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SUMMARY 

An experimental investigation of stress-wave propagation in snow 
and ice is described. Seven types of Greenland snow were investigated 
to determine the extent to which the variation in dynamic response of 
the snow is a function of snow types, and were compared with results 
of similar Michigan snow experiments. A low-density explosive charge 
was detonated, sending a steep-fronted shock wave through a metal trans 
fer plate and into the snow sample, compressing the snow and setting it 
in motion. Measurements were made on shock waves with amplitudes of 
less than ¿00 atm. Density and pressure behind the wave fronts were 
determined by simultaneous measurement of wave-propagation and parti¬ 
cle velocity as limited by the fast elastic wave and the slow plastic wave 
of the two-front structure. Values calculated by the Rankine-Hugoniot 
jump conditions determined the points at which the material behaves 
plastically or hydrodynamically. The maximum stable pressure-volume 
states that snow can reach under shock loading are also shown. Sources 
of scatter in the results from variations in snow type and errors in data 
reduction and geometry changes are pointed out. 



CODE INDEX 

The following codes are used to describe 
snow types investigated: 

the various 

OP 
NP 
MH-8 
TWH-16 
TWV-16 
TWH - ¿ 3 
TWV-23 

Old Peter Snow' 
New Peter Snow 

Middle Horizontal Core, 8-ft Depth 
Trench Wall, Horizontal Core, 16-ft Depth 
Trench Wall, Vertical Core, 16-ft Depth 
Trench Wall, Horizontal Core, 23-ft Depth 
French Wall, Vertical Core, 23-ft Depth 
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dynamic response of snow to 

HIGH RATES OF LOADING 

by 

H. Napadensky 

INTRODUCTION 

in snow and ice. Since the behr^or^^mateHals^StreSS~wave propagation 
cannot be reliably inferred from static ^ dynamic loading conditions 

help m filling the gap in the «nd^s^din^^tha^r^f8 °f wU1 
shock or impact loading. The experiment ce a . t f and lce under 
data from which the dynamic yieW anT^he nr « °un.Sma11 samPles- Provided 
plastically or hydrodynamically were determfntd t T'1 the "'iaterial behaves 
were investigated to ascertain the extent t i i‘ Seven,tYPes °f Greenland snow 

ol the snow is a function of snow types; the results fUfr^T t dynamiC resPonse 

pared with the results of several e^peHments on Michigantníiw COm- 

wiUi a metaTpPrate?e;ivingf contact 

shock wave was transmuted through t^n,'^0" "h Sh°C > in the Plate* This 
the snow and setting it in motion. Meastern 116 Snow samP1e. compressing 

amplitudes of less than ¿00 atm.* At these pressurisé °'\ WaveS with 
and splits into two fronts. The first wave travel« , tf blt^le.shock front is unstable 
and should have a stress amplitude eaual to M L i S u> elastlc dilatational velocity 

by «he slower p,..Uc shoch ÄÄ.rr ïî ÄÄo'T/T ^ 
The region between the two waves is substanti a I u/-, 1 the flnal Pressure, 
sample of an actual test record shows thl State- Fl«Ure ^ a 
a schematic of a one-dimensiont coZ^t^n cuFi^re ¿ - 
pressure-volume states attainable with such a material. ^ represents the locus of 

roach uLttL'ort!oadtraDLu‘oit'slird“rr^"VOlUn;efSta,‘!S that Sn0"' Can of nuclear or chemical weapons determinin n eclulred for estimating the yield 
explosion, detecting underground explosions^ S1Ze ot1 a crater resulting from an 
snow structures, and in solving problems whichZvT^ hardened or Protective under- 
the landing of an airplane on snow (Def R and F r' n V:' ^ HRpact of a projectile or 
Chaszeyka, 1958 and 1 961 ). lDeF R and E Bulletin ¿9, 1961; Anderson, 196¿; 

^r.iiviXL,i\ i At. METHOD 

The dynamic method used to determine stress n 
requires the simultaneous measurement of w- d the corresPondlng comp.essior. 

velocity. In snow several wav^s VeI°CÍty and parlicle 
are bounded by the fast elastic wave and the sLvr Oa" ¡c’wá’v VLT''1'“' 
pressure, or compression and stress, behind the elnsM.Z V ' C density and 
calculated directly from the Rankine-Hugoniot jump condit ^ P aSUC Uaves can üe 
«ton of ntass and tttonten.ttnt. Across the^ 

= Po c0 tl. 
(1) 

Pi Po c0 !(co ■ u ) . 
pl {¿) 

Across the plastic-wave front the following equations hold: 
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Plaitic Wave 

SHOT NO. 67 

600 MICROSECONDS 

Driver Plate 
Driver Plate Sample 

Inte ríate 

Sample At Kelt Grui Line Slope for 
Particle Velo, ity Determination 

Elastic Precursor 

Figure 1. Sample streak camera record of dynamic response of TWH-¿3'snow. 

Figure Pressure as a function of specific volume curve for a 
medium that will support both an elastic and plastic shock wave. 

! 
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P¿ 

Pz 

Where: c0 

U 
s 

u 
p 

p 

p 

Subscript: 

p, * p> (ps - uPl) (“p, u 
Pi 

) 

(us - “Pl/(N - >'p2> ■ 

the elastic-wave velocity 

the wave velocity at which the plastic waves propagate 

the particle velocity 

the density 

the pressure normal to the wave front, and 

(3) 

(4) 

1 refers to the state ahead of the wave front 

¿ refers to the state immediately behind the front. 

The experimental arrangement used to determine the wave velocities and 
corresponding particle velocities is shown Figure 3. In each experiment a metal 
driving plate was accelerated by a charge of low-density explosive. The plate cmn 

retaSrSdeedabvythndrer m,aterial bemg investigated, and the motion of the plate was 
retarded by the resistance to compression of the specimen. A streak camera was 
used to record the motion of the plate and the horizontal lines of a reference arid which 

Tnd1 thr à thefTVe? SUrface of the specimen. The detonation of the explosive 
was bareW r erai H k ^ P ^ S° nearly instantaneous that the acceleration time 
hrouah ti, °1Ved by tht Streak camera. The propagation of compression waves 

through the specimen can be seen as the progressive displacement of the reference 
lines painted on the edge of the specimen. rcxercncc 

iS g!vLn!n Aprpea“r ^ ^ ^ ^ P-etre 

Data reduction 

ec mirrÂ^rruIÍilr^^fe^ fT/slT^ “ 7S 
reader was used to obiain i-ho L, t\ • P • ?' A “rst an automatic digital-data «da useu to oDtam the (x, t; information from the streak Ft j 

(vertS dislan!:e)andrltlnft^ pe,rmitted the simultaneous determination oí x 63 
r : mstance;anu i (time) coordinates of any point on the recorrí Th , m , 

hadumhbed rV —‘or 
drifting of the x = 0 axis The me Lh r n6 aba^d,one^ because of the intermittent 

was to measure the s.ope of eacK o, ep^1“" 

measuri„Pg"hraorif%hI U°eCwhTlrisVli0eC!ly ^ WaS »V ' 
initial movement of the reference grid P0‘"tS rePrese,lti"S the time of the 

were^rrr^ 

determination of hugoniot curves from experimental data 
The pressure-volume relationships (the Hugoniot) plotted in Fiunre. 4 X ,. 

obtained from measurements of the velocities of the elastic wave piTmc e 
and particles and through application of eq 1, 2, 3, and 4. ’ ° ^aY,‘’ 
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\\ M / BLASTING CAP 

BOOSTER 

!,! TETRYL 
2 2 

ALUMINUM TRANSFER 
FRAGMENT SHEET 

/ 

LOW density- 
explosive 

DRIVING PLATE 
■T“ 

film 
TRAVEL 

LENS 

FRAGMENT 
SPRAY 

REFERENCE 
GRID 

SPECIMEN 

ANVIL (Steel) 

BASE 
(Steel) 

\ 
\ \\ ! / / 

Figure 3. Test arrangement. 

