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w 
\Jl 
0 

Test 

1 

2 

3 

4 

5 

6 

7 

8 

Pressure 

p 
_s_ 

37.8 38.0 

37.5 

37.5 

34.8 

37.5 

37.5 

50.0 

75.0 

75.0 

75.0 

37.6 

37.5 

27.7 

30.0 

40.6 

37 .5 33.2 

38.5 36.2 

38.0 39.0 

38.7 39.0 

38.5 39.0 

37.5 46.2 

175.0 

240.0 

240.0 

Depth of 
Cover 

2 1/3 

6 l 

18 

18 3 

6 1 

6 l 

6 l 

6 1 

6 l 

18 3 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

522 

532 

532 

4700 

1700 

2040 

174o 

1870 

1130 

1640 

1700 

1650 

1690 

UNK 

UNK 

1570 

1550 

1525 

1565 

1565 

6150 

7950 

7450 

94o 

34o 

4o4 

348 

375 

226 

328 

34o 

330 

338 

UliK 

UNK 

314 

310 

305 

313 

313 

766 

1230 

1590 

1490 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

!IA 

3.0 

0.7 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

0.6o 
0.61 

o.62 

o.6o 

o.6o 

1.25 

0.42 

0.33 

0.36 

Table l 

Summary of Static Tests 

Maximum Arching 

-24.5 

-37 .o+ 

+8.7 

-33.5 

-45.2 

+36.1 

-50.6 

+38.8 

-36.4 

-14.1 

-15.9 

-11.9 

-12.l 

-11.9 

-54.o 

-58.o 

-35.0 

-1.67 0.35 

-2.32 0.02 

+o.54 1.24 

-2.10 0.04 

-2.02 0.03 

+o.43 1.21 

-2.73 0.01 

-3.32 o.4o 

+2.65 1.48 

-3. 72 0.33 

+2.79 2.03 

-2.62 0.03 

-1.04 o.62 

-1.17 0.59 

-0.87 0.89 
-0.89 0.89 
-0.87 0.89 

-0.42 0.85 

-73.01 

-21.1'7 

+74.1'7 

-78.00 

-11.8t, 

+15.17 

-26.51 

-n1?· 
+71.6'/' 

-78.83 

+61.18 

-58.51 

-2.17 

-2.17 

-0.67 

-1.17 

-1.50 

-4.00 

-40.17 

-45 .01 

8.64 

2.72 

7.29 
8.8o 

2.13 

1.47 

10.24 

7.85 

6.97 

8.35 

6.06 

4.85 

13.72 

15.32 

16.67 

17.19 

17.22 

14.68 

31.26 

33.16 

33.94 

Avg Soils Data 

Remarks 

-78.33 26.0 -14. 70 Top of test device lowered 

-26.67 24.3 

+82.67 

-81.67 

-16.00 24.7 

+25.83 

-24.17 

-81.83 25.2 

+82.67 

-82.17 

+72.88 25.5 

-24.63 

-20.67 24.7 

-21.67 

-23.00 

-23.50 

-23 .50 

-6.oo 25.7 

-41.33 27.3 

-57 .50 

-6o.33 

Top of test device lowered 

Top of test device raised 

Lowering top of device 2d time 

18.06 Top of test device lowered 

Raising top of device 

Top of test device lowered 2d time 

13.61 Top of test device lowered 

Raising top of device 

Lowering top of device 2d time 

13. 89 Top of device raised 

Top of device lowered 

13.61 Spring system used, pressure raised 

Raised pressure 2d time 

Max load after 15. 5 hr creep allowed 

Max load after 51. 8 hr creep allowed 

Max load after 62. 6 hr creep allowed 

13.47 Spring system used, pressure raised 

11.11 Spring system used, first reached 
max load on top of device 

Max load on top of device at max PS 

Max load of top of device after 
creep allowed 

r;ote: P8 , surface pressure; P
5 

, soil pressure at 35-in. level; H/B , ratio of depth of cover to diameter cf device (6 in.); K.:ri , test device stiffness; Ms , soil modulus; ~ , soil 

stiffness; N , differential pressure (PT - P8 ); 'lu , unconfined canpressive strength of soil; PT , average force acting on top of test device; 6D , differential deflection 

(DT - r:.
5
); DT , total deflection of test device (~ + dt); dt , deflection of top with respect to base of test device; WC , water content of soil in percent of dry weight. 

+(-) pressure on top of device higher (lower) than surface pressure or deflection of top of devi.ce is less (more) than the soil in the "free field" at the same level. 



Table 2 

Summar~ of Dr!!amic Tests 

Maxinrum Load on Top of Device 

Pressure, psi Dimensionless Parameters Soil Modulus Soil Stiffness ~ AVfi Soil Data Depth of PT 
Test Peak Cover ~ t !SP 

;AF 

~ x 1000 
Dt d 11; , psi is, , psi/in. is, 'lu . 

~ 
p Ps* .!!!:.. Eli psi/in. ~ ~ PS Bx loo Bt X 1000 

~ Velocity Strain Velocity ~ ~ !'.£1.. 2, psi _z_ ~ 

11 37. 0 29.8 18 3 407 13 -9. 5 -0.61 0.73 -11.67 4.05 -11.33 2700 1390-3040 540 278-608 0.70 o. 75 25.0 15.42 
29.2** 10 -11. 5 -0. 74 0.68 -10.67 3.02 -10.17 2980 596 0.68 

12 70. 0 65.0 18 3 400 12 -11.0 -0.75 0.84 -19.67 10.52 -25.17 3220 2060-4595 644 410-919 0.70 0.62 26.l 14. 58 
13 151.0 150.0 18 3 425 12. 5 -32. 0 -2.53 0.77 -19.2 23.7 -40. 50 3760 2670-3190 752 532-638 o. 70 o. 57 26.2 12.78 
14 245. 0 210.0 18 3 613 10 -35.0 -2. 29 0.84 -23. 2 27.0 -51. 50 4650 2980-4250 930 596-850 0.70 0.66 25. 5 15.28 

223. O** 7 -59.0 -3.86 o. 75 -22.0 13. 8 -48. 33 5820 1164 o. 53 
15 39.0 36. 0 2 1/3 401 6 -5.7 -0.53 0.85 -0.33 3.48 -13. 83 2500 345-1235 500 69-247 0.70 0.80 25.8 10.83 

34.0** 12 -6.0 -0.55 0.84 -5.00 9.05 -14.17 1700 340 1.18 
16 37. 5 32.0 6 1 401 14 -10.5 -0.65 0.71 -8.50 5. 27 -11.00 3100 1235-1825 620 247-365 0.70 0.65 25.6 16.25 
17 40. 5 2'4.o 18 3 407 8 -11. 5 -0. 59 0.71 -5.00 2.00 -11.00 3560 1750-2840 712 350-568 o. 70 o. 57 24.9 19. 72 

40. 5** 12 -13. 0 -0.66 0.68 -11. 00 4.20 -12.17 3550 710 o. 57 
18 310.0 270.0 42 7 613 14 -47.0 -3.16 0.82 -30. 00 29.83 -56.33 5280 3430-6240 1056 686-1248 o. 70 o. 58 25.4 14.85 

272. O** 12 -140.0 -9.42 o. 50 -6.67 19. 50 -48.oo 4600 920 0.60 
19 157.0 140. 0 6 1 428 5 -25.0 -1.42 0.84 -17. 50 9.91 -55.00 4000 1910 Boo 382 o. 70 o. 54 25.0 17.64 

147.0** 8 -30.0 -1. 70 0.81 -20.00 19. 33 -52.67 4000 800 o. 54 

20 33.0 32. 0 6 l 105 8 -23.5 -1.92 0.28 -3.50 3.08 -14. 00 1830 935-1430 366 187-286 0.20 0.29 26.6 12.22 

w 32. O** 10 -26.5 -2.17 0.20 -6.67 4.27 -15. 33 1790 358 0.29 
\Jl 21 35. 5 34. 5 6 1 280 10 -20.0 -1.03 0.44 -10. 00 5.43 -10. 33 1940 1470-2570 388 294-514 o. 50 0.72 25. 3 19.44 
I-' 34. ot (5)t (-21.0) (-1.08) (0.41) (-3.67) (2.35) (8.67) (3320) (664) (0.42) 

34. O** 6 -22.0 -1.13 o. 37 -7.50 3.47 -9.33 3280 656 o. 43 

22 38.4 34. 0 6 1 575 5 -ll.O -o.68 0.70 -5.67 l. 30 -13. 00 3280 920-1055 656 184-2ll 1.00 o. 88 26.9 16.25 
34, O** 8 -14.o -0.86 0.62 -9.33 2.93 -7.67 3210 642 0.90 

23 33. 3 23. 0 6 l 17. 5 10 -33. 3 -2.00 0 -25.00 5. 70 -23.17 3760 1220-2460 752 244-292 o. 03 o. 03 25.0 16.67 
24 31. 7 6 l 4,246 6 +10.0 +O. 59 1.31 +3. 33 1.40 -1.22 4700 940 9.60 4.51 24. 4 17.04 
25 53,5 6 1 4,246 7 +25,5 +1.08 1.49 +8.33 3.38 -2.17 5120 2050 1024 410 9.60 4.14 24.0 23.68 

26 33, 5 6 l 317,000 8 +7.5 +O. 51 1.24 +15. 33 2.97 -0.02 4700 600-1385 940 120-277 566. 0 337. c 26.0 14. 58 
27A 31. 0 6 l 317,000 6 +ll.5 +0.65 1.37 +2.00 1.63 -0.01 4160 832 566.0 381. 0 24.6 17.64 
27B 41. 5 6 1 317,000 6 +8.o +0.42 1.20 +2.00 2.83 -0.03 4190 838 566.0 378.0 23.9 19.03 
27C 64.o 6 l 317,000 10 +15.4 +0.80 1.24 +16.7 8.oo -0. 04 3440 688 566. 0 461.0 23.9 19.17 
28 35.8 6 l 1,500 6 -5.0 -0. 34 o.86 -7.50 2. 55 -3.17 2975 1550-276o 595 310-552 3. 0 2. 52 26.4 14.58 

* P , approximate soil pressure at 35-in. level at time indicated; other symbols are defined in table l. 
** P~ra.'lleters measured at the time of maximum arching; after peak soil pressure has arrived at 35-in. level but before reflections appear to have had appreciable effects. 

Para.'!Oeters measured which appear to be of equal value for comparison purposes. 



w 
\Jl 
I\) 

Spring Stiffness 
Con:oonents of' Snring 

Rings Total Wt of 
No. Spacers Wt Top Test K ~ v'T 

~ ~ psi/in. psi x 103 No. Active Size ~ Size _...!£._ _...!£._ 

1 

2 

3 

6 

7 

8 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

NA 

KA 

NA 

NA 

5,340 

31, 750 

14,700 

11,500 

11,330 

11,950 

17 ,300 

11,330 

11,330 

11,500 

17 ,300 

12,075 

2,96o 

7,900 

16,250 

495 

120,000 

120,000 

190 

1,124 

522 

407 

401 

613 

401 

401 

407 

613 

428 

105 

28o 

575 

17-5 

4 ,246 

4,246 

KA 

NA 

NA 

NA 

0.950 20 

5 .620 12 

2.621 20 

2 .035 20 

2 .005 20 

2 .125 20 

3.065 20 

2.005 20 

2.005 20 

2 .035 20 

3.065 20 

2.14 20 

1.400 20 

2 .875 12 

0.0875 1.2 

22.330 12 

22.330 l2 

26 8,950,000 317,000 l,585.0 

27 8 ,950 ,000 317 ,ooo 1, 585 .o 

28 42,390 1,500 7 ,500 12 

* Esth:ated. 

NA 

13 

14 

17 

18 

18 

18 

18 

18 

17 

40 

13 

10 

l.o 

NA NA 

NA NA 

KA NA 

NA NA 

l/8 

l/4 

1/8 7 

l/8 7 

1/8 7 

l/8 7 

1/8 8 

1/8 

1/8 7 

l/8 7 

1/8 8 

l/8 7 

l/16 11 

l/8 6 

1/4 4 

1/16 7 

1/4 7 

1/4 7 

Machined Cylinder 

Machined Cylinder-

10 l/4 

NA 13 .36 3 .96 

NA 13.36 3.96 

NA 13.36 3.96 

NA 13.36 3.96 

!IA 13.36 3.96 

1/4 11.72 3.6o 

1/4 9.34 4.51 

1/4 11.85 3.62 

l/4 11.88 3.02 

1/4 11.91 3.02 

1/4 11.91 3 .02 

l/8 11. 73 3 .Ol 

1/4 12.45 3.51 

l/4 12.45 3.51 

l/4 11.88 3 .02 

1/8 11. 73 3 .01 

1/4 11.91 3.02 

1/8 11.57 2.86 

1/4 11.82 3.61 

1/4 13 .05 3 .32 

1/8 11.46 2.86 

l/l; 13.18 3.93 

1/4 13 .18 3 .93 

11.30 2.61 

11.30 2 .61 

1/4 13.08 3.32 

Table 3 

Characteristics of Test Device 

Wt of' Top 
+5o% of 

Active Rings 
lb 

CaicUiated Fropert1.es Without 
Damping, 

Observed ResUi ts of Damping Test in Air 

5.51 

6.oo 

5.72 

5.71 

5.71 

5 .56 

5.62 

6.20 

6.20 

5. 71 

5.62 

5.56 

5.54 

6.30 

6.35 

6.32 

Wt in 
Period Mass , 

2 
Frequency M:ltion Damping, C 

T, msec m, lb in./sec f, Hertz _1£__ lb/in./sec 

NA 

KA 

NA 

NA 

KA 

NA 

!IA 

7.09 

7.17 

6.85 

5.72 

7.46 

7.46 

7.09 

5.72 

6.84 

13.79 

8.41 

6.28 

33.67 

2.14 

2.14 

0.24 

0.24 

0.01473 

0.01473 

0.01434 

0.01450 

o.016oo 

O.Ol6oo 

0.01473 

0.01450 

0 .01434 

0.01429 

0.01429 

0.01625 

0.01420 

0.01638 

0.01638 

0.01396 

0.01396 

0.01631 

174.8 

134.o 

134.o 

140.9 

174.8 

146.o 

72.5 

118.8 

159.2 

29. 7 

466.o 

466.0 

4040.0 

4040.0 

257.0 

NA 

NA 

NA 

NA 

NA 

NA 

5.27 

5.27 

4.47 

5.56 

5.66 

6.14 

4. 73 

4.00 

4.oo 

NA 

NA 

NA 

NA 

NA 

NA 

2.12 

2.11 

•3.0 

7.63 

2.50 

2.50 

2.12 

7.63 

•3.1 

l.91 

*l.95 

6.38 

0.62 

*8.4 

Critical D~ing Damped 
Cc, lb/in ./sec Period Frequency 

T. rnsec ~ 

NA 

NA 

NA 

NA 

NA 

NA 

23.2 

23.0 

*24.l 

32.8 

27.4 

27 .4 

23.2 

32.8 

*24.3 

13.3 

*17.4 

32.1 

4.9 

66.6 

66.6 

•41.0 

KA 

NA 

NA 

NA 

NA 

NA 

NA 

6.35 

6.40 

5.96 

6.50 

6.50 

6.35 

5.95 

14.12 

6.39 

33.0 

1.65 

1.65 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

157.0 

156.0 

168.0 

154.0 

254.o 

157.0 

168.0 

70.8 

156.0 

30.3 

6o6.o 

606.0 

Natural 
Frequency 

~ 

KA 

NA 

NA 

NA 

NA 

NA 

NA 

158 

157 

173 

155 

155 

158 

173 

72 

161 

32 

614 

614 



Table 4 
Summar[ of Buckshot Cla[ Pro£erties 

Unconfined-ComJ2ression Test Data 
Hvorslev SJ2ecimens Laborator[ S£ecimens 

Posttest Aver~e Pretest Posttest 
Pretest Avera!:;e Above 35-in. Level Average Aver~e 

