held rotary percussion electric drill. The samples were·:cut to the desired length (approxi
mately 10 em} and a hole was drilled along the, length of the cylinder. The position of this hole 
was varied to obtain free-surface velocities at different stress levels. The closer the hole, or 
wire, to the surface the greater the stress. 

Density determinations were made from carefully measured values of the weight to the near
est 0.5 g and the dhtm~·ter ami l~ngth t~ 'the nearest ~illimete;. -Routin~ soil analysis was per-
formed on sa~p.les representative of the material tested (Fig. 2). . . -

The shock parameters (U and U ) obtained from the exploding wire technique were determined s p 
from measured values of shock arrival time at the free surface and the free-surface motion. These 
tests were made with the exploding wire positioned at various radial distance's from the surface of 
the specimens. The tests were performed under a controlled temperature of -10°C. 

Trigger to 
Scope 

Current to 
Scope 

Capacitors 

T Spring-loaded 
Switch 

Figure 1. Schell!atic of capacitor discharge system. 
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TEST RESULTS 

·s :·. 1.29: 

1 1.38 

NP 1.45. 

NP 1.65 

3 

S.G~ 

2. 71 

~Aa· 

2~63-

2.63 

. ; . 

Theshock wave velocities were· determined fro.m a plot of' the ti~~-Fequired fm the shock 
wave to travel the distanbe from the exploding wire· to the free surface of the ~pecimens (Fig. _3, 4). 

'fhese data were fitted t.o the equation 

r.= a0 + a t -t- a t 2 
1 . 2 

where the velocity of the shock wave at time t would be 

dr 

dt 

Table I gives the results of the analytical fit of the data to eq 6. 

Po (glcm2) ao a --·1 a2 

1.26 2:-m/ 2t95 -0.019 

1.41 -!.83 4~03 -0.06.7 
i.50 ~'ll.47 4,._22 ~0.060 

1.58 ~5.19 5.)2tt ~0.130 

(6} 

(7) 
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The Hugoniot in the pressure- relative volume plane is shown in Figures 6 and .7. The data 
·points· are plotted and the observed Hugoniot was computed using eq 9 with the values for the con
. stants C and S from Tables II and III. 

Tests were conducted todetermine the.complex Young's ~odulus, complex shear modulus, 
damping charact.eristics and velocity of wave propagation under dynamic load for selected frozen 
.soil sa~ples representative of the material tested (Stevens, 1966). The samples were subjected 
to s1nusoidal steady•state vibrations, first in 'the 1oiigitudinal direction and then in the torsional 
dire.ction. The fundamental.resonant frequency and up to four harmonics were determined under 
a range of-drive forces or stress levels. Table IV gives the material constants ·derived from the 

· .. test;.data. 
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Figure 8. Two P.V. Hugoniots and the resulting Us-UP Hugoniot. (Alter McQueen et al., 1967.) 
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APPENDIX A: HUGONIOT DATA 

r up us 
(llsec) (mm) (mmlp.sec) (mml11sec) 

3.00 
4.65 
4.46 

12.73 
2.03 
2.26 
6.99 
8.60 

10.01 
3.41 
2.70 
3.41 

5.40 
2.57 
4.47 
2.51 

' 8.63 
6.94 
3.30 
4.90 
6.19 
6.78 
4.24 
7.51 

11.12 
10.56 
5.01 

9.02 0.04185 
23. 19 0. 0 1064 
18.08 0.02495 
35.44 0.01143 
12.48 - 0.03615 
7.90 0.07788 

19.05 0.02920 
28.31 0.02055 
34.13 0.01500 
10.26 0,05144 
9.36 0.04265 
9.47 0.04222 

16.40 0.04014 
7.48 0.04685 
8. 94 0.06283 
9~75 0.05207 

26.88 0.02084 
25.98 o.o 1524 
12.57 0.03520 
13.34 0.02988 
23.98 0.02634 
23.06 0.02446 
15!21 0·,02890 
25.86 0.02642 
35.75 o.o 1824 
30. 77 0. 0 1646 
15.81 0.02393 

2~ 74 7.92 .0.05974 
4.04 10.26 0.07148 
3.41 9.52 0.06416 
4.09 11.28 0.04100 
5.85 23.16 0.01512 
7.42 21.56 o.o 1326 
8. 10 26. 18 0.02190 
6.46 17.83 0.03078 
4.92 18.31 0.02710 
8. 06 30.'53 o.o 1555 

8.54 
6.24 
2.04 
3.12 

11.52 
4.53 
7.02 
5.49 

25.23 0.01818 
22.88 0.02489 

5. 74 0.17912 
7.90 0.06980 

36.02 o. 0 1334 
17.39 0.02667 
26.62 o.o 1917 
21.21 0.02997 

2.836 
2. 773 
2.780 
2.466 
2.873 
2.864 
2.684 

. 2.623 
2.570 
2.820 
2.847 
2.820 

3.306 
3.686 
3.431 
3.694 
2.874 
3.100 
3.588 
3.373 
3.200 
3.121 
3.462 
3.024 
2~540 