Determination of elastic-wave speed 

Since there was, for most of the snow types, considerable variation in the calcul¬ 
ated elastic-wave velocity, and since these variations seemed to be random and could 
not be correlated with any parameter, it was decided to assume a constant value for 
the elc .c-wave velocity. The value of the elastic-wave velocity used in the calcula¬ 
tions of the pressure-volume relationships was determined by plotting, in bargraph 
form, the number of experiments which yielded a velocity falling within a certain 
velocity range against the computed elastic-wave velocity. This graph is shown in 
Figure 7. The most likely velocity of the elastic wave was estimated from this graph. 
The elastic-wave velocity determined by a vibrating beam method (Nakaya, 1959) 
is also indicated in Figure 7. 

Determination of particle velocity behind elastic wave 

The particle velocity behind the elastic wave (u ) was taken as the average of all 
the Vj and v2 values listed in Table II. The average^*1 was used since confidence in the 
accuracy of vt was not high as the line segment on the test record which represents 
vi was generally small in length. It was also expected that the value of v2 should 
be close to Vj. 

Determination of shock and particle velocities behind plastic wave 

The values of plastic-wave velocity and particle velocity (or velocity at the snow- 
driver plate interface), as tabulated in Table II, are plotted in Figures 8-14 for each 
type of snow investigated. A smooth curve was drawn through these points. The 
values of Ug and u taken off the smoothed curve were used in the calculations of the 
pressure-volume relationships across the plastic-wave front. 

Table II also lists the P-V (or P-p0/p) relationships across the elastic and plastic 
waves, as computed from the raw data, prior to the smoothing methods just described. 
The curves in Figures 4-6 are the results of computations on points from the smoothed 
velocity curves of Figures 8-14. The solid lines on the P-V curves are for actual 
data points. The dashed line on the curve represents the results of computations based 
on an extrapolation of the shock velocity-particle velocity curves of Figures 8-14. 

Several preliminary experiments were conducted in Chicago on Northern Michigan 
snow of density 0. 5 g/cm3. The results of the analysis can be seen in Figures 15 and 16. 
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Figure 4. Hugoniot curves for TWV-¿3, TWH-Z3, and MH-8 snow 
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Finally, Figures 17 and 18 show individual plots of pressure versus particle velo¬ 
city and the relation of stresses across the elastic- and plastic-wave fronts. There are 
distinct groups with different characteristics. This behavior may warrant further 
study. Similar groups can be plotted for the other types of snow based upon the data 
in Table II. 
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Figure 7. Bargraph method for estimating elastic-wave velocity. 
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25- 

Sno» Typ* TWH-23 

Figure 8. Velocity curve used for 
calculation of Hugoniot equation of 

state of TWH-23 snow. 

Snow Type TWV- 16 

Porfíe?« Vfíocity i lONcm/stc) 

Figure 11. Velocity curve used for 
calculation of Hugoniot equation of 
state of TWH-16 snow. 

state of OP snow'. 

Partiel* Velocity > 10 ’(ctn/eecl 

Figure 1¿. Velocity curve used for 
calculation of Hugoniot equation of 
state of MH-8 snow. 

Figure 13. Velocity curve used for 
calculation of Hugoniot equation of 
state of TWV-¿3 snow. 
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Figure 14. Velocity curve used for 
calculation of Hugoniot equation of 

state of TWV-16 snow. 

í'igure 15. Velocity curve used for 
calculation of Hugoniot equation of 

state of Michigan snow. 



9 

particle vElOOTy ( CM/ MSEC ) 

Figure 1 7. Response of snow in 
the pressure vs particle-velocity 

plane. (Snow type TWH-¿3) 

to the state of stress across the firs^ wate or e,as,tc wa'“^Th ' T' 

òr Plaluc^ave.^yór^ach^xper^en“' '“S'”'' ^ *«^ -ve 

Z™¿iT,czg*z° Zp^Z' Th; :zrz: snr,n Tl . i , ,ne JumP ln stress from elastic to plastic behavior is 

—- /-p 
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P, Í ATMOSPHÈRE S I 

Figure 18. Response of 
snow in the P2 vs P, plane. 

(Snow type TWH-23) 

This graph illustrates the correlation between the stress 
in the first wave and the stress in the second wave. 

Pj represents the stress across the elastic wave front. 

P2 represents the stress across the plastic wave front. 

These curves correspond, roughly, to the family of con¬ 
tinuous lines and dashed lines of Figure 17. 
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Table I. Summary of initial parameters. 

INITIAL LOADING CONI 3ITIONS SNOW TYPE 
Driver plate Explosive TWH -¿3 

Re c o rd 
number* 

OP 
Record 
number* 

NP 
Record 
number* 

TWH- 1 6 
Record 
number* 

MH-8 
Record 
number* 

TWV-2 3 
Record 
n umber* 

TWV-16 
Record 
number* 

Mate rial Diam 
(cm) 

Ht 
(cm) 

Wt 

(8) 

Steel 6. 35 10. 16 ¿0 1, 17, 19 
165, 169, 
1 70 

27, 35 
49 

53, 88 69, 79 
93, 141 

99 1 3 3 1 55 

Steel 6. 35 10. 16 30 ¿, 12, 23 
1 66 

28, 45 57, 86 77, 143 127 
1 38 

1 56 

Steel 6. 35 7. 6¿ 30 3, 10 29, 38 
50 

54, 56 
60, 83 

71, 73 
148 

1 09 126 
132 

1 64 

Steel 6. 35 6. 35 30 4, 11, 14 
24 

62, 87 74, 144 101, 107 
114 

119 
131 

1 58 

Steel 6. 35 6. 35 40 5, 26 31, 37 
43 

51,66 
84 

70, 96 
145 

1 1 6 123 
1 34 

1 57 

Steel 6. 35 6. 35 50 97, 140 100, 118 1 20 
1 37 

1 60 

Alum. 6. 35 5. 08 ¿0 6, 9, 
21 

39, 46 ‘55, 61 
85 

72, 80 
94, 139 

106, 112 121 1 59 

Alum. 6. 35 5. 08 3 0 98 104, 115 125 
1 35 

1 54 

Alum. 6. 35 5. 08 40 7, 20 33, 41 
47 

52, 64 
89 

68, 78 1 08 128 
129 

Alum. 6. 35 4. 13 50 13, 18, 
22 

36, 44 58, 63 
90 

67, 95 
146 

1 02, 110 1 36 1 53 

♦ Records obtained only. 
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Table II a. Experimental data and Hugoniot values. 