Avg Entire Specimen Above Outside 

Dry Sa tu- 35-in. Level All Samples Over Device Device All SamEles 
ci. /2 ci. /2 ~/2 q_ /2 v2 CJ. /2 v2 Test WC Density ration u WC u WC WC u WC WC u WC WC 

No. ..L J2Cf _L_ _.E:!.L ..L J?EL. ..L ~ ..L psi ..L .J?E..L ..L psi ..L ~ _j_ 
1 26.0 95.4 92.6 15.97 25.6 15.28 25.7 
2 24.9 95.0 87.8 15.97 24.3 17.22 24.5 21.49 24.2 
3 24.7 97.2 91.2 18.06 24.7 18.06 24.7 17.84 24.8 
4 25.0 94.9 87.9 13.61 25.2 13.75 24.9 16.8 24.4 

5 26.2 92.5 86.9 13.89 25.5 13.20 26.1 19.72 24.8 12.57 26.0 16.91 25.8 
6 25.5 93.7 87.1 13.61 24.7 13.40 25.3 20.83 24.o 20.14 24.2 
7 25.6 93.9 87.9 13.47 25. 7 13.89 25.5 20.14 24.3 ll+.58 25.8 17.78 25.0 
8 27.2 92.8 91.0 ll.ll 27.3 ll.ll 27.0 13.89 26.9 11+.17 26.9 13.75 27.0 

11 25.1 94.0 86.2 15.42 25.0 15.23 24.9 19.72 24.9 13.16 25.5 
12 26.4 94.3 91.4 14.58 26.1 14.58 26.0 13.89 26.2 15.56 25.9 15.56 25.9 
13 26.5 92.7 87.6 12.78 26.2 12.85 26.6 16.25 26.1 15.00 26.2 15.56 26.2 14.17 25.6 

w 14 25.6 96.0 91.5 15.28 25.5 14.44 25.4 19.44 25.5 lf3. 33 25.5 18.40 25.5 l8.o6 24.9 
\.J1 

26.5 w 15 92.4 87.7 10.83 25.8 l0.56 26.4 15.28 25.8 13.61 26.3 9.42 27.2 
16 26.0 92.8 86.9 16.25 25.6 14.72 25.4 18.33 26.1 20.42 26.0 17.78 26.1 12.25 26.6 
17 19.72 24.9 
18 25.3 94.1 87.1 14.85 25.4 14.17 25.4 12.50 25.1 14.17 25.0 18.33 25.3 15.83 25.0 

19 25.4 95.9 91.7 17.64 25.0 16.95 25.2 19.86 24.2 20.84 24.o 19.86 24.2 13.75 25.3 
20 26.7 92.6 88.8 12.22 26.6 12.50 26.8 13.89 26.4 15.97 26.5 15.83 26.7 15.56 26.7 
21 25.6 94.0 88.1 19.44 25.3 19.44 25.3 21.95 25.6 23.34 25.5 22.64 25. 5 29.03 25.1 
22 27.0 91.9 87.9 16.25 26.9 15.28 27.0 20.84 26.8 19.86 26.8 19.72 26.8 16.53 26.4 

23 24.7 97.2 91.5 16.67 25.0 18.20 24.6 19.17 25.0 19.31 24.9 20.14 24.8 
24 24.5 97.2 91.0 17.08 24.4 16.67 24.6 25.70 23.7 21.67 24.4 21.81 24.3 
25 22·.34 24.2 21.81 24.3 23.12 23.9 21.11 24.4 19.72 24.6 
26 26.6 94.2 91.8 14.58 26.0 15.28 26.2 15.28 26.6 14.72 26.5 16.53 26.5 13.20 26.2 

27A 24.3 97.4 90.9 17.64 24.6 16.39 24.5 19.45 23.9 19.03 23.9 19.17 23.9 
27B 19.03 23.9 19.17 23.9 
27c 19.17 23.9 17.36 24.2 17.78 24.6 11.64 24.4 
28 26.8 92.3 88.4 14.57 26.4 14.57 26.6 14.90 26.3 1.6.65 26.1 17.35 26.3 16.22 25.7 16.55 25.2 

A 23.3 98.1 88.4 21.25 23.4 24.31 23.1 
B 27.2 91. 7 88.2 10.83 27.0 13.89 26.2 
c 32.l 85.1 88.8 8.06 31.1 4.93 31.6 
D 25.4 94.6 88.5 14.35 25.2 13.60 25.2 
E 25.6 94.o 88.o 13.61 25.8 15.97 25.2 10.70 26.4 14.65 26.2 

Note: WC, water content; ~ , unconfined compressive strength. 



Table 5 

Surnma.r:i: of Static Archins Ila.ta 

Force Per Unit Dimensionless Parameters 

Pressure Area Acting on Pressure Deflection 

t ;ESi Deflections in. ToE of Device 2 ;[!Si ~ PT 
~ x 1000 

D 

~ ~ 
p 
~ ~ _d_t_ ~ AD l -2_ ~ ~ p; If- x 100 __ s_ 

Test 1 

0-3: 53 0-37. 5 0-37.4 0.997 1.072 0 1.072 -0.075 -12. 50 17.87 

Lowering top of test device 

0:41 37. 5 37.6 0.016 0,016 0.001 0.017 -0,001 83,5 37.1 -0.4 -0.03 0.99 -0.17 0,28 
0:511 37,8 37.b 0.021 0.020 0,005 0.025 -0. 004 79.5 35,3 -2. 5 -0.17 0.93 -0.67 o.42 
1:08 37. 7 37,9 0.029 0.02!1 0.008 0,032 -0,003 75. 5 33.6 -4.1 -0.28 0.89 -0. 50 0,53 
1:20 37.8 37.9 0.033 0,026 0.016 o.o42 -0,009 67. 5 30.0 -7. 8 -0. 53 o. 79 -1. 50 0.70 
1:31 37, 7 37,9 0,035 0.028 0.025 o. 053 -0,0J.8 62.0 27,6 -10,l -0.69 0, 73 -3.00 o.88 

1:48 37. 7 37.9 0.042 0.031 0,041 0.072 -0,030 58, 5 26.0 -11. 7 -0,80 0.69 -5.00 1.20 
2:02 37, 7 37,9 0.044 0,033 0.055 0.088 -0. 044 54.o 24.o -13. 7 -0.93 o.64 -7. 33 1.47 
2:15 37. 7 37.9 0.049 0.034 0,081 0.115 -0. 066 50.0 22.2 -15. 5 -1.05 0.59 -11. 00 1.92 
2:38 37,8 38.2 0.052 0.037 0.09/1 0,131 -0. 079 48. 5 21,6 -16,2 -1.10 o. 57 -13.17 2.18 
2:51 37,8 38,2 0.056 0.037 0,145 0.182 -0.126 40. 5 18.o -19.8 -1.35 o.48 -21. 00 3.03 

3:o6 37,9 38.2 0,058 0.038 0.189 0,227 -0.169 37, 5 16, 7 -21.2 -1.114 o.44 -28.17 3, 78 
3:30 38,0 38.2 0.067 0.042 0.269 0.311 -0. 244 36,5 16.2 -21. 8 -1.48 o.43 -40, 67 5.18 
4:00 37.9 38.0 0.072 0.045 0.347 0.392 -0. 320 34,0 15.1 -22.8 -1. 55 o.4o -53. 34 6. 53 
4:21 37.9 38,0 0.076 0.047 o.410 o.457 -0.381 32. 5 14.4 -23.5 -1.60 0.38 -63. 51 7.62 
4: 52 37,8 38.0 0.080 0,048 o.470 0.518 -0. 438 30.0 13.3 -24. 5 -1.67 0.35 -73. 01 8.64 

19:13 37,8 38,4 0.134 0.093 o.474 0.567 -0. 433 35.0 15.6 -22. 2 -1. 51 o.41 -72.18 9, 32 
19:39 29.2 30,5 0.128 0.082 0,473 o. 555 -0.427 33.0 14.7 -14,5 -0.99 0,50 -71.18 9. 25 
19:119 19. 5 21.6 O.lO!i 0.051 o.4611 0, 515 -0.411 26. 5 11.8 -7. 7 -0. 52 0.60 -68. 51 8.59 
20:08 10,2 12.9 0,042 -0.0211 o.442 o.418 -0.376 16.o 7.1 -3. l -0,21 o. 70 -62. 68 6.97 
21:00 0,0 o. 5 -0.159 -0. 251 0.364 0.113 -0.272 0,5 0,2 +0.2 +0,01 -45. 34 1.88 

~ 
0-0:111 0-37. 5 0-28. 0 0.11110 0,!130 0 0.1130 -0.010 -1,67 7,17 
Lowerine top of test device 

0:21 3'{, 5 28.1 0,001 0.005 0,001 0,006 -0.005 9.0 40,0 +2.5 +0.16 1.07 -0. 83 0.10 
0:35 37,5 28.1 0.002 0.006 o.oo4 0.008 -0. 008 81.2 36.1 -1.4 -0.09 0.96 -1. 33 0.13 
0:48 37, 5 28.1 0,004 0.007 0.006 0.013 -0.009 74.2 33,0 -4. 5 -0,28 o.88 -1. 50 0.22 
1:00 37. 5 28.4 0.006 0.008 0.010 0,018 -0. 012 61.8 27, 5 -10,0 -0.63 o. 73 -2,00 0.30 
1:12 37,5 28.1 0.011 0.012 0.014 0,026 -0. 015 52. 7 23.4 -14, l -0.88 0.62 -2.50 o.43 
1:25 37, 5 28.2 0.020 0.014 0.022 0.036 -0. 016 4o.o 17.8 -19.7 -1.23 o.47 -2.67 0.60 
1:39 37, 5 28.2 0,024 0.015 0.030 o.oh5 -0. 021 28.2 12. 5 -25.0 -1. 57 0.33 -3. 50 o. 75 
1:52 37, 5 28,5 0.033 0,016 0,039 0.055 -0. 022 20.2 9,0 -28, 5 -1. 78 0,24 -3.67 0.92 
2:12 37, 5 28.4 0.036 0.013 0.060 0,073 -0,037 13.0 5,8 -31. 7 -1.98 0,15 -6.17 1. 22 
2:36 37. 5 28.4 0.037 0,009 0.079 0,088 -0. 051 6.6 2.9 -34.6 -2.17 0,08 -8. 50 1. 47 
2: 52 37, 5 28,4 0.036 0.005 0,099 0,104 -0,068 2.0 0.9 -36.6 -2.29 0,02 -11. 34 1. 73 
3:08 37, 5 28.2 0.036 0.003 0.160 0.163 -0.127 1.5 o. 7 -37.0 -2.32 0.02 -21.17 2. 72 
3:20 37, 5 28.2 0.039 0.003 0.220 0,223 -0.184 2.4 l.l -36.4 -2.28 0.03 -30. 67 3. 72 
3:33 37, 5 28.1 0,040 0,002 0.310 0.312 -0. 272 3,0 1.3 -36.2 -2.27 0.03 -115, 34 5,20 
3:47 37, 5 28.1 0.043 0.000 o.4oo o.4oo -0. 357 1.5 0,7 -37.0 -2.32 0.02 -59. 51 6.67 
4:00 37, 5 28.2 0.043 0,001 o.438 o.439 -0. 396 o. 5 0,2 -37. 3 -2.33 0.01 -66.0l 7,32 
4:09 37,5 28. 5 0,044 0.001 o,456 o.457 -0,413 o.8 o.4 -37.1 -2.32 0.01 -68. 85 7,62 
11:18 37, 5 28.5 0,046 0.002 0.474 o,4'16 -0.430 1,0 0,4 -37.1 -2.32 0.01 -71. 68 7,93 
4:27 37.5 28.4 0.054 0.003 0.483 o.486 -0. 432 1.0 0,4 -37.l -2. 32 0.01 -72. 01 8.10 
4: 55 37, 5 28.4 0.053 0,004 0.499 o. 503 -0. 450 0 0 -37. 5 -2. 35 -75. 00 8,39 

Raising top of test device 

5:17 34. 5 23,3 0.054 0.003 o.496 o.499 -0. 445 17,11 7, 7 -26. 8 -1.68 0.22 -74.17 8. 32 
:;:26 35, 0 25.6 0.063 0.003 0.486 o.489 -0.426 21. 5 9.6 -25.4 -1. 59 0,27 -71. 00 8.15 
5,31, 37,0 2'). 0 0.069 0.007 o.471 o.478 -0,1109 32.0 14.2 -22.8 -1.43 0,38 -68.17 7,97 
):112 37, 5 29.0 o. 068 0.009 o.437 o,4116 -0. 378 38.o 16,9 -20.6 -1.29 0.1~5 -63,00 7. 43 
5: 57 34.o 24,8 0.067 0.010 0.211 0.221 -0.154 60,0 26. 7 -7. 3 -0.116 o. 79 -25. 67 3.68 
6:05 37.0 25. 3 0.068 0.023 0.073 0.096 -0. 028 80,0 35.6 -1.4 -0.09 0.96 -4.67 1.60 
6:13 37, 5 27.2 0.062 0.0!10 0.03'1 o. 0'77 -0. 015 96.o 42,7 +5.2 +0.33 1,14 -2. 50 1.28 
6:19 37, 5 27.2 0.062 0,050 0.020 0.070 -0,008 102, 5 45.6 +8,1 +o. 51 1.22 -1.33 1.17 
6:30 36. 7 26. 5 0,062 0.061 0 0.061 +0,001 11.6 51.6 +14.9 +0,93 1.41 +0,17 1.02 
6:35 36,6 2G,5 0.062 0.062 0 0.062 0 10,2 45, 3 +8,7 +0.54 1.24 0 1.03 

Lowering top of test device 

6:3'1 36. 5 27,1 o. o62 0,062 0.002 0.064 -0,002 93.2 41.4 +4,9 +0,31 1.13 -0.33 1.07 
6:44 35, 8 29.2 0,067 0,047 0.141 0.188 -0.121 14. 5 6.4 -29.4 -1.84 0.18 -20.17 3, 13 
6:~6 35.2 29.6 0.063 0.0111 0,3119 0.390 -0, 327 7,0 3.1 -32.1 -2.01 0.09 -51+, 50 6. 50 
7:0) 3!1.8 27.1 0.060 0,038 o.490 0.528 -0. 468 3.0 1.3 -33. 5 -2.10 0.04 -78. 00 8,80 
7:15 0,0 -0.0711 -0.122 0.492 0.370 -0.4411 o.o o.o 0.0 o.o -74. 00 6.17 