2.615 
3.359 

3.891 
3.735 
3.811 
3.729 
3.518 
3.330 
3.248' 
3.445 
3.630 
3.253 

3.076 
3.670 
4.754 
4.475 
2.308 
4.111 
3.469 
3.747 

Po - 1.26 g/cm3 

p 

(kb) 

r uP us 
(/lsec) (mm) (mml11sec) (mml11sec) 

1:50 0.98524 
0.37 0.99616 
0.87 0.99103 
0.36 0,99536 
1.3,1 0.98742 
2.81 o. 97281 
0.99 0.98912 
0.68 0.99217 
0.48 0.99416 
1.83 0.98176 
1.53 0.98502 
1.50 0.98503 

1.35 6. 17 
9.32 30.68 

10.32 27.09 
2.61 10.31 
5.50 19.51 
8.90 30.38 
4.64 13.60 
2.53 6.93 
6.44 13.21 
7.18 ' 18.83 

10.08 24.27 
9.85 34.77 
3.10 11.95 

0.05806 
0.01588 
0.02347 
0.03920 
0.02514 
0.02510 ' 
0.05685-
0.07874 
0.05105 
o.o 1615 
0.01270 
0.01370 
0.03915 

Po - 1.41 glcm' 

1.87 0.98786 
2.43 o~ 98729 
3.04 0.98169 
2. 71 o. 98590 
0.84 0.99275 
0.67 0.99508 
1. 78 0.99019 
1.42 0.99114. 
1.19 0.99177 
1.08 0.99216 
1.41 o. 99165 
1. 13 o. 99126 
0.65 0.99282 
0.61 0.99371 
1 •. 13 0.99288 

2.84 10. 11 0.04128 
1.92 9.07 0.03556 
5.64 17.37 {).02656 

12.84 36.73 o.o 1181 
6.43 18.32 ' 0.02623 

10.38 36.50 o.o 1189 
8.09 29.90 o.o 1664 
6.66 21.13 0.02511 

12.97 36.79 o.o 1181 
5.14 16.75 0.02855 
2.26 5.31 0.11938 
2.11 5.46 0.17907 
5.39 12.62 0 .. 04420 
3.28 ' 13.34 0.03572 

10.37 37.72 o.o 1380 
8.67 27.71 0.01769 

p0 - - tso g/cm' 

3,49 0.98465 
4.00 0.98086 
3. 67 o. 98316 
2. 29 o. 9890 1 
0.80 0.99570 
0.66 0.99602 
1.07 0.99326 
1.59 0.99107 
1.48 o. 99254 
o. 76 0.99522 

3.27 12.05 
6.37 22.43 
7.63 24,99 
5.04 14.49 
6.65 19.60 
9.65 31.47 
3.17 9.55 
7.40 26.56 

10.10 32.44 

0.06120 
0.01757 
0.02461 
0.02285 
0.02375 
0.00952 
0.04160 
0.01355 
0.01380 

2. 16 5. 18 o. 15743 

Po - 158 glcm' 

0.88 0.99409' 
1.44 0.99322 

13.45 0.96232 
4.94 0.98440 
0,49 0.99422 
1. 73 o. 99351 
1,05 0,99447 
1. 77 o. 99200 

2.25 7.14 
8.58 25.85 
5.48 12.42 
3.36 8.20 
2.74 
6.49 
2.84 

11. 16 

10.52 
12.52 
7.n8 

37.36 

o. 17780 ' 
0.01195 
0.03063 
0.08824 
0,03963 
0.04282 
0.06774 
o~o 1116 

2.899 
2.596 
2.558 
2.851 
2.741 
2.612 
2.774 
2.854 
2.705 
2.677 
2.567 
2.576 
2.832 

3.649 
3,773 
3.274 
2.309 
3.168 . 

2.639 
2.946 
3.138 
2.292 
3.341 
3.727 
3,747 
3.308 
3.590 
2.640 
2.868 

3.828 
3.456 
3.304 
3.615 
3.422 
3.062 
3.840 
3.332 
3.008 
3.961 

4.700 
3.066 
3.866 
4.413 
4.573 
3.606 
4.546 
2.401' 

p 

(kb) 

11 

2. 12 o. 97997 
0~52 o. 99388 
o. 76 0.99082 
1.41 0.98625 
0.87 0.99083 
0.83 o. 99039 
1.99 0.97951 
2.83 0.97241 
1.74 0.98113 
0.54 0,99397 
0.41 o. 99505 
0.44 0.99468 
1.40 o. 98618 

2. 12 o. 98869 
1.89 0.99058 
1. 23 o. 99189 
0.38 0. 99489 
1.17 0.99172 
0.44 o. 99550 
0.69 0.99435 
1.11 0,99290 
0.38 0.99485 
1.34 0,99146 
6.27 0.96797 
9.46 0.95221 
2.06 0.98664 
1. 8 1 o. 99005 
0,5-l 0.99477 
o. 74 o. 99383 

3.51 0.98401 
0.91 0.99492 
1.22 0.99255 
1.24 0.99368 
1. 22 o. 99306 
0.44 0.99689 
2.40 0.'98917 
0.68 0.99593 
0.62 0.99541 
9.35 o. 96026 

13.80 0.96217 
0.58 o. 99610 
1.87 0.99208 
6. 15 o. 98000 
2. 86 o. 99133 
2.44 0.98813 
4.87 0.98510 
0.42 0.99535 
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