Snow type TWH-23; p0 = 0.5Z8g/cm3; Permeability = 58 cm/sec 

Record 
number 

Temp 
(C) 

Impact 
ve locity 
(cm / sec) 

Plastic 
velocity 
(cm/sec) 

Elastic- 
velocity 
(cm/sec) 

Particle velocities 
behind elastic wave 

(cm /sec) 

i V, 
(bars ) 

Po /Pi 

(bars) 

Po / Pi 

1 

¿ 

3 

4 

5 

7 

9 

10 

1 1 

U 

13 

14 

18 

¿0 

21 

¿2 

23 

24 

26 

-12. 8 

-12. 8 

-12.2 

-12.2 

-11.1 

-11.1 

-12.2 

-13.3 

-14.4 

-13. 9 

-13. 9 

-13.3 

11.1 

-13. 9 

-12.8 

- 7. 8 

- 7.2 

- 7. 2 

- 7.2 

745 

1,290 

1, 660 

1 , 690 

3.210 

7, 1 00 

5, 080 

1, 940 

2, 440 

1 , 360 

1 0, 900 

2, 020 

12,500 

8, 430 

4.210 

1 1 ,600 

1 , 300 

1,940 

2, 440 

2, 970 

7, 430 

5, 080 

4, 050 
• 

8, 120 

21,300 

14,000 

5, 530 

4, 470 

7, 940 

21,600 

5, 250 

21,800 

18, 400 

1 1,700 

21,300 

6, 790 

5, 970 

8, 260 

40, 200 

114,000 

1 1 0, 000 

72,600 

93,500 

181,000 

167,000 

206, 000 

172,000 

291,000 

152,000 

219,000 

255, 000 

124,000 

151,000 

84,900 

142,000 

80, 900 

130, 000 

289 

248 

240 

69 6 

745 

694 

403 

428 

363 

479 

352 

360 

342 

128 

989 

266 

485 

568 

248 

99 

240 

30b 

465 

521 

4 61 

272 

474 

3 02 

352 

288 

374 

298 

410 

574 

258 

472 

485 

1 65 

306 

186 

289 

307 

272 

316 

213 

352 

198 

327 

256 

547 

359 

121 

525 

451 

1 94 

316 

124 

352 

198 

218 

256 

269 

401 

6. 14 

14. 9 

14. 0 

26. 7 

36. 8 

66. 3 

35. 7 

46. 4 

33. 1 

73. 6 

28.2 

41. 6 

22. 4 

10. 2 

44. 4 

19. 9 

20. 7 

39. 1 

0. 992 

0. 998 

0. 998 

0. 990 

0. 992 

0. 996 

0. 997 

0. 998 

0. 998 

0. 998 

0. 998 

0. 998 

1. 000 

0. 9°7 

0. 999 

0. 988 

0., 998 

0. 994 

0. 996 

6. 8 

18. 8 

18. 4 

28. 5 

46. 5 

1 36. 2 

67. 6 

50. 5 

37. 6 

71.VI 

146.6 

45. 9 

143. 5 

99. 5 

35. 2 

1 59. 5 

23. 5 

25. 0 

46. 7 

0. 825 

0. 855 

0. 672 

0. 698 

0. 662 

0. 686 

0. 655 

0. 702 

0. 494 

0. 899 

0. 503 

0. 655 

0. 427 

0. 553 

0. 647 

0. 471 

0. 842 

0. 732 

0. 755 
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Table II b. Experimental data and Hugoniot values. 

Snow type OP; p0 = 0. 505 g/cm3; Permeability - 80 cm/sec. 

Record 
number 

Temp 

(C) 

Impact 
velocity 

(cm /sec) 

Plastic 
velocity 

(cm /sec) 

Elastic 
velocity 
(cm/sec) 

Particle velocities 
behind elastic wave 

(cm/sec) 

Pi 

(bars) 

Po /Pi P2 

(bars) 

Po / Pi 

V, v2 v3 v4 

¿8 

¿9 

31 

33 

36 

37 

38 

39 

43 

44 

45 

46 

47 

50 

-15. 0 

- 1 5. 5 

- 1 5. 0 

-15. 5 

-17. 8 

- 9. 4 

-10. 0 

- 8. 3 

- 8. 3 

- 8. 3 

-10. 6 

-11.7 

- 7.8 

-10. 6 

1,110 

1, 340 

2, 570 

7,810 

10, 500 

3, 360 

1,720 

4, 730 

2, 360 

12,400 

1,270 

4, 310 

7, 620 

2, 180 

3, 350 

8, 560 

9, 450 

18,000 

21.700 

11.700 

5; 330 

11,200 

6, 310 

24,500 

3,910 

9, 720 

17, 100 

6, 470 

122,000 

178,000 

103, 000 

99,000 

105, 000 

111,000 

56, 900 

60, 800 

119,000 

127,000 

139, 000 

93,000 

80, 500 

112,000 

1 34 

224 

413 

837 

796 

197 

556 

448 

197 

990 

213 

243 

666 

539 

75 

1 34 

346 

727 

760 

157 

225 

448 

1 57 

737 

178 

243 

399 

470 

60 

313 

523 

601 

147 

180 

298 

147 

470 

195 

357 

325 

392 

565 

1 05 

433 

213 

486 

352 

8. 3 

20. 2 

21.4 

41.9 

42.2 

11.0 

15.9 

13. 7 

20.4 

63. 5 

14. 9 

11.4 

27. 1 

30. 5 

0.999 

0. 999 

0. 996 

0. 992 

0. 992 

0. 998 

0. 990 

0. 993 

0. 997 

0. 992 

0. 998 

0. 997 

0. 992 

0. 995 

9.9 

24. 9 

31. 3 

102. 8 

142. 5 

29. 4 

18. 7 

37. 1 

26. 5 

208. 5 

16. 9 

30. 4 

85.2 

35. 5 

0. 696 

0. 866 

0. 758 

0. 589 

0. 531 

0. 726 

0. 750 

0. 599 

0. 660 

0. 51 1 

0. 714 

0. 569 

0. 572 

0. 722 
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Table II c. Experimental data and Hugoniot values. 

Snow type NP; pü ^ 0.499 g/cm3; Permeability = 36. 9 cm/sec 

Record 
number 

Temp 
(c) 

Impact 
velocity 
(cm / sec) 

Plastic 
velocity 
(cm/sec) 

Elastic 
velocity 
(cm/ sec' 

Particle velocities 
behind elastic wave 

(cm/sec) 

Pi 

(bars) 

Po / Pi P¿ 

(bars) 

Po /P¿ 

V, v2 v3 v4 

51 

52 

53 

54 

55 

56 

57 

58 

61 

62 

63 

64 

66 

83 

84 

85 

86 

87 

89 

90 

- 8.9 

- 8.3 

- 9.4 

- 8.3 

-11.1 

-11.1 

-12. 8 

-12. 8 

-12.2 

-12.2 

-10. 6 

-11.7 

-10. 0 

-12,. 8 

-13.4 

-13.4 

-17. 8 

-16. 7 

-16. 7 

2, 500 

7, 230 

919 

1, 690 

4, 870 

1,850 

1, 190 

10, 800 

4, 790 

1, 980 

11,400 

8, 390 

1, 040 

1,810 

2, 450 

5, 1 10 

1 , 350 

2, 1 50 

8, 610 

11,600 

7, 310 

1 5, 400 

2, 710 

5, 080 

11,400 

4, 840 

4, 040 

21,700 

11,000 

5, 430 

19.900 

16,300 

5, 590 

4, 700 

6, 670 

11.900 

3, 810 

3, 860 

15, 100 

21,400 

71.800 

61,500 

74.700 

112,000 

69.800 

64.700 

103,000 

66,300 

77.800 

60.400 

73,000 

62.400 

52.400 

142,000 

83,900 

94,000 

97.400 

90, 400 

105, 000 

58,000 

3 1 6 

686 

212 

436 

508 

477 

31 3 

557 

480 

225 

225 

349 

1 55 

260 

524 

374 

164 

291 

604 

289 

404 

212 

401 

474 

159 

174 

3 72 

412 

1 55 

204 

349 

121 

260 

402 

357 

1 64 

194 

403 

253 

510 

212 

348 

321 

127 

35 

321 

326 

186 

218 

260 

349 

357 

131 

174 

329 

235 

387 

229 

3 04 

95 

321 

326 

297 

3 03 

65 

155 

201 

11.3 

21.0 

7. 9 

24. 3 

17. 7 

1 5. 4 

16.1 

18. 5 

1 8. 6 

6. 7 

9. 3 

1 0. 9 

4. 1 

18. 4 

22. 0 

17. 5 

7. 9 

1 3. 1 

31.7 

0. 996 

0. 989 

0. 997 

0. 996 

0. 993 

0. 993 

0. 997 

0.992 

0. 994 

0. 996 

0. 997 

0. 994 

0. 997 

0. 998 

0. 994 

0. 996 

0. 998 

0. 997 

0. 994 

1.000 

18. 9 

69. 5 

8. 8 

27. 2 

41.7 

19. 9 

1 7. 7 

119.4 

41.4 

11.3 

120. 2 

74. 7 

6. 4 

22. 0 

27. 9 

44. 9 

10. 1 1 

1 6. 4 

89. 9 

123. 9 

0. 685 

0. 551 

0. 717 

0. 727 

0. 584 

0. 616 

0. 764 

0. 513 

0. 590 

0. 663 

0. 432 

0. 499 

0. 837 

0. 634 

0. 687 

0. 589 

0. 675 

0. 480 

0. 466 

0. 458 
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Table II d. Experimental data and Hutfoniot values. 