(Continued) 

i:cte: t , time after zero; PS , surface pressure at time t ; PS , soil pressure at 3'.)-in. level; D8 , soil deflection at 

3~-in. level; ~ , deflection of l'ase of test device; dt , deflection of top with respect to base of test device; DT , 

total deflection of test device ( ~ + dt); 6D , differential deflection ( DT - DS); PC , pressure acting on inside of 

test device; p T , average force actin~ on top of test device; <'>P , differential pressure (PT - P 8 ); '\i , unconfined 

cor.ipressive strenc;th of soil; B , diameter of test device. (1 of 5 sheets) 
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Table 5 (Continued) 

Poree Per Unit Dimensionless Pa;rameters 

Pressure Area. Acting on Pressure Deflection 

t Esi Deflections in, ToE of Device 1 Esi ~ PT 
~ x 1000 

D 
hr: min ~ p _L ~ _d_t_ ~ ~ l. 2 ~ 2- r; i! x 100 __ s_ 

Test 3 

0-1:26 0-37, 5 0-26. 5 0,333 o.411 0 o.411 -0.078 -13.00 6.85 
Lowering top of test device 

0:07 37. 5 26.6 0.004 0.008 0.002 0.010 -0.006 74.3 33.0 -4. 5 -0.25 o.88 -1.00 0.17 
0:32 37. 5 26.9 0.024 0.021 0.011 0.032 -0. 008 65.3 29.0 -8. 5 -0.47 o. 77 -1. 33 o. 53 
0:42 37. 5 26. 7 0.027 0.025 0.014 0.039 -0.012 63.2 28.1 -9.4 -0. 52 o. 75 -2.00 o.65 
0:54 37.5 26.9 0.032 0.028 0.017 0.045 -0.013 58.3 25.9 -11.6 -0.64 0.69 -2.17 o. 75 
1:17 37. 5 26.9 0.038 0.030 0.027 0.057 -0.019 45. 2 20.1 -11.11 -0.96 o. 54 -3.17 0.95 
1:29 37. 5 27.4 0.041 0.031 0,033 0.064 -0.023 35. 3 15. 7 -21.8 -1.21 o.42 -3.83 1.07 
1:50 37.5 27. 5 0.046 0.031 0.049 0.080 -0.034 24. 2 10.8 -26. 7 -l.118 0,29 -5. 67 l. 33 
2:11 37. 5 27,7 0.052 0.033 0.063 0.096 -0,044 16. 3 7, 3 -30.2 -1.67 0.19 -7. 33 1. 60 
2:41 37,5 27. 7 0.057 0.032 0,096 0.128 -0. 071 2. 3 l,O -36. 5 -2,02 0,03 -11. 84 2.13 17:11 37, 5 29.0 o. 075 o. 059 0.141+ o. 203 -0.128 7,4 3. 3 -34. 2 -l.89 0.09 -21. 34 3,38 

17:34 37, 5 30.0 0.079 0.058 0.157 0.215 -0.136 -5. 0 -2.2 -39. 7 -2.20 -22, 67 3, 58 18:09 37. 5 30.0 0.085 0,062 0.169 0,231 -0,146 Vacuum of unknown -24. 34 3. 85 18:48 37. 5 30,0 o. 084 o. 064 o, 177 o. 21;1 -0.157 extent -26.17 4.02 
Raising top of test device 
18:59 37, 5 30. 5 0.084 0.065 0.176 0.241 -0.157 0 0 -37° 5 -2.08 0 -26.17 4.02 
19:07 37. 5 30. 5 0.085 0,066 0.175 0.241 -0.156 7.0 3,1 -34.4 -1.91 0.08 -26. 00 4. 02 
19:15 37. 5 30. 5 0.085 0.068 0.174 0.242 -0.157 15. 0 6. 7 -30.8 -1. 71 0.18 -26.17 4.03 
19:23 37. 5 30. 2 0,085 0.068 0.171 0.239 -0.154 25. 0 11.1 -26.11 -1.46 o. 30 -25.67 3,98 
19:33 37. 5 31. 0 o. 085 o. 071 0.156 o. 227 -0.142 47.0 20.9 -16.6 -0.92 o. 56 -23. 67 3, 78 
19:55 37. 5 30. 0 0.087 0.088 0.109 0.197 -0.110 85. 0 37.8 +0.3 +0.02 1. 01 -18, 34 3. 28 
20:53 37,5 30. 0 0.087 0.131 0.022 0.153 -0, 066 102.0 45. 3 +7.8 +0,43 1.21 -11. 00 2. 55 21:06 37. 5 30. 0 o. 089 0.145 0 0.1115 -0. 056 1311.0 59.6 +22.1 +1.22 1. 59 -9. 34 2,42 

Raising pressure 
21:17 4o.o 31. 0 0.095 0.152 0 0.152 -0. 057 -9. 50 2. 53 
21:30 45.0 35.0 0.165 0.224 0 0,224 -0, 059 -9. 84 3. 73 21:59 50.0 38, 0 0,325 o. 395 0 0,395 -0. 070 -11. 67 6. 58 22:11 50.0 39, 0 o. 358 0.425 0 o.425 -0. 067 -11.17 7,08 

Lowering top of test device 
22:21 50.0 39.3 0,373 o.44o 0,001 o.441 -0. 068 121.0 53.8 +3.8 +0,21 1,08 -11,311 7. 35 22:32 50.0 39, 3 0, 385 o. 451 0.004 o. 455 -0. 070 100.0 44.11 -5. 6 -0. 31 0.89 -11. 67 7. 58 22, 59 50.0 39, 8 o.418 o.471 0.028 o.499 -0. 081 79.0 35,1 -14.9 -0. 82 o. 70 -13. 50 8. 32 
23:20 50.0 39. G o.431 o,470 0.059 o. 529 -0. 098 43.0 19.1 .30,9 -1. 71 0.38 -16, 34 8.82 
23:43 50.0 40.1 o.441 0.1169 0.103 o. 572 -0.131 i8.o 8.o -42.0 -2. 32 0,16 -21, 84 9, 54 
24. 05 50.0 4o.6 o.455 o.469 0.145 0.614 -0.159 1. 5 o. 7 -49. 3 -2. 73 o. 01 -26. 51 10. 24 
24:19 
24:35 

30.0 26.5 0,458 o,4119 0,144 o. 593 -0.135 1. 5 0.7 -29. 5 -1.63 0.02 -22, 50 9,89 
0 1. 3 0.329 o. 311 0,112 o.423 -0. 094 0 0 0 0 -15. 67 7,05 

Device remained in soil Wldcr zero surface pressure 
89:49 0 0.290 0.258 0.102 0. 360 -0.0'70 0.75 0, 3 +o. 3 +0,02 -11. 67 6.00 

Soil removed to 35-in. level 
94:50 0 0.274 0.248 0.1111 o. 362 -0. 088 -14. 67 6.03 

Test 4 

0-1:11 0-75, 0 0-65.5 1.232 1.150 0 
Lowering top of test device 

1.150 +O. 082 -225. 0 •100. 0 -+o. 25 + 1. 811 1. 33 +13. 67 19.1'1 

0:05 75. 0 65. 8 0 -0. 001 0,004 0.003 -0. 003 173. 0 76,9 +1.4 +0.10 1.03 -0. 50 0,05 0:12 
0:19 

75.0 66.2 0,001 -0. 001 0.007 0.006 -0. 00) 165.0 73,3 -1. 7 -0.12 0.98 -0.83 0.10 
75.0 66. 2 o. 001 -0.003 0,010 0,007 -0. 007 159.0 70.7 -4. 3 -0.32 0.911 -1.17 0.12 

0:27 75.0 66.2 0,002 -0. 003 0,013 0,010 -0. 008 155.0 68.9 -6.1 -0.45 0.92 -1. 33 0.17 0:34 75.0 66.4 0.003 -0. 003 0.018 0,015 -0. 012 1115.0 64. 4 -10.6 -0. 78 o.86 -2.00 0.25 
0:4o 75.0 66.6 0,004 -0. 006 0,025 0.019 -0. 015 140.0 62.2 -12.8 -0.91, 0.83 -2. 50 0.32 0:56 
1:07 

75.0 67, 2 0,005 -0. 010 0.046 0.036 -0. 031 118. 5 52. 7 -22. 3 -1.64 o. 70 -5.17 0.60 

1:23 
75. 0 67.8 0.006 -0. 012 0.091 0.079 -0. 073 86. 5 38.4 -36. 6 -2.69 o. 51 -12.17 1. 32 

1:37 
75.0 67.2 0.006 -0. 024 0.191 0.167 -0.161 85.6 38.0 -37.0 -2. 72 o. 51 -26. 83 2. 78 
75.0 67. 5 0.007 -0.023 0,351 o. 328 -0. 321 75, 0 33, 3 -41. 7 -3.06 o.44 -53. 50 5. 47 

1:47 75.0 67, 2 0.008 -0. 022 o.411 o. 389 -0. 381 71. 4 31.7 -43. 3 -3.18 0.42 -63. 50 6.48 1:56 75.0 67, 2 0.008 -0. 021 o. 475 o.426 -0. 418 70.0 31.1 -43.9 -3. 23 o.41 -69. 67 7.10 2:07 
2:23 

75.0 67. 2 0.008 -0. 020 o. 491 o,471 -0. 1163 67.0 29. 8 -115. 2 -3. 32 o.4o -77. l 7 7,85 
75.0 67.8 0.011 -0. 019 0.1.99 o.48o -0. 469 33, 5 14.9 -60.1 .IJ. 42 0.20 -78.17 8.00 

Raising top of test device 
2:39 75.0 67, 2 o. 012 -0. 014 o.495 0.481 -0. 469 59.0 26.2 -48.8 -3. 59 o. 35 -78.17 8.02 3:03 
3:11 75.0 67, 7 0.016 -0. 005 0.495 o.490 -0. 474 144.o 64.o -11.0 -0.81 0.85 -79. 00 8,17 
3:18 

75.0 67.6 0.020 -0. 001 0,491 o,490 -0,1170 156.o 69. 3 -5. 7 -0.42 0.92 -78. 33 8,17 
3:26 

75.0 67, 3 0,021 0 0.487 o.487 -0. 466 163. 0 72. 4 -2. 6 -0.19 0.97 -77.67 8.12 
75.0 67. 3 0.023 0.001 o. 484 o.485 -0.1162 168. 0 74,7 -0. 3 -0.02 1.00 -77. 00 8.08 

(Continued) (2 of 5 sheets) 
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Table 5 (Continued) 

Force Per Unit Dimensionless Parameters 

Pressure Area Acting on Pressure Deflection 
psi Deflections in, Top of Device, psi a'.IP PT 

~ x 1000 
D t 

PS -ix 100 
~ l p s ~ _l_ _d_t _ ~ ~D l ..:'.!_ ~ ~ -- =---

Test 4 (continued) 

Raising top of test device (Continued) 

3:35 75.0 67. 3 0.024 0.007 o.475 0.482 -0. 458 176.o 78,2 +3.2 +0.24 1.04 -76. 33 8.03 
3:47 75.0 67.3 0.024 0.015 o.441 o.456 -0. 432 187.0 83.1 +8.1 +0,60 1.11 -72. 00 7,60 
3:57 75.0 67.3 0.024 0.021 0,397 0.418 -0.394 202.0 89.8 +14.8 +1.09 1.20 -65. 67 6.97 
4:06 75.0 67. 3 0.024 0,029 o. 314 0,343 -0. 319 214.o 95,1 +20.1 +l.48 1. 27 -53.17 5, 72 
4:19 75.0 66.6 0.024 0.039 0.136 0.175 -0.151 225.0 100,0 +25.0 +l,84 1.33 -25.17 2.92 

4:27 75.0 66.4 0.024 0.055 0.027 0.082 -0.058 244.o 108.4 +33.4 +2.45 1.44 -9.67 1. 37 
4:39 75.0 66.2 0.024 0.060 0.003 0.063 -0. 039 250.0 111.l +36.1 +2.65 1.48 -6. 50 1.05 
4:44 75.0 65.6 0.024 0.060 0 0,060 -0.036 257,0 114,2 +39.2 +2.88 1. 52 -6.00 1. 00 

Lowering top of test device 

Ii: 53 75,0 66.4 0.024 0.060 0.002 0.062 -0.038 221.0 98.2 +23.2 +l. 70 1.31 -6. 33 1. 03 
5:o4 75.0 66.6 0.025 0.060 0.005 0.065 -0.040 205.0 91.1 +16.l +l.18 1.21 -6.67 1. 08 
5:15 75.0 66.6 0.025 0.056 0.019 0.075 -0.050 172:0 76.4 +1.4 +0.10 1.02 -8. 33 1.25 
5:22 75.0 67.3 0.026 0.047 o. 045 0.102 -0. 076 150.0 66. 7 -8. 3 -0.61 0.89 -12. 67 1. 70 
5,32 75.0 67.3 0.027 o. 038 0.089 0.127 -0.100 136.o .60.4 -14.6 -1,07 0.81 -16. 67 2.12 

5:41 75.0 67.8 0.028 0.018 0.177 0.195 -0.167 121.0 53,8 -21.2 -1. 56 o. 72 -27. 83 3. 25 
5: 50 75,0 67.8 0.028 0.009 0.353 0.362 -0. 334 97.0 43.1 -31.9 -2.34 o. 57 -55. 67 6.03 
6:00 75.0 67.8 0.028 0.008 o.483 0.491 -0.463 87, 5 38.9 -36.1 -2.65 o. 52 -77.17 8.18 
6:05* 75.0 67. 8 0.028 0,008 0.493 o. 501 .. o.473 55. 0 24.4 -50. 6 -3. 72 o. 33 -78. 83 8. 35 

Pressure on surface released 

6:19 0 0 0.926 0.883 o.438 1.321 -0. 395 4. 5 2.0 +2.0 +0.15 0,03 -65. 83 22.02 
23:10 0 0 0.856 0.803 o.423 1.226 -0. 370 3, 5 1.6 +1.6 +0,12 0.02 -61. 67 20.43 

Test 5 

0-37. 5 -1. 251 -1.11±9 -0.001 ..J..l50 +0.101 64. ~ -28.-7 -8.8 -0.-63 o. 77 +16. 83 19.17 
Raising top of test device 

0:10 37,5 -0. 0004 -0. 0004 +O, 0007 +o. 0003 +0.001 97.0 43.1 +5.6 +0.40 1.15 +0.17 0.01 
0:27 37.4 bll -0. 0011 -0. 0040 +O. 0058 +O. 0018 +o. 003 120.0 53. 3 +15.9 +l.14 1.42 +o. 50 0.03 
0:54 37.4 " -0. 0030 -0.0177 +O. 0443 +o. 0266 +0.030 148. 5 66.0 +28.6 +2.06 1. 76 +5.00 o.44 .... 
1:12 37.6 " -0. 0034 -0.0377 +0.1263 +O, 0886 +O. 092 165.0 73.3 +35.7 +2. 57 1.95 +15. 34 1.48 0 
1:39 37, 5 .... -0.0035 -0. 0537 +o. 2203 +0.1668 +0.170 169.0 75.1 +37.6 +2, 71 2.00 +28. 34 2. 78 +' 