Snow type TWH-16; p0 =0.512 g/cm3; Permeability = 85 cm/sec 

Reco rd 
number 

69 

70 

71 

72 

73 

77 

78 

30 

95 

97 

98 

139 

140 

144 

145 

146 

Temp 
(C) 

- 1 1 . 1 

-11.1 

-10. 5 

- 9.4 

-I 0. 0 

- 8.9 

-13.4 

-1 0. 0 

-16. 7 

-16. 7 

-1 6. 7 

-14.4 

- 3.9 

-11.1 

-11.7 

-12. 2 

Impact 
velocity 
(cm/sec) 

1. 000 

2, 740 

1, 330 

4, 950 

1,490 

1, 340 

8, 290 

4, 630 

10, 200 

3, 010 

6, 290 

3, 010 

3, 700 

2, 130 

2, 070 

10, 700 

Plastic 
velocity 
(cm/sec) 

2, 740 

7, 190 

1,510 

10, 700 

3, 120 

2, 570 

16, 800 

9, 880 

19, 900 

7, 240 

13,200 

6, 440 

7, 940 

4, 840 

4, 770 

20, 200 

Elastic 
velocity 
(cm / sec) 

158,000 

82,200 

77, 800 

112,000 

68,100 

131,000 

146,000 

57, 100 

133,000 

132,000 

78, 400 

190, 000 

155,000 

88,100 

98,100 

129,000 

Particle velocities 
behind elastic wave 

(cm / sec) 

l 

196 

493 

350 

350 

133 

1 38 

730 

403 

610 

284 

370 

371 

188 

149 

298 

315 

143 

3 65 

122 

133 

1 38 

645 

363 

469 

246 

222 

297 

188 

1 12 

1 39 

1 30 

89 

183 

175 

120 

271 

363 

394 

208 

185 

167 

146 

93 

1 12 

93 

V, 

175 

1 69 

319 

189 

204 

146 

1 39 

20 

(bars) 

15. 9 

20. 7 

14. 0 

20. 1 

4. 7 

9. 3 

54. 6 

11.8 

41.6 

19. :, 

14. 9 

36. 1 

14. 9 

6. 7 

14. 9 

20. 8 

Po /Pi 

0. 999 

0. 994 

0. 995 

0. 997 

0. 998 

0. 999 

0. 995 

0. 993 

0. 995 

0. 998 

0. 995 

0. 998 

0. 999 

0. 998 

0. 997 

0. 998 

(bars) 

1 7. 0 

28. 4 

14. 6 

44. 6 

6. 7 

10. 8 

87. 7 

32. 5 

1 36. 6 

29. 0 

54. 0 

44. 1 

28. 9 

11.5 

18. 0 

126. 8 

Po ' P¿ 

0. 683 

0. 661 

0. 684 

0. 555 

0. 545 

0. 506 

0. 529 

0. 551 

0. 524 

0. 607 

0. 538 

0. 564 

0. 547 

0. 576 

0. 601 

0. 476 
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Table II e. 

Show type MH-8; p0 

Record 
number 

100 

101 

102 

104 

106 

107 

108 

109 

110 

112 

115 

118 

Temp 
(C) 

-17.2 

-16. 7 

-16.2 

-14.4 

-17.2 

-15. 6 

-15. 6 

-17. 8 

-17. 8 

-18. 9 

-16. 7 

-15. 0 

Experimental data and Hugoniot 

= 0.388 g/cm3; Permeability 

values. 

= 18.5 cm/sec 

o 

Impact 
velocity 
(cm/sec) 

2, 840 

2, 190 

12,700 

7, 650 

5, 030 

2, 630 

9, 130 

1,810 

11,900 

4, 780 

6, 560 

3, 030 

Plas tic 
velocity 
(cm/sec) 

5, 710 

4, 800 

17, 400 

11,800 

8, 000 

5, 480 

14,300 

5, 160 

19, 900 

8,930 

10, 700 

6, 070 

Elastic 
velocity 

(cm/sec) 

66, 900 

105, 000 

79,400 

66,200 

61,600 

63.600 

79,300 

88.600 

103,000 

81.900 

65.900 

63,800 

Particle velocities 
behind elastic wave 

|cm/sec) 

T 

370 

180 

526 

531 

356 

506 

3 04 

620 

128 

463 

229 

259 

198 

403 

300 

71 

337 

215 

328 

73 

214 

132 

74 

216 

333 

177 

71 

187 

125 

310 

73 

107 

106 

37 

180 

140 

124 

75 

90 

218 

(bars) 

9. 6 

7.4 

16. 2 

13. 6 

8. 7 

15. 6 

10. 4 

24. 7 

4. 1 

11.8 

5. 7 

Po /Pi 

0. 994 

0. 998 

0. 993 

0. 992 

1.000 

0. 994 

0. 994 

0. 997 

0. 994 

0. 998 

0.993 

0.996 

(bars) 

14.8 

11.0 

96.2 

44. 9 

15. 6 

13. 3 

62. 0 

13. 3 

109.3 

20. 0 

36. 2 

12. 1 

Po / P2 

0. 535 

0. 562 

0. 277 

0. 366 

0. 371 

0. 553 

0. 374 

0. 688 

0. 413 

0. 472 

0. 401 

0. 520 
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Table II f. Experimental data and Hugoniot values. 

Snow type TWV-Z3; p0 - 0. 529 g/cm3; Permeability = 30.2 cm/sec 

Record 
number 

Temp 
(C) 

Impact 
velocity 
(cm/sec) 

Plastic 
velocity 
(cm/sec) 

Elastic 
velocity 
(cm/sec) 

Particle velocities 
behind elastic wave 

(cm/sec) 

y j \j » L» 

Pi 

(bars) 
Po /Pi P2 

(bars ) 
Po !?z 

V, v2 v3 v4 

120 

121 

125 

126 

127 

128 

129 

133 

134 

135 

136 

138 

-15. 6 

-16. 7 

-16. 7 

-16. 7 

-16. 7 

-16. 7 

-16. 7 

-12.2 

-12. 2 

-11.7 

-11.1 

-12.2 

3, 000 

4, 650 

7, 370 

1, 730 

1, 520 

8, 750 

8, 130 

1, 020 

2, 340 

6, 790 

1 1, 600 

1.266 

6, 200 

9, 510 

12,900 

3, 510 

5, 150 

16, 200 

18,200 

3, 750 

5, 720 

12,800 

22, 100 

5, 644 

1 50, 000 

152,000 

133, 000 

129,000 

137,000 

143, 000 

128,000 

165, 000 

106, 000 

145,000 

159, 000 

159,811 

412 

389 

201 

235 

452 

430 

385 

186 

231 

199 

666 

74 

412 

146 

217 

197 

146 

196 

127 

444 

93 

300 

241 

119 

181 

268 

286 

220 

93 

160 

181 

222 

148 

148 

181 

1 34 

137 

222 

4 

32. 7 

31.8 

14. 2 

16. 0 

32. 8 

32. 5 

26. 0 

16. 2 

13. 0 

15. 2 

56. 1 

32. 7 

0. 997 

0. 997 

0. 998 

0. 998 

0. 997 

0. 997 

0. 997 

0.999 

0. 998 

0.999 

0.996 

0.999 

42. 5 

52.4 

62. 5 

18. 6 

35. 5 

102.1 

99. 1 

17.8 

19. 1 

59.2 

180. 8 

36. 3 

0. 553 

0. 532 

0. 434 

0. 543 

0. 770 

0. 472 

0. 564 

0. 764 

0. 615 

0. 476 

0. 488 

0. 785 
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ex Table II g. Experimental data and Huguniot values. 