1:49 37.6 
0 

-0. 0036 +2. 76 +44. 51 4.39 e -0.0657 +O. 3293 +O, 2636 +O, 267 171.0 76.o +38.4 2.02 
1:59 37.6 -0. 0036 -0. 0737 +o. 4373 +o. 3636 +O, 367 172.0 76.4 +38.8 +2. 79 2.03 +61.18 6.o6 
2:09 37.4 

+' "' -0. 0037 -0. 0777 +o. 4553 +0.3776 +O, 381 172.0 76.4 +39.0 +2,81 2.04 +63. 51 6.29 0 rl 2:23 37.6 " ... -0. 0038 -0. 0797 +O. 4723 +O, 3926 +O. 396 172.0 76.4 +38.8 +2. 7~ 2.03 +66. 01 6. 54 
" 2:26 37.6 " p, -0. 0046 -0. 0827 +o. 4973 +0.4146 +0.419 214.o 95.l +57. 5 +4.1 2. 53 +69. 85 6.91 

2:42 37. 5 
:;f 2 

-0. 0061 -0.0832 +0.4973 +0.4141 +0.420 +42.0 6,90 " p, 179.0 79. 5 +3.02 2.12 +70. 01 
Lowering top of test device 

2:49 37.6 ;-; -0. 0062 -0.0836 +o. 4965 +o. 4129 +0.419 159.0 70. 7 +33.1 +2,38 1.88 +69. 85 6.88 
2:56 37,5 ... -0. 0062 -0.0834 +o. 4955 +o.4121 +0.418 146.o 64.9 +27.4 +1.97 1. 73 +69, 68 6.87 

" 3:02 37.6 g. -0. 0063 -0. 0804 +o. 4829 +o. 4024 +o.409 116.0 51.6 +14.o +l.01 1. 37 +68.18 6. 71 
3:13 37.6 ... -0. 0063 -0.0739 +0.4545 +o. 3806 +O. 387 88. 5 39,3 +l. 7 +0.12 1,04 +64. 51 6. 34 p, 
3:24 37,6 

bll 
-0. 0064 -0.0656 +0.3943 +o. 3287 +O. 335 58. 5 26.0 -11.6 -0.81+ 0.69 +55. 84 5,48 

3:35 37.6 .~ -0. 0064 -0. 0607 +0.3037 +O. 2430 +O. 249 33. 5 14.9 -22. 7 -1. 63 0.40 +41. 51 4. 05 
" 3:45 37.4 0 -0. 0064 -0. 0567 +o. 2213 +0, 1646 +0.171 16. 5 7. 3 -30.l -2.17 0.20 +28. 51 2, 74 . ., 

3:58 37, 5 +' -0. 0065 -0.0533 +0.1478 +0.0945 +0.101 6. 5 2.9 -34. 6 -2.49 0,08 +16. 84 1. 58 
4:08 37. 5 0 -0. 0065 -0. 0512 +o. 0627 +O. 069 -36.4 -2.62 1. 05 e +0.1139 2. 5 1.1 0.03 +11, 50 
5:13 37.4 -0. 0115 -0. 0503 +o. 0694 +o. 0191 +O. 031 5.0 2.2 -35. 2 -2. 53 0.06 +5.17 o. 52 
5:46 37,4 +' -0, 0118 -0. 0488 +o. 0653 +o. 0165 0.06 +4.67 0.28 0 +0.028 5.0 2.2 -35. 2 -2. 53 " 9:46 37. 5 

" 
-0. 0118 -0. 0487 +0.0536 +0. 0049 +O. 017 8.o 3.6 -33.9 -2.44 0.10 +2.83 0.08 

21:46 37. 5 ~ -0.0142 -0. 0504 +o. 0361 -0. 0143 -0. 0001 11.0 4.9 -32. 6 -2. 35 0.13 -0.02 -0.24 
22:11 35. 5 " -0. 0134 -0. 0485 +o. 0360 -0.0125 +0.0009 10.0 4.4 -31.l -2.24 0.12 +0.15 -0.21 

Lowering surface pressure 

22:17 29.6 
"" 

-0. 0073 -O.o416 +O. 0363 -0.0053 +O. 0020 11.0 4.9 -28. 7 -2.07 0.17 +0.33 -0.09 
22:24 15. 5 " +O. 0311 -0.0056 +0.0374 +O. 0318 +0.0007 11.0 4.9 -10.6 -0. 76 o. 32 +0.12 o. 53 
22:30 7. 5 b § ;-; +0.0820 +o. 0522 +O. 0429 +o. 0951 +O, 0131 7.0 3.1 -4.4 -0. 32 o.41 +2.18 1. 59 
22:36 3.5 " . ., " +0.1272 +o. 0979 +o. 0452 +0.1431 +o. 0159 7. 5 3,3 -0.2 -0.01 0.94 +2.65 2. 39 
22:46 0 wt :g_ +O. 2188 +0.1859 +O. 0458 +0.2317 +0.0129 10.0 1+.4 +4.4 +0,32 +2.15 3.86 

:;f e 0 
23:13 0 o a_ +O. 2406 +o. 2o44 +O. 0463 +o. 2507 +0.0101 10,0 4.4 +4.4 +0.32 +1.68 4.18 

~ 

0:10 5. 7 1.6 0.023 0.023 0.006 0.029 -0, 006 NA 1.2 -4. 5 -0.33 0.21 -1.00 o.48 
0:21 9.8 2.9 0.070 0.072 0.016 0.088 -0. 018 

i 3.1 -6. 7 -0. 49 0. 32 -3. 00 1.47 
0:32 14.8 6.5 0.155 0.150 0.031 0.181 -0. 026 5,9 -8.9 -0.65 0.40 -4. 33 3,02 
0:47 19.9 12.9 0.274 0.263 0.051 0.314 -0. 040 9.6 -10.3 -0. 76 o.48 -6.67 5, 23 
1:27 24. 8 18.2 o.418 o. 38o 0.072 o.452 -0. 034 13.6 -11.2 -0. 82 o. 55 -5. 67 7. 53 

(Continued) 

Note: NA, not applicable. 
(3 of 5 sheets) * Force on top not reliable, top into stop. 

356 



Table 5 (Continued) 

Force Per Unit Dimensionless Para.meters 

Pressure Area Acting on Pressure Deflection 

J2Si Deflections in. To12 of Device, j2Si ~ PT 
¥ x 1000 

D 
hr:rnin l p --2._ -~- __'.}__ --2._ ~ .!S__ ..L ~ _'.::!!_ ~ if x 100 --·-

Test 6 (Continued) 

1:47 29.2 22, 8 o. 554 o.494 0.091 0.585 -0. 031 NA 17.2 -12.0 -0.88 o. 59 -5.17 9. 75 2:07 36.3 31.2 o. 766 0.660 0.119 o. 779 -0. 013 22.4 -13.9 -1.02 0.62 -2.17 12.99 2:20 37. 5 33,2 0.810 0.699 0.124 0.823 -0. 013 23. 4 -14.1 -1. 04 o. 62 -2.17 13. 72 3:08 36. 5 33.8 o.847 o. 728 0.127 0.855 -0. 008 24.o -12. 5 -0.92 o.66 -1. 33 14.25 3:28 39,3 36. 8 0.885 0, 757 0.132 0.889 -0, 004 25, 0 -14.3 -1.05 0.64 -0.67 14.82 
4:05 25.0 23.6 0.860 0, 736 0.120 0.856 -0. 004 22. 5 -2. 5 -0.18 0.90 -0.67 14.27 4:41 19.0 18.6 o.829 0, 706 0.110 0.816 -0.013 20. 7 +l. 7 +0.12 1.09 -2.17 13.60 5:oo 14.7 14.6 0.803 0.679 0.100 0, 779 -0.024 18.9 +4.2 +0.31 1.29 -4.oo 12.99 5:U 9. 5 10. 7 o. 751 0,632 0.082 o. 714 -0. 037 15. 5 +6.o +0.44 1.63 -6.17 11.90 5:23 4.8 5,9 o. 684 o. 571 0.057 0.628 -0. 056 10,8 +6.0 +0.44 2.25 -9. 33 10.47 
5:38 0 3.4 0.560 o.464 0.018 o.482 -0. 078 3. 5 +3. 5 +0.26 -13.00 8.03 6:o4 
6:16 

0 2. 8 o. 535 o.437 0.014 o.451 -0. 084 2. 7 +2. 7 +0.20 -14. 00 7. 52 
6:38 

5.0 3.4 0.548 o.449 0.030 o.479 -0. 069 5.6 +0,6 +0.04 1.12 -11. 50 7.98 
6:44 

9.7 6.2 o. 584 0.484 0.048 0.532 -0. 052 9,0 -0.7 -0.05 0.93 -8.67 8.87 
15. 2 11. 5 0.645 o. 537 o. o69 0.606 -0. 039 13.0 -2.2 -0.16 o.86 -6. 50 10.10 

7:09 25. 7 21.2 o. 759 0,638 0.093 o. 731 -0. 028 17. 5 -8,2 -0.60 0.68 -4.67 12.19 7:22 30.2 27. 4 0,810 0.681 0.105 o. 786 -0. 024 19.8 -10.4 -0. 76 o.66 -4.oo 13.10 7:41 38. 5 36. 2 0.932 o. 789 0.130 0.919 -0. 013 22.6 -15.9 -1.17 0, 59 -2.17 15. 32 23:u 
29:31 

38. 0 39, 0 1. 004 o. 862 0.138 1.000 -0. 004 26.1 -11.9 -0.87 0.69 -0.67 16.67 
38.o 39, 6 1.011 0.867 0.139 1.006 -0. 005 26.3 -11. 7 -0.86 0.69 -0. 83 16. 77 

34:21 37. 5 42.1 1.020 0,873 0.139 1.012 -0.008 26. 3 -11.2 -0.82 0, 70 -1.33 16.87 50,39 39. 5 39, 3 1.035 o.886 0.141 1.027 -0. 008 26.6 -12.9 -0.95 0,67 -1. 33 17.12 55:28 38. 7 39. 0 1.036 0.887 0,141 1.028 -0.008 26. 6 -12.1 -0. 89 0.69 -1. 33 17.14 59:30 38. 7 39, 0 1. 038 0.890 0.141 1.031 -0. 007 26.6 -12.1 -0.89 0.69 -1.17 17.19 70:17 38. 5 39, 0 1.042 0.892 0.141 1.033 -0.009 26.6 -11.9 -0.87 0.69 -1. 50 17. 22 
70:49 34.1 35.1 1.0-39 0,892 O,L4Jl L-032- -0.007 26.4 -7. 7 -0. 57 o. 77 -1.17 17.20 7l:o5 29.8 31. 2 1. 034 0.883 0.137 1.020 -0. 014 25.9 -3. 9 -0. 29 o. 87 -2. 33 17. 00 71:18 24.2 25. 8 1.022 0.873 0.132 1. 005 -0.017 25.0 +0.8 +0.06 1.03 -2.83 16. 75 7l:30 
71:40 

18.o 20,2 1.000 0.859 0.124 0.983 -0. 017 23. 5 +5. 5 +0.40 1. 30 -2.83 16. 39 
13. 5 16.6 0.980 0.833 0.115 0.948 -0. 032 21.8 +8.3 +0.61 1.61 -5. 33 15.80 

71:50 8.o 11. 2 0.933 0, 793 0.094 0.887 -0. 046 17.8 +9.8 +0.72 2.23 -7.67 14. 79 72:49 0 8. 7 o. 748 0.626 0.032 0,658 -0.090 6.0 +6.0 +o.44 -15. 00 l0.97 

~ 
0:18 5. 5 5.2 0.016 o. 019"'* 0.005 0.024 -0. 008** NA 3.8 -1. 7 -0.13 0.69 -1. 33** o. 40** 0:29 10.0 10. 7 0.063 0. 069** 0,011 0.080 -0.017** 8.4 -1.6 -0.12 o.84 -2. 83** l.33** 0:39 15.0 16. 5 0.150 0.160** 0.016 0.176 -0. 026'* 12.2 -2.8 -0.21 0.81 -4. 33** 2.93** 0:54 20.2 22. 3 0.277 0. 296'* 0,021 o. 317 -0. 040** 17.4 -2.8 -0.21 o.86 -6. 67** 5. 28** 1:08 24,9 28. 2 o.411 o.430** 0.025 0.455 -0. 044** 22. 2 -2. 7 -0.20 0.89 -7. 33** 7. 58"'* 
l:l6t 29. 7 
1:33 0 0 0.292 0. 287** 0.287 +o. 005"'* +O. 83** 4. 78** 0 
0:22 

0 0 0.275 o. 262** 0.262 +o. 013** +2.17** 4. 37** 
0:36 

10.0 12. l 0.302 o. 296** 0.008 0.304 -0. 002** 6.1 -3.9 -0.29 0.61 -0, 33** 5. 07** 
19.9 21. 0 o. 398 o. 401- 0.019 o.420 -0. 022** 14. 5 -5. 4 -0.40 o. 73 -3. 67** 7, 00** 

0:57 30.0 36.1 o. 579 o. 584** 0,029 0.613 -0. 034** 24.7 -5. 3 -0. 39 0.82 -5. 67** 10. 22** 1:16 
1:37 

35. 2 43. 4 o. 755 o. 752** 0.034 o. 786 -0.031** 30.2 -5.0 -0. 37 o.86 -5.17** 13.10** 
2:06 37. 5 46.2 0.857 o. 845** 0,036 0.881 -0. 024** 31.9 -5. 6 -0. 42 o.85 -4. 00->* 14.68** 
2:21 37.4 46.1 0,894 o. 879** 0,036 0.915 -0. 021** 31.9 -5. 5 -0.41 0.85 -3. 50** 15. 25** 

29.8 37.l o.884 o. 873** 0.031 0.9011 -0. 020"* 27. 5 -2. 3 -0.17 0.92 -3. 33** 15. 06** 
2:31 20,0 25. l o. 856 0, 839** 0.023 o. 862 -0. 006'* 18.o -2.0 -0.15 0.90 -1.00** 14. 37** 2:42 
2:57 

10.l 1. 0 0, 789 o. 763** 0.011 o. 774 +o. 015"'* 8.4 -1. 7 -0.13 o.83 +2. 50** 12. 90** 
4:06 

0 0 0.636 o.603** 0 0.603 +o. 033** 0 0 +5. 50** 10, 05** 
0 0 0.605 o. 566** 0 o. 566 +o. 039"'* 0 0 +6, 50** 9.43** 