Snow type TWV-16; p 0 = 0.466 g/cm3; Permeability = 17. 6 cm/sec 

Record 
number 

Temp 

(C) 

Impact 
velocity 
(cm/sec) 

Plastic 
velocity 
(cm/sec) 

Elastic 
velocity 
(cm/sec) 

Particle velocities 
behind elastic wave 

(cm/sec) 

Pi 

(bars) 

Po ! Pi P2 

(bars) 

Po /P2 

Vi v2 v3 v4 

153 

154 

156 

159 

1 60 

164 

-11.1 

-11.1 

-11.7 

-11.7 

-10. 6 

-11.1 

12,000 

6, 680 

1,490 

5, 010 

4, 130 

1, 740 

¿1, 100 

14,600 

3, 770 

10, 700 

6, 740 

3, 340 

109,000 

113,000 

237,000 

153,000 

169,000 

144,000 

476 

253 

328 

817 

456 

203 

33 

253 

300 

185 

333 

229 

217 

281 

11 1 

298 

147 

271 

337 

1 1 1 

123 

25. 1 

28. 0 

23. 5 

64.2 

30. 6 

1. ouo 

0. 996 

0. 999 

0. 998 

0. 995 

0. 997 

120. 0 

66. 2 

30. 0 

46. 4 

73. 1 

32.3 

0. 436 

0. 558 

0. 640 

o'. 54 3 

0. 452 

0. 555 
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DYNAMIC RESPONSE OF SNOW TO HIGH RATES OF LOADING 

SOURCES OF SCATTER IN THE RESULTS 

14 

íacto“acanabCé0íS.M0nHtrÍ';Utr l° SCa‘ter the da‘a ^ the °f »no»- These 
CKTated ,h , . .m ? T ^ »'« first group are the variations ass- 

c ated with the test itself; that is, the variations in the physical properties within anv 

variIi1i0onstInetheVT1tatlMS h" te'T1Perature of the cold and of the trench, and 
ociafed with the H 7 H a?mg COndltlons- In the second group are the errors ass- 
several soure , f redtUCtl0n Proucess- It is possible to estimate the effect of these 

e eral sources of variations on the measured values of velocity. 

Variations within any snow type 

to chlrãc^H^h °f var iati,°"S ‘1 Tlial densily- Several parameters -<=re measured 
he surfs 7 uln‘u Ú 6 OÍ the These quantities were the depth below 

LontaTor vVr^l 7 d COre IT ‘ake"; the orientation of the core, whether hori- 
the loebook maoart V u eSnOW1 and the permeability of the snow. Although 
the logbook (Napadensky, 196¿) shows only one value for density and one value for 
permeability for each snow type, these values were based on the average of three meas- 
urements for each snow type. The actual measurements are shown in Table III This 
table shows that the density variations within most of the snow types are large. Thus 
it is important to ascertain the extent of the dependence of the wave-propagation velo-’ 
cities on ^ density The influence of the density parameter can beest^mated by ref- 

shfn bttw Nakaya (1959) 7'ho- usinë a vibrating-beam technique, determined the relation- 
sh p between the density (p) and Young's modulus (E) for Greenland snow. Since the 
velocity at which_elastic waves propagate (c0 ) is related to Young's modulus by the 

formula c0 = y ~ , c0 can be calculated from Nakaya's data. For the snow studied 

here the values shown in Fable IV were calculated, 

The values of c0 calculated from vibration tests, for snow' density greater than 
g/cm , are generally higher than the values determined from streak records of 

impact experiments (Fig. 7). This is not surprising since Nakaya found the velocity 
ol propagation decreases with increase in frequency, and in the impact problem all 
frequencies are present. The data used to calculate the c0 in Table IV were based on 
measurements at rather low frequencies of between ¿00 and 300 cps. Nakaya studied 
the frequency dependence of Young's modulus in the range of from 150 to 600 cps 
and in this range he observed the decrease in Young's modulus with increase in frequency 

However, neglecting the frequency effect we can easily calculate, at least for the 
elastic wave, the percent deviation in c0 as a function of the variation in density. 
Nakaya found the following relationship to hold between E and p for p > 0 5 g/cm3- 
E , (16.4 p - 7. ¿ 0) X 1 010 dynes / cm2 or E = ap - b. We can calculate the’percentage 
error m c0 for a given error, or deviation in p, by first taking the logarithm of eq 5 
and then taking the derivative. 4 

Since eg = E/p or p(c0)¿ = E 

log p + log eg = log E - log (a p - b) 

adp d£ + ¿dc° 

P c0 
dE 
E ap 

(5) 

(6) 

dc , 
JËP_ 

( ap ) 
(?) 

To illustrate the use of this equation, the percent deviation in density from the mean 
value of density of old Peter snow* is _+ 3% . Therefore, from eq 7 the percent varia¬ 
tion in c~ is 

Peter snow is snow that has been disaggregated and deposited 
by the Peter snow miller. 



20 DYNAMIC RESPONSE OF SNOW TO HIGH RATES OF LOADING 

ii£a 
Cc 

i /,V 7.2 X 10»° 
1 (í) T7Õ8 xl6ro 11% 

or +_ 11% error in c0 for a +_ 3% deviation in density. 

The function E = ap - b determined by Nakaya was based on data which itself 
exhibited a deviation of between 15 and 30%. 

The sensitivity of the plastic-wave velocity to variations in the original density 
is not knovn, but we should expect that with increase in pressure the effect of varia¬ 
tions in density would decrease. 

The influence of variations in permeability. The measured values of permeability 
for the various snow types are listed in Table III. Although there is scatter in these 
values for any one snow type, this is not as significant as the implied relationship 
between density and permeability for all snow types investigated. Although we should 
expect a decrease in permeability with increase in density, the data show the opposite 
trend. The values of permeability for TWH-16 and TWH-23 li e within the range deter¬ 
mined by Waterhouse (personal communication) at the M site (a quartermaster installation 
near Site II in Greenland) in I960. The permeability of snow types MH-8, TWH-16, and 
NP deviate considerably from the expected values and must be considered in error. 
Thus, conclusions regarding permeability as a parameter cannot be drawn since we 
consider our initial data inaccurate. 

The effect of orientation of the snow core. For the two snow pairs investigated 
(TWH-16, TWV-16 and TWH-23, TWV-23), there seems to be less scatter in the data 
for horizontal cores. The P-V curves indicate in both of these cases that the vertical 
cores yielded at lower pressures and also compacted more than did the horizontal cores 
from the same depth. What is rather interesting is that the P-V curves and the particle 
velocity-wave velocity curves show that the vertical and horizontal cores from a 16-ft 
depth give almost identical results, while for those from a 23-ft depth there is a large 
difference between the curves for horizontal and vertical orientation. Yet the densities 
of TWH-23 and TWV-23 were almost identical, while there was a large difference in 
the densities of TWH-16 and TWV-16. Thus it is not realistic to generalize as to the 
influence of this parameter on the overall material response. 

The effect of temperature variations. Nakaya (1959) and Yosida (1956) found that 
Young's modulus for snow depends not only on density but also upon temperature. 
Yosida studied the dependency of El on temperature (consequently we can deduce the 
dependency of c0 on temperature) for‘snows of density 0. 29, 0. 33, and 0. 54 g/cm3. 
For a given density of snow a decrease in temperature causes an increase in Young's 
modulus. For snow of density 0. 630 g/cm3, a temperature spread of from -10 to -20C 
results in a total variation of E of about 23% (Nakaya, 1959). Using eq 6 we calculate 
that this variation in El resulting from a 10-deg difference in temperature results in an 
11% variation in the value of c0 . 

The temperature in the trench where experiments were conducted was recorded 
before each experiment. These values are found in Table II. The variation in the re¬ 
cordad temperature for any snow type should give some indication of the extent to which 
the scatter in the results can be attributed to the temperature sensitivity of the material. 

The cold room where the samples were prepared prior to testing was warmer than 
the trench. We have insufficient knowledge of the effect this temperature cycling would 
have on the material response. 

effect of variations in the initial loading conditions. Previous experience with 
a similar experimental procedure has shown that we can expect about a 5% variation 
in input loads for apparently identical initial loading conditions. However, even if 
the experiment were less reproducible than this, it would not affect results since all 
quantities used in calculations are measured directly from the streak records and none 
of the initial input information, except, of course, the initial density, is used. 
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Table III. Actual measured values of density and permeability 

for three samples of each snow type. 

Snow 
type 

Density 
(g/cmJ) 

Avg density 
(g/cm3) 

Permeability 
(cm/sec) 

Avg permeability 
(cm/sec) 

TWH-23 0. 524 
0. 528 
0. 532 

0. 528 60 
56 
58 

58 

OP 0.482 
0. 512 
0. 522 

0. 505 63 
99 
78 

80 

NP 0.492 
0. 500 
0. 506 

0.499 45 
29. 7 
36 

37 

TWH-J6 0. 506 
0. 510 
0. 520 

0.512 90 
81 
84 

85 

MH-8 0.376 
0.392 
0. 396 

0. 388 68 
17 
20 

18.5 or 
35 

TWV-23 0. 524 
0. 530 
0. 532 

0. 529 34 
28.5 
28 

30 

TWV-16 0.458 
0.468 
0.472 

0.466 18 
17. 5 
17.3 

17. 6 
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rv 
rv 

Table IV. Elastic-wave velocity as calculated from 

Young's modulus. 

Snow 
type 

Avg density 

Po 
Young's modulus* 

E 
(g/cm3) (dynes /cm2) 

Elastic-wave velocity 

co = \/E/po 
(c m/sec) 

TWH-23 

OP 

NP 

TWH-16 

MH-8 

TWV-23 

TWV-16 

0. 528 

0. 505 

0. 499 

0. 512 

0. 388 

0. 529 

0. 466 

1.46 X 1010 

1. 08 X 1010 

0. 96 X 1010 

1.20 X 1010 

0. 23 X 1010 

1.47 X 101° 

0. 355x 1010 

1.66 X 105 

1.46 X 105 

1. 38 X 105 

1. 53 X 105 

0. 76 X 1 05 

1.66 X 105 

0. 87 X 105 

*FromNakaya, 1959 
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¿i DYNAMIC RESPONSE OF SNOW TO HIGH RATES OF LOADING 

Errors in the data-reduction process 

errorToccurrs0ra5saaS^tirdfWith the.data-rfd^tion procesa can be severe. The Breatest 
nprrl°rurs as a result measuring angles in order to calculate velocities. The 

near 0 or 90’de0/ ' Th 1 °f ^ angle 18 «reatest when the angle is 
records /nd ih8' i f- PC °f hc elaStlC Wave is generally near 80 deg on our test 
error in’/ ^ ^ plastlc;wave sloPc ls usually less than 60 deg. Consequently, an 

error in the 1 SlOPe °£ ^ plastic wave results in a smaller percentage 
error in the value of its tangent as compared to the elastic wave, and hence there is a 
smaller error in the calculated plastic-wave velocity than in the elastic-wave velocity. 

The following calculation shows how we can estimate the magnitude of the error in 
determining elastic- and plastic-wave velocities. Let 

Ug = ktan 0 . 

Where: 

U s 

k 

9 

1o^s 

dU 
_s 

U 

= the wave velocity 

: constant 

= the angle the wave makes with the horizontal 

= log k + log tan 9 

= dtan 9 - ¿d9 
tan 0 s'inZ 9 (8) 

Thus, using eq 8, if Ug - 80 deg, and there is an uncertainty in measuring its value 
of ¿ deg, the percentage error in the calculated value of elastic-wave velocity is ¿0%. 
When Us = 85 deg, and A 0 = 2 deg, the error in wave velocity is 40%. Tljis error 
is noticed most on the P-V curves at the lower pressures since it is the elastic wave 
which gives the greatest contribution. 

However, when we consider the plastic wave, the minimum error would occur at 
45 deg and the maximum error at 60 deg or 30 deg. Using eq 8, we find that for a 
A 0 = 2 deg the minimum error is 7% and the maximum error is about 8%. 

Errors associated with neglecting geometry changes 

The extent of the lateral deformation can be seen in the framing photographs, 
record numbers 165, 166, 169, and 170. The time between frames for each of these 
records is about 259 psec and the exposure time is about 55 psec. The P-V data were 
determined by measurements made on the streak records, and were limited to early 
times only, thus the lateral expansion of the snow- should not seriously affect results 
for the low-pressure work. However, since no framing pictures were taken at the 
higher pressures, we cannot reliably extrapolate these observations to the high-pressure 
experiments. The P-V curves as well as the information listed in Table II show that 
the material is compacted to a very high density, at moderate pressure levels. If 
more framing records were available we might be better able to correct this density 
value and obtain a more realistic value. 

CONCLUSIONS AND RECOMMENDATIONS 

The streak camera records obtained on this program indicated that the technique 
used is valid for obtaining data on the impact response of snow and could also be 
applied to pressures even higher than those obtained here. The general features of the 
P-V curves are similar in form To those for other porous, crushabie materials (Zaker, 
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I960, 1 H> 1 ¡ Stesau and Napadensky, 1962; Austing, I960). First the material behaves 
elastically until the yield point is reached, then crushing or compaction occurs (i.e. , 
a large volume change for a small change in pressure); next there is a region of re¬ 
latively small compression or volume change for a large pressure change until finally 
a limiting density (presumably that of ice) is reached. 

The limited number of experiments conducted on Michigan snow of density 0. 5 
g/cm indicates that this material behaves somewhat differently than Greenland snow 
of the same density. It compacts considerably less than Greenland snow. The Michigan 
snow was about -23C prior to testing; the Greenland snow wac not that cold. 

The instrumentation in its present form is of limited value for studies on ice at 
these same pressure levels. It was not possible to analyze the streak camera records 
for ice (Napadensky, 1962) because the wave-propagation velocity is so fast that it 
appears as a vertical line on the film record. Even if we were to increase the film speed 
so as to accurately resolve the wave velocity, there would be a large error in measur¬ 
ing the particle velocities. This is because the ratio of wave velocity to particle 
velocity for ice, for pressures up to several hundred atmospheres, is about 50 to 1. 
If, however, photographic observations were made with two cameras operating simul¬ 
taneously, but each operating at different speeds, we could resolve the wave speed 
with one camera and particle speeds with the second camera. 