Test 8 
0:08 5. 0 1. 7 0.031 0.029 0.004 0.033 -0. 002 NA 2.0 -3. 0 -0.03 o.4o -0, 33 o. 55 0:18 
0:43 

lo.a 5.4 0.127 0.118 0,013 0.131 -0. 004 7.0 -3.0 -0, 3 o. 70 -0.67 2.18 
1:30 

20.0 0. 399 0.373 0.031 o.4o4 -0. 005 16.0 -4.o -0.4 0.80 -0.83 6. 73 
1:53 

30.0 o. 727 o.685 0.048 o. 733 -0. 006 25.0 -5. 0 -0. 4 o.83 -1. 00 12.22 
4o.o 0.980 0.922 o.o66 0.988 -0. 007 34.0 -6.0 -0. 5 0.85 -1.17 16.47 

2:09 45.0 50.9 1.086 1.020 0.074 1.094 -0. 008 39,0 -6.0 -0. 5 0.87 -1. 33 18.24 2:21 
2:32 

50.0 56.3 1.181+ 1.112 0.082 1.194 -0,010 43. 0 -7. 0 -0, 6 o. 86 -1. 67 19.90 
2:46 

55. 0 61.4 1. 263 1.184 0.090 1.274 -0. 011 47.0 -8.o -0. 7 0.85 -1. 83 21.23 
3:04 

60.0 66. 3 1, 344 1. 259 0.097 1. 356 -0. 012 51,0 -9.0 -0.8 0.85 -2.00 22.60 
65.0 72.0 1. 408 1, 324 0.106 1.430 -0. 022 55. 0 -10.0 -0.9 o. 85 -3.67 23.84 

3:19 70.0 76. 7 1.445 1. 365 0.113 1.478 -0. 033 59.0 -11. 0 -1. 0 0, 84 -5. 50 24. 64 3:34 
3: 57 

75.0 79,9 1.480 1.403 0.120 1, 523 -0. 043 63.0 -12.0 -1.l o. 84 -7.17 25. 39 
4:22 

100,0 100. 7 1. 596 1. 524 0.155 1,679 -0. 083 81.0 -19.0 -1. 6 0.81 -13. 84 27.99 
4:48 

125.0 1.661 1. 584 0.186 1. 770 -0.109 97.0 -28. 0 -2. 5 o. 78 -18.17 29, 51 150.0 1. 690 1. 622 0.216 l. 838 -0.148 113.0 -37. 0 -3. 2 o. 75 -24. 67 30.64 
(Continued) 

** Questionabl . t Pr e va.lues due to malfunction in one of base gages. 
essure container broke. (4 of 5 sheets) 
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Table 5 (Concluded) 

Force Per Unit Dimensionless Parameters 

Pressure Area Acting on Pressure Deflection 

t ESi Deflections in. To)2 of Device, J2Si a'.'IP PT 

~ x 1000 
D 

~ l p --2._ _2_ _d_t_ ~ ~ 2- 2- ~ ~ p; BTxlOO __ s_ 

Test 8 (Continued) 

5:18 175.0 1. 709 1.627 0.248 1. 875 -0.166 NA 129.0 -54.o -4.9 o. 74 -27.67 31.26 
5:41 200.0 1. 722 1. 635 0. 280 1. 915 -0.193 146.o -54.o -4.9 0.73 -32.17 31. 92 
5: 58 215.0 1. 733 1.640 0.303 1.943 -0. 210 158.o -57.0 -5.1 o. 73 -35. 01 32.39 
6:54 216.0 1. 737 1.641 0.317 1.958 -0. 221 163.0 -53. 0 -4. 8 o. 75 -36. 84 32.64 
7:18 240. 0 1. 748 1. 644 o. 345 1. 989 -0. 241 182.0 -58.o -5.2 o. 76 -40.17 33.16 

22:00 240.0 » 1. 766 1.674 0.362 2.036 -0. 270 205.0 -35.0 -3.2 0.85 -45. 01 33.94 
22:08 235.0 .... 1. 764 1.671 o. 361 2.032 -0. 268 204.0 -31.0 -2. 8 o.87 -44. 68 33.87 
22:23 230.0 " 1. 764 1.671 0.361 2.032 -0. 268 204.o -26.0 -2. 3 0. 89 -44. 68 33. 87 " 22:36 225.0 g. 1. 764 1.670 0.360 2.030 -0. 266 202.0 -23.0 -2.1 0.90 _1,4. 34 33.84 
22:45 220.0 ~ 1.767 1.673 0.359 2.032 -0. 265 201 -19.0 -1. 7 0.91 -44.18 33.87 
22:58 215.0 "" 1. 767 1.673 0.356 2.029 -0. 262 195.0 -20.0 -1.8 0.91 -43. 68 33.82 " 23:13 210.0 

.... 
1. 766 1.672 o. 354 2.026 -0. 260 191.0 -19.0 -1.7 0.91 -43. 34 33. 77 " 23:26 205.0 0 
1. 766 1.672 o. 352 2. 024 -0. 258 189. 0 -16.0 -1.4 0.92 -43. 01 33. 74 .... 

23:40 200.0 
..., 

1. 764 1.672 0.350 2.022 -0. 258 186.o -14.0 -1. 3 0.93 -43. 01 33. 71 0 

23: 58 195.0 ~ 1.764 1.671 o. 347 2.018 -0. 254 183.0 -12.0 -1.1 0.94 -42. 31, 33.64 
24:o6 190.0 ..., 1.764 1.671 0.344 2.015 -0.251 181.0 -9.0 -0. 8 0.95 -41. 84 33. 59 
24:27 165.0 0 

1. 765 1.671 0.328 1.999 -0. 234 171.0 +6.0 +O. 5 1.04 -39. 01 33. 32 " 24:39 140.0 " 1. 764 1.672 o. 305 1.977 -0. 213 159.0 +19.0 +1. 7 1.14 -35. 51 32.96 
·24:56 115.0 "" 1. 764 1.672 0.274 1.946 -0.182 143.0 +28.0 +2. 5 i.21, -30. 34 32.44 "' 25:11 90.0 " 1. 767 1.673 0.243 1.916 -0.149 127.0 +37.0 +3. 3 1.41 -24. 84 31.94 
25:28 65.0 1. 767 1.674 0.202 1.876 -0.109 105. 0 +40.0 +3.6 1.62 -18.17 31.27 
25:48 40.0 1. 766 1.645 0.145 1. 790 -0. 024 76.o +36.o +3.2 1.90 -4.oo 29.84 
26:03 15.0 1. 752 1. 513 0.075 1. 588 +0.164 39.0 +24.0 +2.2 2.60 +27. 33 26.117 
26:34 0 1.034 0.984 0.008 0.992 +o. 042 4. 0 +4. 0 +o. 4 +7. 00 16. 54 
27:03 0 0.973 0.943 0.005 0.948 +O. 025 3.0 +3.0 +0.3 +4.17 15.80 

(5 of 5 sheets) 
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'rable 6 

Summari of ~runic Archins_ Data 

DimC!nsionlcss Parameters 
Pressure F'orc e per Unit Area Pressure 

Deflection 
ESi Deflections in. At~ti!:!:£~ on To12 of Device 1 ;ESi 2iSP PT 

~ x 100 
~ ....'.L p l l ...'.l_ _2_ ~ ~ ~ GprillG l_!Z_ ~ ~ ~ x 1000 s _B ___ 

'i'est 11 

Initial 0 3,5 0.011 0.007 0.013 0.020 -0.009 0 0 1.3 1.30 -2,2 -0.14 -1. 50 0.33 
2 25.0 0 0 0 0 0 0 0 0 0 0 -25.0 -1.61 0 0 
3 34.o 2.4 0 0 0 0 0 +o,l +1.3 0 1.40 -32.5 -2.09 0.011 0 0 
4 36,1 7.0 0.008 0 0.009 0.009 -0,001 +o.3 +1.9 3. 7 5,90 -30.0 -1.94 0.16 -o.rr 0.15 
5 37,0 12.7 0.016 o.oo6 0.013 0.019 -0.003 +o.8 +3.8 5.3 9,90 -27.0 -1.74 0.27 -0.50 0.32 
6 36,8 18.2 0.028 0.012 0.023 0.035 -0,007 +i.3 +3.8 9.4 14.50 -22.5 -1.45 0.39 -1.17 0.58 
7 36,6 21.2 0.048 0.031 0.030 0.061 -0,013 +l.3 +'~.3 12.2 15.80 -21.0 -1.35 o.43 -2.17 l.02 
8.5 36,3 25.2 0.088 o. ollO 0.0118 0.128 -0,040 +o.9 0 19.5 20.40 -16.0 -1.02 0.56 -6.67 2.14 

10 3G,2 29.2 0.117 0.120 o.o61 0.181 -0.064 +o.6 -0.8 24.8 24.60 -11.5 -0.?4 o.68 -10.67 3,02 
12 36,0 30.4 0.153 0.155 0.066 0.221 -0.068 +o.3 -1.9 26.9 25. 30 -10. 5 -0.68 0.70 -11. 33 3.G8 
13 36.0 29.8 0.173 0.175 0.068 0.243 -0.070 +0.20 -1.6 27,7 26. 30 -9· 5 -0.62 0.73 -11.67 4.05 
15• 35 .5 29.2 0.197 0.212 0.068 0.280 -0.083 0 -1.5 27.7 26.20 -9·5 -0.61 0.74 -13.84 4.67 
17• 35.0 27.9 0.210 0.219 0.066 0.285 -0.075 +0.10 -0.8 26.9 26.20 -9.0 -0.58 0.75 -12.50 4.75 20* 35.0 24.8 0.218 0.225 0.064 0.289 -0.071 0 0 26.0 26.00 .9.0 .0.58 0.74 -11.84 4.82 
50** 34.0 21.0 0.234 0.237 0.059 0.296 -0.062 0 0 24.0 24.00 -10.0 -0.64 o. 71 -10. 35 4.93 

100** 28.0 20.0 0.234 0.237 0.058 0.295 -0.061 0 0 23.6 23.60 -4.5 -0.29 o.84 -10.16 4.92 
500•• 8.6 0.160 0.164 0.018 0.182 -0.022 0 0 7. 3 7. 30 -1. 3 -0.08 0.85 .5.67 3.23 

~ 
Initial 0 l.l 0.089 0.050 0.004 0.054 +o.035 0 0 l. 5 1.5 +o. 5 +0.03 l. 36 +5.83 0.90 

3 66.o 7.0 0 0 0 0 () 0 0 0 0 -66.o -4 ,53 0 0 
4 70.0 14.0 0.002 0 0.008 0.008 -o.ooC +o.3 ,i..o 3.0 7. 3 -62.5 _1.,29 0.10 -1.00 0.13 

10.0 32.0 0.035 0.015 0.029 0.044 -0.009 +l.2 +20.2 11.0 32.4 -37. 5 -2. 57 0.46 -1.50 o. 73 
69,0 4'f,0 0.082 0.025 0.070 0.095 -0,013 +2.5 +9.1 26.6 38.2 -31.0 -2 .13 0.55 -2.1'( l. 58 

7 69.0 57.0 0.140 0,047 0.110 0.157 -0.017 +1.8 +2.6 41.8 46.2 -23.0 -1. 58 0.67 -2.e3 2.62 
10 69,0 62.0 0.373 0.295 0.139 o.434 -0.061 -0.2 +3.0 52.8 55.6 .13. 5 -0.93 0.81 -10.l'f 7,23 
11 69.o 63.0 o.443 0,392 0.145 0. 537 -0 .094 +o.6 0 55.1 55. 7 -13.5 -0.93 0.81 .15.6·1 8.95 
12 68.o 65.0 0.520 o.48o 0.151 0.631 -0.118 +o.6 -Ll 57.4 56.9 -11.0 -0. 75 o.f.l4 -19 .6r 10. 52 
l~ 68.o 67.0 0.594 0.579 0-.154- o-.73J- .. Q.lJ)- +0.}- =-2.-3 58.5 56.5 -11. 5_ -0.'f9_ O~& -23.l! 12.22 
14 68.o 67.0 0.650 0.670 0.154 0.824 -0.174 +0.6 -2.4 58. 5 56. 7 -11. 5 -0.79 0.83 .29.00 13. 73 15 67.0 67.0 0.700 0.770 0.153 0.923 -0.223 -0.l .3.6 58.1 54.4 -12.5 -0.86 0.81 .37.17 15·39 16 67.0 0.152 0 • 3.6 57.8 54.2 .13.0 -0.89 0.81 
18* 66.o 69.0 0.8'[0 0.960 0.153 l.113 -0.243 -0. 3 .3.6 58.1 54.2 -12.0 -0.82 0.82 -40.50 18.55 24• 66.o 77.0 1.050 l.140 0.161 1.301 -0. 251 0 .3.0 61.2 58.2 -8.o -0.55 o.88 -41.Bo 21.68 
50•• 59.0 57.0 l.040 l.130 0.148 l.278 -0.238 0 56.2 56.2 .3.0 -0.21 0.95 .39.70 21.30 ioo .. 44.o 52.0 l.060 l.130 0.144 l.274 -0.214 0 54.7 54. 7 +10.5 +O. 72 l.24 • 35.67 21.23 500 ..... 0 18.o l.025 l.071 0.096 l.161 -0.142 0 36.5 36.5 +}6.5 +2.50 .23.67 19.45 Final 0 11.0 0.627 0.603 0.002 0.605 +0.022 0 o.8 o.8 +LO +0.07 +3.67 10.08 

Test 13 
2 140.0 2,5 0 0.003 +o. 003 -0,003 0 +l.8 l.3 3,10 -137.0 -10. 72 0.02 -0.50 0.05 3 151,0 8.o 0 0.006 +o. 006 -0.006 +o,4 +l.8 2.8 5.00 -146.o -11.42 0.03 -l.00 0.10 4 149.0 30.0 0.036 0.041 0.041 -0.005 +2,9 +19.0 17. 7 39,60 -109.0 -8.56 0.27 -0.83 o.68 4.5 149.0 57.0 0.075 0.020 o.o6o o.oao -0. 005 +1.2 +39.5 25,5 72,20 -77.0 -6.0l o.48 -0.83 1.30 6 149.0 112.0 0,250 0.102 0.157 0.259 -0. 009 +6,9 +8.5 67,5 82.90 -66.o -5 .17 0,56 -l.50 4.}0 
7 147.0 132.0 o.4o2 0.232 0.190 o.422 -0.020 +4.o +7.l 81.8 92,90 -54.o .1 .. 23 0.63 -3.33 1.00 8 145.0 147.0 0.564 0.387 0.203 0.590 -0.026 +2.3 +6,5 87.2 96.00 -49.0 -3.83 o.66 -4.33 9.so 10 141.0 143.0 0.929 o.16o 0.218 0.978 -0.049 +1,3 +l.4 93,5 96.20 -45.0 -3· 51 o.68 -8.17 16.30 12,5 138.o 150.0 l.305 l.180 0.243 l.420 -0.115 +2.l -0. 7 104,3 105. 70 -32.3 -2.53 0.77 -19.20 23,70 13,5 138.o i46.o 1.510 L44o 0.254 l.690 -0.180 -0.2 -2.8 109.0 106.00 -32.0 -2.53 0.77 -30,00 28.20 

15.0• 137.0 137.0 l,670 l.680 0.248 l.930 -0.260 -0.l -5.0 106,3 101.20 -35.8 -2.80 o. 74 -43.30 32.20 17.o• 137.0 145.0 l ,')60 2.010 0.250 2.26o -0.300 +l.3 -7.0 107.2 101.50 -35.5 -2.78 0.74 -50.00 37,70 50,QH 121,Q 110.0 1.960 2.040 0.248 2.290 -0.330 0 0 105.7 105. 70 .15. 3 -1.20 0.87 -55.00 38.20 lOO•• 109.0 95,0 1.910 2.030 0.237 2.270 -0.36o 0 0 100.9 100.90 -8.1 -0.63 0,93 -60.00 37.SO 500*• 0 23. 5 1.710 l.790 0.078 1.870 -0.160 0 0 33.0 33.00 +33.0 +2.58 -26,70 31.20 

Test 14 

Initial 0 0.120 0.035 0.010 0.045 +o.075 Gages 6,o 6.oo +6,o +o,39 +12.50 0.75 2 203,0 0 0 0 0 0 0 0 0 -203.0 -13.30 0 0 3 237,0 2.0 0 0 0.009 0.009 -0.009 did 5,5 5,50 -232.0 -15.20 0.02 -1.50 0.15 4 245,0 85.0 0.013 0 0.133 0.133 -0.120 not 81.5 81.50 -163,0 -10. 70 0.33 -20.00 2.22 5 243.0 200.0 0.151 0.079 0.194 0.273 -0.122 118.9 119.00 -124 .o -8.10 o.49 -20.30 4.55 function 
7 237,0 223.0 0.698 0.540 0.290 0.830 .0.132 177.8 178.oo -59.0 -3.86 o. 75 -22.00 13. Bo 9 229.0 205,0 l.210 l.040 0.306 l. 346 .0.136 18'{.6 188.oo -41.0 -2.68 0.82 -22.6'[ 22.40 10 224.o 210.0 1.480 l.310 0.309 l.619 -0.139 189.1, 189.00 -35.0 -2.29 o.84 -23.20 11 27.00 

222,0 215.0 1. 76o l.630 0,320 1.950 -0.190 196.8 197.00 -25.0 -1.64 0.89 -31.'IO 32,50 12• 219.0 230 .0 2.030 l.86o 0,333 2.193 -0.163 204.o 204.oo -15.0 -0.98 0.93 -27.20 36.60 
50*' 175.0 180.o 2,380 2.210 0.327 2,537 -0.157 200.0 200.00 +25.0 +l.64 1.14 -26.20 42.30 lOOo 125,0 163,0 2.480 2.210 0.314 2.524 -0.044 i92.5 192,00 +67.0 +4,38 1.54 -7.33 42.10 500•• 

F2_na1 
0 42.5 2.910 l.98o 0.133 2.113 +a.Boo 81. 5 b2,00 +82,0 +5.37 +13:i.oo 35.20 
0 2,810 l.432 0.015 l.447 +l.36o (Continued) +9.2 9.20 +9.0 +o,59 +227 .oo 24.10 

Note: , time after zero; PS , surface pressure at time t ; PS , average soil pressure in the "undisturbed" region at the 35-in. 

level; DS , soil deflection at 35-in. level; <\ , deflection of base of test device; dt , deflection of top with respect to base 

of test device; DT , total deflection of test device (~ + dt); @ , differential deflection (DT - n
8

); PT , average force acting 

on top of test device; L.P, differential pressure (PT - P8 ); ~ , unconfined compressive strength of soil; B , diwneter of test 
device, . 

Results measurably affected by reflections . .. 
Affected by reflections and/or reduced surface pressure. ( l of 5 sheets) 
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Table 6 (Continued) 

Dimensionless Parameters 
Pressure Force per Unit Area Pressure 

Deflection ESi Deflections in. Acti!!f! on ToE of Device 2 Esi 2liP PT 
.2 x 100 t 

_l_ p _l_ ~ dt _2-. l___!Z_ 'Lu ~ !\¥ x 1000 
~ _s_ ~ ~ ~ Spring _B ___ 

Test 15 

Initial 0 0.5 0.060 o.o6o 0 o.o6o 0 0 0 0 0 -0.5 -0.05 0 l,00 
1 28.0 17.0 0.005 0 0.011 0.011 -0.006 +o,5 +13.3 4.4 18.20 -10,0 -0.92 0.65 -1.00 0.18 
2 31.0 23.0 0.030 0.001 0.036 0,037 -0.007 +2.1 +4.o 14.4 20.50 -10.5 -0.97 o.66 -1.17 0,62 
4 38,5 36,0 0.105 0.042 0,071 0.113 -0.008 +o.4 +o.7 28,5 29,60 -9.0 -0.83 0,77 -1.33 1,88 
5 39,0 36.0 0.149 o.oao 0,081 0.161 -0,012 -0.5 +o,7 32,5 32. 70 -6,5 -0. 59 o.84 -2.00 2,68 

6 39,0 36.0 0.207 0.126 0.083 0.209 -0,002 -0.7 +o.7 33,3 33,30 -5. 7 -0.53 0.85 -0.33 3.48 
8 38.5 36,0 0.312 0.233 0.084 0,317 -0.005 -0,8 0 33,7 32.80 -5.6 -0.52 0.85 -0.83 5,28 

10 38,5 36.0 o.416 0.357 0.085 o.442 -0.026 -1.0 -0.4 31+.l 32. 70 -5.8 -0. 54 0.85 -4.33 7,37 
12 38.0 34.o 0.513 o.458 0.085 0.543 -0.030 -0.4 -1. 7 34.1 32.00 -6.o -0. 55 0.84 -5.00 9,05 
14* 37,5 35.0 o.6o2 0.561 0.085 o.646 -0.044 +o.3 -2.5 34.l 31.90 -5°5 -0.51 0,85 -7 ,33 10.77 

16* 37,0 35.0 0.654 0.633 0.085 0,718 -o.o64 +o.2 -2.8 34,l 31, 50 -5.5 -0, 51 0,85 -10.67 11,97 
18* 37,0 34.o o.684 0,670 0.086 0,756 -0.072 +o.4 -2.4 34.5 32,50 -4.5 -0.42 o.88 -12.00 12,60 
20* 37,0 33.0 0.690 o.684 0,084 0,768 -0.078 0 -1.7 33, 7 32.00 -5.0 -o.46 o.86 -13.00 12,80 
22* 36,5 31.0 o.68o 0,670 0.082 0,752 -0.072 -1.l -o.6 32.9 31,20 -5.5 -0.51 0.85 -12.00 12.53 
50** 34.o 29.0 0.669 o.641 0,079 0,720 -0.051 0 0 31.7 31.·10 -2.3 -0. 21 0,93 -8,50 12,00 

100** 31.5 24.o 0,654 0.5'73 0.073 o.646 +o,008 0 0 29,3 29,30 -2,2 -0 .20 0,93 +l.30 10.77 
500** 0 3.2 0,379 0,357 0,008 0. 365 +o,014 0 0 3,2 3,20 +3.2 +o,30 +2.30 6.08 

·rest 16 

Initial 0 2.8 0,037 0.075 0,001 0,076 -0.039 0 0 o.4 o.4o -2.4 -0.15 -6.5 l,27 
3 33,5 20.5 0.011 0 0,012 0.012 -0.001 +1.2 +4,8 4.4 10.40 -23.0 -1.41 0.31 -0,17 0,20 
4' 37,0 23.0 0.046 J,019 0.030 0,049 -0.003 +l. 5 0 12.0 13 .5o -23.5 -1.44 0.36 -0.50 0.82 
5 37 ,5 28.0 0.064 0.033 0,048 0.081 -0.017 +o.9 0 19.2 20.10 -17.5 -1.08 0.54 -2.83 1,35 
6 37,3 28.0 0.096 0.067 0,058 0.125 -0.029 -t0.5 0 23 ,3 23.80 -13,5 -0.83 o.64 -4.83 2,08 

8 37,2 29.0 0.147 0.129 o.o64 0,193 -0.046 +o.6 -1.8 25,7 24.50 -12.5 -0. 77 o.66 -7,67 3,22 
10 37,0 30,0 0.186 0.190 o.o64 0.254 -o.o68 +o.8 -1. 7 25,7 24.80 -12.0 -0. 74 0.67 -11.33 4,23 
12 37.0 30,0 0.231 0.226 0.065 0.291 -0.060 +o,7 -1.0 26.1 25.80 -11.0 -o.68 0,70 -10.00 4.85 
14 36,5 32.0 0.265 0.250 0.066 0,316 -0.051 +o.4 -1.l 26,5 25.80 -10. 5 -0.65 o. 71 -8.50 5,27 
16* 36,5 31.0 0.279 0,265 0.066 0.331 -0.052 +o.4 -0, 7 26,5 26.20 -10.0 -0,62 0,72 -8.67 5,52 

18* 36,5 31,0 0.279 0.273 0.067 0,340 -0.061 +o.4 -0.3 26.9 27,00 -9.5 -0.58 0,74 -10.17 5,67 
20* -.36~0 29.0 --0. 279 0.271 0-~067 0.338 -0.059 +o~3 _o -26.9 27 .20 -_9,0 -0.55 0.76 -9.83 5,63 
50** 34.o 27.0 0.293 0.269 0.065 0,334 -0,041 0 0 26.1 26.10 -8.o -0.49 O.TI -6.83 5,57 

100** 30.5 24.o 0,293 0.269 0,064 0,333 -o.o4o 0 0 25,7 25. 70 -5.0 -0.31 0.84 -6.67 5, 55 
500'* 0 0 0.143 0.152 0.008 0.160 -0.017 0 0 3.2 3.20 +3.2 +o.20 -2.83 2,67 
Final 0 0 0.011 0.003 0,002 0.005 +o,006 0 0 o.8 +o.80 +o.8 +o.05 +l.00 0.08 

Test 17 

2 39,0 0,5 0 0 0 0 0 +o,05 +0.8 0 o.&5 -38.o -1.94 0.02 0 0 
3 4o,5 4.o 0 0 0.003 0.003 -0.003 +o.2 +l.3 1.2 2.70 -38.o -1.94 0.07 -0,50 0.05 
4 4o.o 5,5 0.006 0 0.009 0.009 -0.003 +o.4 +2.) 3,8 6,70 -33°5 -1.71 0.17 -0.50 0.15 
5 4o,o· 14.o 0.016 0,004 0,018 0,022 -0.006 +1.0 +5.l 6,9 13.00 -27.0 -1.38 0,32 -1.00 0,37 
6 4o.o 31.0 0.034 0,012 0.048 0,060 -0.026 +l.4 +3.4 19,5 24.30 -16.0 -0.82 0.61 -4.33 1.00 
8 4o.o 44.o 0.090 0.054 0.066 0.120 -0.030 +o.8 +o,7 26,9 28.40 -11.5 -0.59 0.71 -5.00 2.00 

10 4o.o 4o.o 0,141 0.115 0,072 0.187 -0.046 +o.3 -2.0 29.3 27.60 -12.5 -0,64 0.69 -7.67 3,12 
12 4o.o 40.5 0.186 0,179 0.073 0,252 -0.066 +o.3 -2.7 29.7 27,30 -13.0 -0.66 o.68 -11.00 4.20 
14 40.0 37,3 0,224 0.217 0,073 0.290 -o.o66 -0.l -2.3 29.7 27,30 -13.0 -0,66 o.68 -11.00 4.83 
16* 39,5 37,0 0.243 0.233 0.074 0,307 -0.064 +o.2 -1.3 30.1 29.00 -10.5 -0.54 0.73 -10.67 5.12 
17* 39,5 36,7 0.253 0,236 0,074 0.310 0,057 0 -1.0 30.1 29.10 -10.4. -0,53 0.74 -9.50 5,17 
20* 39,5 35,0 0.250 0,231 0.073 0.304 -0.054 +o.l 0 29,7 29.80 -9°5 -0.48 0,75 -9.00 5,07 
50lo:* 38.0 31.5 0.255 0.236 0.069 0.305 -0.050 0 0 28.l 28.10 -10.0 -0. 51 0.74 -8.33 5.08 

lOO** 36,5 30.5 0.275 0.242 o.o69 0.311 -0.036 0 0 28.1 28.10 -8.5 -0.43 O.Ti -6.oo 5.18 
500** 18.o 0.5 0.260 0.230 0.049 0.279 -0.019 0 0 19.9 20.00 +2,0 +o.10 1.11 -3.17 4.65 
Final 0 0,064 0.013 0.003 0.016 +o.048 0 0 1.2 1.20 +l.O +o.05 +B.oo 0,27 

Test 18 

Initial 0 6.o 0,137 0.060 0.007 o.o67 +o,070 0 0 4.3 4.30 +2,0 +o.13 +ll.67 1.12 
7 300.0 25.0 0 0 0.005 0.005 -0.005 0 0 3,1 3.10 -297,0 -19,98 0.01 -0.83 0,08 
8 298,0 247.0 0.030 0 0.109 0.109 -0.079 ~6.9 +151.0 67.2 245.10 -53.0 -3.57 0,82 -13.17 1.82 
9 294.o 305.0 0,301 0.133 0.248 0.381 -o.oao +19,3 +35.0 153.0 207,30 -87.0 -5.85 o. ·11 -13.34 6,35 

10 290.0 285,0 0.527 0,299 0,358 0,657 -0.130 +l-1-.1 -22.0 220.8 202.90 -87.0 -5.85 0,70 -21.67 10.95 
11 283.0 267,0 o.8o3 0.575 0.298 o.873 -0,070 -8.2 -8,7 183.9 167 .oo -116 .o -7 .81 0,59 -11.67 14.55 
12 278,0 272,0 1.130 0.881 0,288 1.170 -o.o4o -28.3 -11,0 177.8 138,50 -1'+0.o -9.42 0.50 -6.67 19,50 
13 274.o 290.0 l.38o l.18o 0.318 1.500 -0.120 -30.2 +11.0 196,5 177 ,30 -97.0 -6,53 0.65 -20.00 25,00 
14 270,0 270.0 1.610 1.450 0,338 l.'190 -o.18o -21.2 +35.0 208.9 222, 70 -47.0 -3.16 0.82 -30,00 29.83 
15 267,0 267,0 1.880 1.720 0.368 2,090 -0.210 -33.2 +26.4 227.2 220.4o -47 .o -3.16 0.83 -35.00 34.83 
50* 233,0 250.0 2,380 2,130 0.350 2.480 -0.100 0 0 214.6 214.Go -18.0 -1.21 0.92 -43. 34 41. 33 

100** 202.0 200.0 2.48o 2.150 o.417 2.570 -0,090 0 0 255,6 255,6o +54.o +3,63 1.27 -15.00 42.83 
500** 0 68.o 2,260 2.14o o.412 2.550 -0.290 0 0 252.6 252.60 +253.0 +17 .02 -48. 33 42.50 
Final 0 11.0 l.86o l.46o 0.079 1.540 +O. 320 0 0 48.4 48.40 +1+8.o +3.23 +53.33 25,67 

(Continued) 

-11- Results measurably affected by reflections. 
Results affected by reflections and/or reduced surface pressure. (2 of ') sheets) 
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Table 6 (Continued) 