Our analysis indicates that at pressures of the order of 100 atm, snow is compressed 
to a density approaching or even exceeding ice. This is, in fact, highly unlikely at 
these pressure levels. The several sources of errors account in part for the high 
values of density. If, however, high-speed framing pictures were taken simultaneously 
with streak pictures we could determine the radial expansion of the material as it is 
being compressed, for each test, and thus could calculate a more realistic value of 
density or volume change. 

Fo minimize the scatter in the data, further experiments should be conducted under 
very closely controlled environmental conditions. A constant temperature should be 
maintained and temperature cycling should not be permitted. Reproducibility in physical 
properties is a condition seldom found in natural media; however, carefully prepared 

MQC% ryS ^xPected. to haye1Athe lea«t sample to sample variation. (Although Landauer 
( 1955) has found deviations of 10 to 20% on uniaxial compression tests on carefully sifted 
snow performed at temperatures that were controlled within ±0. 5C.) Samples for dy¬ 
namic experiments should be selected for uniform properties by measuring the density 
poros,ty, and permeability of each sample. From the apparently uniform specimens 
selected, several samples should be tested under static unconfined compression. The 
remainder of the samples should be tested dynamically. Now that we have a general 
indication of the behavior of different snow types, future effort should be concentrated 
on obtaining more precise data for fewer materials. 

11 w°uld be of much interest to observe the microstructure of the material both 
before and after impact. Sample recovery can be accomplished by a slight modification 
of the present experimental technique, i. e. , by using a driver plate that is several 
times the diameter of the snow sample and surrounding the snow with a fiberboard con- 
tainer shorter than the sample. This driver-plate stop has proved effective in preventing 
the plate from pulverizing the test material under study. The microscope wor/should 
also give additional information as to the density of the compressed snow. Microstruc- 
ture studies m conjunction with the impact experiments should indicate how the structure 
of the material is changed as a function of applied load. 



DYNAMIC RESPONSE OF SNOW TO HIGH RATES OF LOADING ¿5 

REFERENCES 

Anderson, D. C. (196¿) Recommendations for employment of atumu demolitions, 
Armour Research Foundation Phase Report on Project D195 tor U. S. Army- 
Corps of Engineers, Engineer Research and Development Laboratories. 

Austing, James L. , et al. (I960) Strong shocks in, porous media, Proceedings of 
Third Symposium on Detonation, James For restai Research Center, Prince¬ 
ton University, September ¿6-28, vol. ¿, Office of Naval Research Symposium 
Report ACR-52, Washington, D. C. 

Chaszeyka, M. A. (1961) Studies of surface and underground nuclear explosions, 
Armour Research Foundation Final Report on Project D195 for U. S. Army 
Corps of Engineers, Engineer Research and Development Laboratories. 

_and Porzel, F. B. (1958) Study of blast effects in soil, Armour 
Research Foundation Final Report on Project D119 for U. S. Army Corps of 
Engineers, Engineer Research and Development Laboratories. 

Landauer, Joseph K. (1955) Str e s s - strain relations in snow under uniaxial com¬ 
pression, Journal of Applied Physics, vol. 26, no. IT, p. 1491- 1497. 

Nakaya, Ukichiro (1959) Visco-elastic properties of snow and ice in the Greenland 
Ice Cap, U. S. Army Snow, Ice and Permafrost Research Establishment, Corps 
of Engineers,Research Report 46. 

Napadensky, H. S. (1962) Dynamic response of snow to high rates of loading, 
Armour Research Foundation Data Report on Project D24b for U. S. Army 
Corps of Engineers, Cold Regions Research and Engineering Laboratory, 

Office of the Secretary of Defense Research and Engineering (1961) Shock, vibra- 
tion and associate environments, Part 111, Bulletin no. ¿9, Washington, D. C. 

Stresau, R. H. , and Napadensky, H. S. (1962) Observation and measurement of 
behavior of porous materials when rapidly compressed, Experimental Mechanics, 
vol. 2, no. 1, p. 15-22. 

Yosida, Zyungo, et a 1. (1956) Physical studies on deposited snow II, mechanical 
properties, Contributions from the Institute of Low Temperature Science 
(Hokkaido University, Sapporo, Japan), no. 9, p. 1-81. 

Zaker, T. A. (I960) Studies of reactor containment, Armour Research Foundation 
Summary Report no. J on Project DM2 for the U. S. Atomic Energy Commis¬ 
sion. 

(1961) Studies of reactor containment, Armour Research Foundation 
Summary Report no. 4 on Project D132 for the U. S. Atomic Energy Commission. 



blank page 



APPENDIX A. 

EXPERIMENTAL PROCEDURES 



CONTENTS 

Page 
Test area description - Al 
Experimental techniques.-. Al 

Explosive initiation system - A3 
Grid lines on snow - A3 
Grid lines on driving plates - A3 
The streak camera - A3 
Synchronization of camera and event -. A3 
Synchronization of flash bulb and event..-. A4 
Timing-light generator -    A4 
High-speed framing camera.-... A4 

Figure 
Al. 
A¿. 
A3. 
A4. 

A5. 
A6. 

A7. 
A8. 
A9. 

AID. 
All. 
A12. 
Al 3. 
Al 4. 

ILLUSTRATIONS 

Camp Century —plan view - A¿ 
ARE work areas at Camp Century — plan view .. A5 
Experimental arrangement at Camp Century. Ab 
Same experimental arrangement at ARE explosives 

laboratory - Ab 
Vacuum removal of film chips from camera . A? 
Photograph of work bench, insulated box,and warning 
siren- A7 

High-explosive magazine -_    A8 
Engineer activating firing switch ..   A8 
i ire and smoke during an actual experiment- A9 
Test specimen mounted between anvil and driving plate - A9 
Assembly mounted in fragment and smoke shield. A9 
Cutaway perspective view of test assembly - A10 
Device for scribing driving plate - All 
Firing delay circuit- All 



APPENDIX A: EXPERIMENTAL PROCEDURES 

TEST AREA DESCRIPTION 

Ihe exact location in the Camp Century trench network of the Armour Research 
Foundation test area is shown in Figure Al. Details of the ARE work area can be 

ihn? w r^UrC A¿;, rhe primary £acilities this program were a location for 
test fixture and camera, ready magazines for the explosives, a work table in an 

unheated area for assembly of test components, an insulated storage box near the work 
bench, a dark room for film processing, a heated workshop, and a cold laboratory for 
sample preparation. 1 

The massive steel test fixture, in which the samples to be tested were placed, was 
supported on a wooden platform about 4 in. thick, which rested on the snow floor of the 
trench. Ihe base of the platform was sprayed with water, and thus the whole unit was 
iigidly frozen in place. The primary function of this test fixture was to shield the 
camera s field of view of the impacted specimen from the smoke and fire associated 
with the initiation of the driving-plate charge. The purpose of the long anvil in the test 
fixture was to permit sufficient time for the event to be completed within the double 
transit time of any waves which might propagate through the anvil. 

Ihe camera tripod was also frozen in place on the floor of the trench. The camera 
was kept warm by an electric heating pad wrapped around it, which was covered with 
heavy-duty aluminum foil and taped in place with M&M masking tape or household 
freezer tape. The electronic equipment was kept under a plastic tarp to protect it from 
tailing hoarfrost and frost formation. The test setup is shown in Figures A3 and A4. 

The vacuum cleaner seen in Figures A3 and A5 was used to remove chips of broken 
film remaining in the camera after each shot. A barricade of snow blocks was placed 
along two sides of the equipment (perpendicular to the trench wall) as a safety precaution, 
-figure A3 shows remains of a snow barricade after many shots. 