Dimensionless Parameters 

Pressure Force per Unit Area Pressure Deflection 
psi Deflections in. Acting on Top of Device, psi 2& _:1 6D ~ X 

100 ~ Ps l l ~ _L ~ Damping Inertia Spring _:i_ ___q_ ~ _l B x lOOO _B __ _ 

123.0 
145.0 
157.0 
157.0 
156.o 

155.0 
153.0 
153.0 
142.0 
112.0 

0 

30.2 
33.0 
33.0 
33.0 
32. 7 

32.6 
32.1. 
32.0 
32.0 
32. 0 

30. 0 
28.0 

28.6 
31.0 
33.0 
3'.>. 5 
35. 5 

35. 5 
35. 5 
35. 5 
35.0 
34.o 

32. 0 
29.0 

0 

0 
29. 5 
34.9 
38.4 
37.1, 

37.4 
37.4 
37.4 
37.1 
37. l 

36. 7 
33. 8 
29.11 

0 
0 

26.o 
32. 5 
33. 3 
33. 3 
32. 5 

32. 5 
32. 2 
32. l 
32.0 
31.ll 

31.3 
28.0 

20. 5 
0 

0 
88.o 

i36.o 
155.0 
157 .o 
1118.0 
14'.).0 
152.0 
121.0 
108.o 
19.0 

0 
0.109 
0.301 
o.493 
0.661 

l.040 
1.370 
1.620 
l. 750 
l.790 
1.450 

0 
0 
0.108 
0.268 
o.451 

o.845 
l.26o 
1.660 
1.800 
1.870 
1.470 

0.039 
0.175 
0.273 
0.330 
0.327 

0.316 
0.324 
0.346 
0.377 
0.365 
0.104 

10.0 
28.0 
32. 5 
32.0 
32.0 

0 0 0.002 
0.029 
0.066 
0.084 
0.092 

o. 033 0.006 
0.107 0. 046 
0.1611 0.101 
0.216 0.164 

32. 5 
32. 0 
31. 5 
30. 5 
28. '.> 

0.239 0.189 
0.267 0.214 
o. 277 o. 219 
o. 290 0.229 
o. 286 o. 225 

0.095 
0.097 
0.098 
0.100 
0.100 

25. 5 
22. 5 

0 

0.294 o. 219 
o. 296 0.219 
0.132 0.106 

0.098 
0.097 
0.027 

8.5 0.005 
11.0 0.011 
25.0 0.084 
31.0 0.119 
311 .o 0.163 

35.5 o. 228 
34.5 o. 266 
32.5 0.282 
31.0 o. 279 
30.5 o. 260 

30. 0 0. 279 
28. 5 o. 274 
2.0 0.119 

0 
ll.O 
21.9 
29.0 
31;. 6 

35,0 
34.o 
32. 5 
33.0 
34.l 

31.2 
30.0 
28.3 

0 
0 

0.030 
0 
0.011 
0.033 
0.0114 

o. 055 
0.120 
0.142 
0.154 
0.175 

0.175 
0.170 
0.164 
0.110 
0.052 

0 o. 006 
0 0.014 
0.0116 0. 044 
o. 089 o. 052 
0.152 o. 056 

0.224 o. 061 
o. 264 o. 062 
o. 264 o. 062 
o. 2118 o. 061 
o. 246 o. 060 

o. 246 o. 061 
o. 2116 o. oeo 
0.102 o. 011 

0.070 
0 
0 
0.020 
0.034 

0.070 
0.130 
0.133 
0.136 
0.140 

0.140 
0.135 
0.127 
0.110 
0.070 

0.001 
0.012 
0.017 
0.039 
O.Ol14 

0.01+5 
0.0116 
0.047 
0.0116 
0.046 

o.oli5 
0.0114 
0.044 
0.003 
0.001 

12. 5 o. 006 o. 000 0. 012 
29.0 0.047 0.016 0.070 
33.5 0.070 0.062 0.107 
31. 0 0.151 0.140 0.126 
30.0 0.192 0.203 0.139 

"ll.0 o. 223 o. 239 0.151 
32.0 0.248 0.258 0.1)5 
31. 0 0, 2511 o. 260 0.157 
30. 5 o. 2~)/t o. 251+ 0.155 
26.5 0,2118 0.2!~3 0.1J2 

28.0 o. 250 0. 243 0.152 
26. 5 o. 258 o. 239 o. 151 

23. 0 o. 25l+ o. 21+2 0.151 
1. 0 0.125 0.119 o. 055 

0.039 
0.175 
0.381 
0.598 
0.778 

1.160 
l.58o 
2.010 
2.18o 
2.240 
1.570 

-0.039 
-o.o66 
-0.08o 
-0.105 
-0.llc{ 

-0.120 
-0.210 
-0.390 
-o.430 
-0.450 
-0.120 

o. 002 -0. 002 
o. 035 -0. 002 
0, 112 -0. 005 
0.185 -0. 021 
o. 256 -0. 040 

o. 284 -0. 045 
o. 311 -0. 0411 
o. 317 -0. 040 
o. 329 -0. 039 
o. 325 -0. 039 

o. 317 -0. 023 
o. 316 -0. 020 
0.133 -0. 001 

o. 006 -0. 001 
o. 0111 -0. 003 
o. ogo -o. oo6 
0.141 -0. 022 
0.208 -0.01,5 

o. 285 -0. 057 
o. 326 -0. 060 
o. 326 -0. 0114 
o. 309 -0. 030 
o. 306 -0. 046 

o. 307 -0. 028 
o. 306 -0. 032 
0.113 +o. 006 

0.071 
0.012 
o. 017 
0.059 
0.078 

0.115 
0.176 
0.180 
0.182 
0.186 

o.185 
0.179 
O.l'{l 
0.113 
0.071 

0.012 
0.086 
0.169 
0.266 
0. 3112 

o. 390 
o. 1113 
O.l•l 7 
o.409 
o. :J95 

o. 39) 
0.390 

o. 393 
0.174 

-0. 0111 
-0. 012 
-o. ooG 
-0. 026 
-0. 034 

-0. OGO 
-0. 056 
-0. 038 
-0.028 
-0. Oll 

-0.010 
-0. 009 
-0. 007 
-0. 003 
-0.019 

-0. 006 
-0.039 
-0. 099 
-0.115 
0.150 

-o.1G7 
-0.165 
-0.163 
-0.1'.)5 
-0.1117 

-0.1115 
-0.132 

-0.139 
-0.049 

Test 19 

+5.4 
+10.4 
-4 .2 

-10.0 
-12.6 

-11.9 
-15.6 
-14.3 

0 
0 

+o. 7 
+l. 7 
+LO 
+o. 7 
+o. 5 

+o.4 
+O.l 
+O.l 
-0.1 
-0. 2 

+o. 6 
+l.O 
+o.8 
+0.3 
+0.2 

+0.1 
0 

-0.l 

0 
0 
0 

0 
+l. 3 
+3.6 
+2. 5 
+o. 5 
+o.i+ 
-0.8 

0 
0 

+0,7 

0 
0 
0 
0 
0 

+o. 5 
+0.8 
+o.6 
+o,4 
+O. I+ 

+0.2 
+C.l 

0 
0 

+o. 2 
G 

0 
0 

+58.3 
+).O 
0 

+1.0 
+3 .5 

+2.8 
0 

-6.4 
0 
0 
0 

+5.3 
+1.9 

0 
-0.2 
-3. 8 

-4.0 
-3.6 
-2.7 
-1.2 
-0.6 

0 
0 
0 

+6.1 
+6. 5 
-l.3 
-0. 5 
-2.6 

-2.8 
-1.9 
-1.8 
+o. 8 
+o.6 

0 
0 
0 

-2. 5 
-2. l 
-1. 6 
-1. 2 

+o.6 
0 
0 
0 
0 

+11.9 
+o. 7 
-0.2 
-1. 0 
-3. 6 

-3. 5 
-2. ~i 
-1. 8 
-1. 3 
+o.8 

+0, j 
G 

(Continued) 

16.7 
74.9 

116.0 
141.2 
140.0 

134.3 
138.7 
148.1 
160.2 
i56.o 
44.2 

0.2 
3.0 
6.9 
8.8 
9.7 

10.0 
10.2 
10. 3 
10. 5 
10.5 

10.3 
10.2 
2.8 

1.7 
3.9 

12. 3 
111.6 
15. 7 

17.1 
17.11 
17.3 
17.1 
16.8 

17. l 
16.8 

3.1 

o.G 
6.9 
9.8 

22.11 
25. 3 

25.9 
26. 5 
27.0 
26. 5 
26. 5 

25.9 
25. 3 
25. 3 
1.7 
0.6 

0.2 
l. 2 
1.9 
2.2 
2.h 

2.6 
2.7 
2.'{ 
2. 'I 
2. 7 
2. c{ 

2.6 

2.6 
l.O 

80.40 
90.40 

112.00 
132.00 
131.00 

125 .00 
123.00 
127.40 
160.00 
156.00 

44.oo 

-42.5 
-55-0 
-45.0 
-25.0 
-25.0 

-30.0 
-30.0 
-26.0 
+18.0 
+44.o 
+44.o 

6. 20 -24. 0 
6. 60 -26. 5 
7.90 -25.0 
9. 30 -23. 5 
6. 40 -26. 5 

6.40 -26. 0 
6. 70 -25. 5 
1. 70 -24. 5 
9. 20 -23. 0 
9. 70 -22. 5 

10. 30 -20. 0 
10. 20 -18. 0 

2.80 +3.0 

8.110 -20.0 
ll. 40 -19. 5 
11. So -21. o 
14. 40 -21. 0 
13. 30 -22.0 

l!i. 30 -21.0 
15. 50 -20. 0 
15. 60 -20. 0 
17.90 -17.0 
17.30 -16.5 

17.10 -15.0 
16. 80 -12. 0 

3.10 +3.0 

0.60 
12.10 
17.90 
26. 30 
26. 30 

26. 30 
23.20 
211.90 
211.90 
26.00 

26. 50 
25. 30 
25.30 
l. 70 
0.60 

12.60 
2. 70 
2. 30 
1.60 

-0.80 

-0. 70 
o. 50 
0.90 
1. 40 
3, SiO 

3. 20 
2.Go 

+o.6 
-17. 5 
-17.0 
-12.0 
-11. 0 

-11.0 
-111.0 
-12. '.:i 

-12. 0 
-11. 0 

-10. 5 
-8. 5 
-4.o 
+1.7 
+0.6 

-13. 5 
-30.0 
-31.0 
-31. 5 
-33. 3 

-33.0 
-31. 5 
-31.0 
30. 5 

-28. 5 

-28. 0 
-25. 5 

-2.41 
-3-12 
-2.55 
-1.42 
-1.42 

-1. 70 
-1. 70 
-1.47 
+1.02 
+2.119 
+2.49 

0.65 
0.62 
0.71 
o.84 
o.84 

0.81 
0.80 
0.83 
1.13 
l.39 

-1. 96 o. 21 
-2.17 0.20 
-2. 05 o. 24 
-1. 92 o. 28 
-2.17 0.20 

-2.13 0.20 
-2. 09 o. 21 
-2. 00 o. 24 
-1. 88 o. 29 
-1. 84 o. 30 

-1. 64 o. 34 
-1. 47 0. 36 
+0.24 

-1. 03 o. 29 
-1. 00 o. 37 
-1. 08 o. 36 
-1. 08 o. 41 
-1.13 o. 37 

-1. 08 o. 40 
-1. 03 o.44 
-1. 03 o. 44 
-0.87 o. 51 
-0. 85 0. 51 

-0. 77 o. 53 
-0. 62 o. 58 
+0.15 

+o.o4 
-1.08 0.111 
-1. 05 o. 51 
-0. 74 o. 68 
-0. 68 o. 70 

-0. 68 o. 70 
-0. 86 0. 62 
-0. 77 o. 67 
-0. 74 0. G'{ 
-O_. 68 O. 70 

-0. 64 o. 72 
-0. 52 o. 75 
-0. 25 o. 86 
+0.10 
+o, oi~ 

-0.81 
-1. 80 
1.86 

-1. 89 
~2.00 

-1. 98 
-1. 89 
-1. 86 
-1. 83 
-1. 71 

-1.68 
.. 1.53 

0,118 
0.08 
0.07 
0.05 
0 

0 
0.02 
0.03 
0. 04 
0.11 

0.10 
0.09 

2.60 
l. 00 

-18. O -1. CB 0.13 
1.0 0.06 

-6. 50 
-11.00 
-13. 34 
-17. 50 
-19. ,o 
-20.00 
-35.00 
-65.00 
-71.67 
-75.00 
-20.00 

-0. 33 
-0. 33 
-0. 83 
-3. 50 
-6.67 

-7. 50 
-7.33 
-6.67 
-6. 50 
-6. 50 

-3. 83 
-3. 33 
+0.17 

-0.16 
-0. 50 
-1.00 
-3;67 
-7. 50 

-9. 50 
-10. 00 
-7. 33 
-5. 00 
-7.67 

-4.67 
-5. 33 
+l.00 

-6. 83 
-2.00 
-1.00 
-4. 33 
-5.67 

-10.00 
-9. 33 
-6. 33 
-4.67 
-1. 83 

-1. 67 
-1. 50 
-1.17 
-0. 50 
-3.20 

-1. 00 
-6. 50 

-16. 50 
-19.20 
-25. 00 

-27. Bo 
-2'{. 50 
-27. 20 
-25. Bo 
-24. so 

-2lt, 20 
-22. 00 

-23. 20 
-8.17 

0.65 
2.95 
6. 35 
9.97 

12.97 

19.34 
26.33 
33.50 
36. 33 
3T · 33 
26.17 

-0.03 
o. 58 
1. 87 
3.08 
4. 27 

4. 73 
5.18 
5.28 
5. 48 
5.42 

5. 28 
5.27 
2.22 

0.10 
o. 23 
l. 50 
2.-35-
3.47 

4. 75 
5.43 
5. 43 
5, 15 
5.10 

5.12 
5.10 
1.88 

1.18 
0.20 
o. 28 
0.98 
1. 30 

1.92 
2.93 
3. 00 
3.03 
3.10 

3. 08 
2.98 
2. 85 
1.88 
1.18 

0.20 
1.43 
2.82 
4.43 
5. 70 

6. 50 
6.88 
6.95 
G.82 
6. 58 

6. 58 
6. 50 

6. 55 
2.90 

~ Results measurably affected by reflections, 
Affected by reflections and/or reduced surface pressure, 

(3 of 5 sheets) 
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Pressure 
psi 

Table 6 (Continued) 