The workbench used for assembling the inert parts, as well as serving as a desk 
for making logbook entries, was at one end of the trench. The table was made by placing 
a 0. 5-m. plywood sheet into saw cuts in the corner of the snow walls. The free corner 
was supported on blocks of snow. A box for ready access and warm storage of certain 
inert parts needed near the work table was built from ¿-in. Styrofoam planks and heated 
with two heating pads. I his area can be seen in Figures A2 and A6. 

A limited amount of explosives needed for the tests (powdered tetryl for the main 
c large and pressed-tetryl pellets for the booster) was kept in one magazine. The blast- 

seenlnV °n Tnere Pt 3 SCParatc ma8azine. The location of those items ,s 
cn in I igure AZ Ihe magazines were made by cutting out a block of snow, at a con- 

m nla USlng ^ C*vity for borage. The block of snow was then put back 
remainder of ^ ^ 1 ^ ^ ls a Ph«tograph of one of the magazines. The 
remainder oi the explosives was stored topside. 

ar *,U;/iring SWltchbox <Fl«- A8> sent an electrical signal to fire the detonator and 
actuate the camera. Before throwing the switch, a warning blast from a siren was 
sounded to alert anyone in the vicinity of the impending explosion. Figure A9 is a photo¬ 
graph, taicen from one end of the tunnel, of the explosion during an actual test. 

EXPERIMENTAL TECHNIQUES 

In this experiment, the pressure-volume relationships for the material being studied 
are acquired by a series of experiments arranged as shown schematically m Figure 3 of 
tie report, figures A10 and All are photographs of the apparatus, showing various 
stages of assembly, and Figure A1Z is a detailed drawing of the setup. 
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Figure Al. Camp Century — plan view. 
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Explosive initiation system 

figure Ali is a schematic drawing showing the initiation system of the explosive 
charge. It is the initiation of the powdered tetryl explosive almost simultaneously over 
its surface that results in the driving plate being uniformly accelerated. This initiation 
is accomplished by the fragmentation of the aluminum strip when a contiguous booster 
is ignited by a blasting cap. The fast-flying, hot aluminum fragments strike the tetryl 
explosive main charge in a large number of places simultaneously and detonate it. 

Grid lines on snow' 

Several techniques were used for painting grid lines on snow. The technique which 
seemed to give the best results utilized from three to five superimposed layers of paper 
stencils. Horizontal stripes, corresponding to stripes on the snow, were cut into the 
stencil paper. The stripes in each layer were progressively thinner, the thinnest being 
on the stencil closest to the snow sample. The thinnest slits (beginning with shot no. 67) 
were 1/1 6-m wide on 1/8-in. centers. The table of log book entries should be consulted 
lor the dimensions of the stripes for those tests prior to shot no. 67. The actual stripes 
on the snow were obtained by spraying the snow, through the stencils, with black Krylon 
(spray can). A small amount of Krylon was sprayed on at a time and was permitted to 
freeze betöre the next application. Three coats of Krylon were generally adequate. Satis 
factory results were also obtained using black Derusto paint in a spray can. 

Grid lines on driving plates 

Bright lines on a black background were made on the driving plates by first spraying 
the plates with Derusto paint. Before the paint was dry, the plate was put into the 
scribing device (Fig. AM), and the serrated knife-edges of the scribe were moved across 
the plate. I his action removed the paint so that a series of fine lines was exposed on 
the actual metal surface of the plate. The lines on all plates are 0. 0¿5-1n wide on 
0. 100-in. centers. 

The streak camera 

1 he streak camera used in these experiments was a Wollensak 15 mm Fastax in 
which the rotating prism was replaced by a stationary slit plate. The slit plate was made 
from two pieces of 0. 005-in. steel shim stock-mounted on a frame. The slit opening of 
0. 010 m. , combined with a film transport of I in. per msec, resulted in a film exposure 
time of about 5 psec. 

The camera was adapted to give image-to-object size ratios of 1/1 and \ U by the use 
of extension tubes with a 6-in. telephoto lens. The long focal length was used to attain 
a reasonable stand-off distance for protection of the camera at these ratios. 

The film used for all the photographic records was Kodak Tri-X, TXN-415 in 100-ft 
rolls. rhe film was processed by developing it for about 8 min in Eastman D-ll developer 
and then tixing it with Edwal Quiktix and Edwal hardener. The Quikfix was mixed in ratio 
of 4 parts water to 1 part Quikfix concentrate, plus 4 oz hardener to 1 gal of mix. 

The reflectors, used w'ith the GE 
duty aluminum foil After each shot, 

Synchronization of camera and event 

no. 31 focal plane Hash bulbs, were made of heavy- 
the Hash bulb and reflector were both thrown away. 

for this study, the camera had to be synchronized with the event. Also, since the 
Him speed is determined by the inpui voltage, a camera speed control was necessary 
lo satisfy these requirements, the Wollensak "Goose ' Control Unit was used. fins 
unit incorporates both a variable a-c voltage control and a set of timers for controlling 
the relationship between the event and the camera. For this application, the camera 
was started 0. 6 sec before the detonator firing pulse. 



A4 APPENDIX A. 

Synchronisation uf flash bulb and t^vent 

fi- i ríe|kPeTimefn and driv,ing plate were illuminated by means of a GE no. 31 focal plane 
mparaüei J Sl ot cour^( was to connect the detonator and the flash bulb 
n parallel or series However, since it takes a flash bulb about ¿5 msec to reach its 

1 intensity, most of the interesting action would have been over before it could be 
photographed with such an arrangement. The simple circuit shown in Figure A14 was 

Onsite n y e \iirmg ? th,e ldct0ndt0r until the bulb had reached its maximum in- 
1 r eThue eea ^ rate,üí the lun«sten filament of an ordinary light bulb, combined 
wi h its high thermal coefficient of resistivity, provide the delay. When the filament is 

Ï/ V f\heTanCe 1È\ v°hl£S S° that the Vüitage acrüSS the detonator is about 
/ 30 Of the Vanac output (Vi ). However, when the filament reaches its operating 

resistance of 70 ohms, the voltage across the detonator rises to about 1/ 50 of Vj . 

of a B.^h:jrar °/ deí:“nator firiu« dAme versus Vanac setting was made with the help 
hilf f' I qyi i" Chrou°graPh- might be expected, a time variation of about a 
, If cycle (9. 3 msec) was observed. This jitter is not excessive for the present use, 
because the brightness of the source is nearly constant for several times this period. 

Timing-light generator 

To record the rate of film travel reliably and accurately, a timing-light generator 
was used. This generator provided the time pip to the camera's neon lamp which marks 
or exposes the edge of the film. I he 1-msec interval timing marks, used on all records 
for this program were achieved by means of a 1000-cycle, crystal control oscillator 
incorporated in the timing-light generator. 

High-speed framing camera 

M W immeua c11860 f0r SOme °f the exPcriments was a 35 mm Wollensak 
Model WF8A. Although the accuracy of measurements from framing - camera pictures 
is usually not very high, such records often give qualitative information in a more 
rapidly assimilated form than do streak-camera records. The framing camera is an 
ideal means of observation when the event is two-dimensional. 
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Figure A¿. ARr work areas at Camp Century — plan view. 
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Figure A3. Experimental arrangement at Camp Century. 

Figure A4. Same experimental arrangement 
at ARF explosives laboratory. 
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ngure ad. vacuum removal of film chips from camera 

Figure A6. Photograph of work bench, insulated box,and 
warning siren. 
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Figure A9. Fire and smoke during an actual experiment. 

Figure A10. Test specimen 
mounted between anvil and 

driving plate. 

Figure All. Assembly mounted 
in fragment and smoke shield. 

< 
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Figure Ai¿. Cutaway perspective view of test assembly. 



APPENDIX A. ai r 

Figure Al3. Device for scribing driving plates. 

Firing Relay in 
Camera "Goose" 

Figure A14. Firing-delay circuit. 