Force per Unit Area 

Dimensionless Pe.ram.eters 
Pressure Deflection 

Deflections, in. Acting on Top of Device, psi 

l ps l. l ~_1}:_ ~ ~ ~ Spring 2-_ ~ 
::np PT D 

- ~XlOOO T 'lu ...l _B ___ Bx 100 

1.5 
2 
3 
4 
5 
6 
7 
8• 

10* 
12* 

14* 
16* 
18* 
20** 
50** 

100** 
500 

1.5 
2 
2. 5 
3 
4 

5 
6 
7 
8• 

10* 

12* 
16* 
20* 
50* 

100** 

500 
Final 

Initial 

4 
6 
8 

10 
12* 
14* 
20* 
50** 

100** 
500 

2 
3 
4 
6 
7 

8 
10 
12• 
14* 
16** 

50** 
100** 
500 

2 
3 
4 
6 
8 

10 
12• 
14• 
16• 
50** 

100** 
500 

26. 5 
28.0 
30.6 
31.2 
31. 5 

31.7 
31.7 
31.7 
31.7 
31. 7 

31.7 
31.4 
31.4 
31.2 
29.0 

25.0 
0 

37.'8 
41.9 
45. 5 
47.7 
51,3 

53, 5 
52. 5 
52.0 
52.0 
52.0 

51,7 
51,9 
51,7 
49.0 
40.0 

0 

0 

33, 5 
33,0 
32. 5 

32.0 
32.0 
31,7 
30,5 
28, 5 

22.0 
0 

27. 5 
30. 5 
31. 0 
31. 0 
30,0 

30.0 
29.0 
29.0 
29.0 
28.0 

26.o 
22.0 

0 

35. 7 
39. 5 
40. 7 
41. 5 
40. 7 

40. 7 
40. 5 
40. 5 
40, 5 
38.0 

30.0 
0 

0 
25.0 

0 
o.006 
0.021 
0.045 
0.075 

0.107 
0.130 
0.155 
0.187 
0.205 

0.211 
0.204 
0.198 
0.197 
0.204 

0 
0.005 
0.014 
0.023 
o.046 

0.011 
0.102 
0.129 
0.165 
0.179 

0.175 
0.172 
0.172 
0.172 
0.179 

0.003 
0.004 
0.005 
0.006 
0.001 

0.0073 
0.0070 
0.0010 
0.0070 
0.0074 

0.0070 
0.0070 
o.0065 
0.0064 
o. 0065 

0.003 -0,003 
o. 009 -0. 003 
0.019 +0.002 
0.029 +0.016 
o. 053 +o. 022 

o. o84 +o. 023 
0.109 +0.021 
O. 136 +O, 019 
0.172 +0.015 
0.186 +0.019 

0.182 +0.029 
0.179 +0.025 
0.179 +0.019 
0.178 +0.019 
0.186 +o. 018 

Test 24 

+1. 7 
+0.7 
+0, 7 
+l,l 
+l.O 

+O. 5 
+0.2 
-o.6 
-0.1 
-0. 3 

-0.3 
-1. 0 
0 

+0,4 
0 

+2.7 
+2.3 
+0.7 
+0.5 
+l.l 

+0.3 
-0.2 
-1.0 
-1. 5 
-0.9 

-0. 3 
+0.3 
+0.2 
+O.l 

0 

11.2 
15. 5 
25.8 
35.6 
38. 7 

4o.8 
37. 7 
39,3 
39.3 
41.3 

38.7 
37,7 
36.2 
35.6 
36.2 

0.205 0.179 0.006 
8.6 0.098 o.o83 

0.185 +o. 020 
o. 083 +o. 015 

0 
0 

0 
0 

34.l 
8,8 

0 
0.009 
0.022 
0.042 
o.o87 

0.145 
0.200 
0.253 
0.290 
o. 365 

o.427 
o.478 
o.475 
0,485 
o.485 

0 
0,003 
0.007 
0.014 
0.045 

0,090 
0.142 
0,190 
0.243 
0,330 

0.390 
o.438 
o.428 
o.44o 
o.438 

0.004 
o.006 
0.008 
0.009 
0.011 

0.012 
0.012 
0.013 
0.013 
0.013 

0.012 
0.013 
0.012 
0.012 
0.011 

o. 321 o. 311 o. 001 
0.232 0.208 0 

o. o04 -0. 004 
0.009 0 
o. 015 +o. 007 
o. 023 +o. 019 
o. 056 +o. 031 

0.102 +O. 043 
0.154 +o. 046 
o. 203 +o. 050 
O. 256 +O. 034 
o. 343 +o. 022 

o. 402 +o. 025 
o. 451 +o. 027 
o. 440 +o. 035 
o. 452 +o. 033 
O. 449 +O. 036 

O. 312 +O. 009 
0.208 +o.024 

~ 

+1.2 
+3.0 
+3.7 
+4.7 
+5.6 

+6,1 
+1.0 
+6.8 
+6.6 
+5.2 

+3.1 
+0.6 

0 
0 
0 

0 

+4.8 
+4.2 
+6.3 
+2.9 
+l. 5 

+1.4 
+o.8 
+o. 2 
-0. 5 
-2.4 

-1.9 
-1.0 
-0.l 

0 
0 

0 

21.8 
33.3 
43,2 
51. 7 
62.3 

65.8 
67.9 
70.4 
70.1 
69.7 

68.6 
69.6 
64.7 
66. 5 
61.6 

0.9 
0 

0.090 0.040 l.OOOt o.040 +0.050 0 22.2 

0.070 
0.150 
0.210 

0.350 
o.410 
o.450 
0.500 
o.470 

0.020 
0.095 
0.178 

0.275 
0.355 
0.410 
0.448 
0.443 

1.200 
1.200 
1.200 

1.300 
1.300 
1.000 
1.100 
1.000 

Results prior to 4 msec lost 
o. 020 +o. 050 +5. 3 35. 4 
o. 095 +o. 055 +2. 6 37. 2 
0.178 +0.092 l +1.3 38.9 
o. 275 +o, 075 .,., -2. 2 4o. 2 
o. 355 +o. 055 ~ -3. 4 4o. 2 
o. 410 +o. 040 bi> -2. 8 37. 5 
o. 448 +o. 052 -;;: -o. 8 34. o 
O. 443 +O. 027 /.1 0 31. 3 

o.475 
o. 265 

o.443 0.900 o.443 +0.032 o 29.5 
o. 241 o o. 241 +o. 024 o o 

0.002 0.004 0.070t 
o. 016 o. 015 o. 360 
o. 045 o. 039 o. 650 
0.110 o. 098 o. 750 
0.155 0.134 o. Boo 

0.191 0.169 o. 850 
0.250 0.221 1.100 
o. 285 o. 261 1. 000 
0. 300 o. 276 l. 050 
o. 300 o. 275 1. 050 

o. 290 o. 270 o. 900 
o. 290 o. 270 o. 850 
0.169 0.160 0 

o. 007 o. 012 0.100 t 
o. 038 o. 042 1.100 
o. 083 o. 083 1. 300 
0.182 0.170 l. 500 
o. 287 o. 252 l. 600 

0. 375 o. 334 1. 600 
o.423 0.390 1.600 
o. 456 o. 405 1. 600 
o. 453 o. 410 1. 500 
o. 440 o. 397 l. 200 

o. 004 -0. 002 
0.015 +0.001 
o. 039 +o. oo6 
0.098 +0.012 
0.134 +o. 021 

0.169 +o. 022 
0.221 +0.029 
O. 261 +O. 024 
0.276 +0.024 
o. 275 +o. 025 

o. 270 +o. 020 
o. 270 +o. 020 
0.160 +0.009 

0.012 
o.042 
O,o83 
0.170 
0,252 

o. 334 
o. 390 
o.405 
o.410 
o. 397 

-0. 005 
-0.004 

0 
+0.012 
+0.035 

+0.041 
+0.033 
+O. 051 
+o. 043 
+0.043 

+ 3,8 
+ 4.8 
+ 3.8 
+ 1,1 
+ 0.2 

-1.0 
-2. 5 
-2. 5 
-3.1 
-0.8 

0 
0 

+7. 5 
+5.B 
+3.3 
+l.4 
-1. 4 

-3.l 
-3.l 
-2.8 
-1.0 

0 

12.2 
26.8 
37.4 
41.4 
41.4 

42.2 
41.4 
41.4 
40.6 
37.4 

31. 7 
28.4 

0 

21.8 
36. 5 
42.4 
48.2 
49.6 

51.l 
51. 5 
50.0 
46.o 
39,4 

15.60 
18.50 
27.20 
37.20 
40.80 

41.60 
37, 70 
37,70 
37, 70 
40,10 

38.10 
37.00 
36.40 
36.10 
36.20 

34.10 
B.Bo 

27.80 
40. 50 
53.20 
59,30 
69.40 

73.30 
75. 70 
77.40 
76.20 
72.50 

69.Bo 
69.20 
64.60 
66.50 
61.60 

0.90 
0 

22.20 

40.70 
39.Bo 
40.20 

38.00 
36.Bo 
34.70 
33. 20 
31.30 

29, 50 
0 

16.oo 
31.60 
41.20 
42. 50 
41.60 

41.20 
38,90 
38.90 
37.50 
36.60 

31. 70 
28.40 

0 

29,30 
42.30 
45. 70 
49.60 
48.20 

48.oo 
48.40 
47.20 
45.00 
39.40 

o. 431 o. 395 1.100 o. 395 o. 036 
0. 326 0, 297 O. 297 +O. 029 

0 
0 

35, 0 35.00 
4.6 4.60 

Continued 

• Results measurably affected by reflections. t Multiply value by 10-
-1111- Affected by reflections and/or reduced surface pressure• 

-11.0 -0.64 
-9. 5 -0. 56 
-3. 4 -0. 20 
+6. 0 +O. 35 
+9. 5 +O. 56 

+10. o +o. 59 
+6. o +o. 35 
+6. 0 +0.35 
+6.0 +O. 35 
+8. 5 +O, 50 

+6. 5 +o. 38 
+5. 5 +o. 32 
+5. o +o. 29 
+5. 0 +O. 29 
+7.0 +0.41 

+9.o +o. 53 
+o. 2 +o. 01 

-10. 0 -0. 42 
-1. 5 -0. 06 
+7. 5 +o. 32 

+11. 5 +0.49 
+18.o +O. 76 

+20.0 +O. 84 
+23.0 +0,97 
+25. 5 +l. 08 
+24. 0 +l. 01 
+20. 5 +0.87 

+18. o +o. 76 
+17.5 +0.74 
+13.0 +0.55 
+17.5 +0.74 
+21. 5 +O. 91 

+0.9 +o.04 
0 0 

+22.2 +l.52 

+7. 2 +O. 49 
+7. 0 +O. 48 
+7.5 +0.51 

+6. o +o. 41 
+5.0 +0.34 
+3.0 +0.21 
+2.5 +0.17 
+3.0 +0.21 

+7.5 +0.51 
0 0 

-11. 5 -0. 65 
+l.O +0.06 

+10. o +o. 57 
+11.5 +0.65 
+11. 5 +o. 65 

+11.0 +0.62 
+10. 0 +O. 57 
+10.0 +O. 57 
+8. 5 +O. 48 
+8. 5 +o. 48 

+5. 5 +o. 31 
+6. 5 +o. 37 

0 0 

-6.4 
+3.0 
+5.0 
+8.o 
+7. 5 

+7. 5 
+8.o 
+6. 5 
+4. 5 
+l. 5 

-0. 34 
+0.16 
+0.26 
+0.42 
+0.39 

+0.39 
+0.42 
+0,34 
+0.24 
+0,08 

+5.0 +O. 26 
+4. 5 +o. 24 

o. 59 
o.66 
0.89 
1.19 
1.30 

1.31 
1.19 
1.19 
1.19 
1.26 

1,20 
1.18 
1.16 
1.16 
1.25 

1.36 

0.74 
0.97 
1.17 
1.24 
1. 35 

1.37 
1.44 
1.49 
1.47 
1.39 

l. 35 
1. 33 
1.25 
1.36 
1. 54 

1. 21 
1. 21 
1.24 

1.19 
1.15 
1.09 
1.09 
1,10 

1.34 

o. 58 
1.04 
1. 33 
1. 37 
1.39 

1. 37 
1. 34 
1. 34 
1.29 
1. 31 

1.22 
1.29 
0 

0.82 
1.07 
1.12 
1.20 
1.18 

1.18 
1.19 
1.17 
1.11 
1. 04 

1.17 

-0. 50 
-0. 50 
+0,33 
+2. 67 
+3.67 

+3. 83 
+3. 50 
+3.17 
+2. 50 
+3.17 

+4.83 
+4.17 
+3.17 
+3.17 
+3.00 

+3.33 
+2.50 

-0.67 
0 

+l.17 
+3.17 
+5.17 

+7.17 
+7.67 
+8.33 
+5.67 
+3.67 

+4.17 
+4. 50 
+5.83 
+5. 50 
+6.00 

+1.50 
+4.00 

+8.33 

+8. 33 
+9.17 

+15. 33 

+12. 50 
+9.17 
+6.67 
+8.67 
+4. 50 

+5.33 
+4.oo 

-0.33 
+0.17 
+l.00 
+2.00 
+3. 50 

+3.67 
+4.83 
+4.oo 
+4.00 
+4.17 

+3. 33 
+3.33 
+l. 50 

-0.83 
-0.67 

0 
+2.00 
+5.83 

+6.83 
+5. 50 
+8. 50 
+7.17 
+7.17 

+6.oo 
+4,83 

0.05 
0.15 
0.32 
o. 48 
o.88 

1.40 
1.82 
2.27 
2.87 
3.10 

3,03 
2.98 
2.98 
2.97 
3.10 

3,08 
1. 38 

0.07 
0.15 
0.25 
0.38 
0.93 

1. 70 
2. 57 
3. 38 
4.27 
5. 72 

6.70 
7, 52 
7.33 
7. 53 
7. 48 

5,20 
3.47 

o.67 

0.33 
1. 58 
2.97 

4. 58 
5.92 
6.83 
7,47 
7,38 

7.38 
4.02 

0.01 
0.25 
o.65 
1.63 
2.23 

2.82 
3.68 
4.35 
4.60 
4.58 

4. 50 
4. 50 
2.67 

0,20 
o. 70 
1. 38 
2.83 
4,20 

5. 57 
6. 50 
6. 75 
6. 83 
6.62 

6.58 
4.95 
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Table 6 (Concluded) 

Dimensionless Parameters 
Pressure 

Force per Unit Area Pressure 
I!Si PT 

Deflection 
Deflections in. Actinfi on ToE of Device 1 J2Si ~ 

~ x 1000 ~x 100 -!!!.£.._ ...:'.L p -2._ _'J?_ ..'L 2--~ Damping i_ ~ '!,, p; -·- ~ Spring _B ___ 

Test 27C 

2 46. 5 0 0 o.25ot O. i6-~ -Oi~~{ +4.6 8.o 12.60 -34. 0 -1. 77 0.27 -0.004 0,0004 

3 52. 5 0.010 0.010 0.600 0.010 -Oi~-~ +9.9 19.0 28.90 -23. 5 -1.23 o. 55 -0. 010 0.1700 

4 60, 5 0.010 0,050 1.900 0.050 +o. 020 +9.6 52.6 62. 20 +1. 5 +0.08 1. 03 +3. 300 o. 8300 
6 64.o "' 0.240 0.210 2.200 0.210 +o. 030 ~ +4.6 67.9 72,50 +8, 5 +0.44 1.13 +5. 000 3. 5000 
7 64.o " o. 330 0.290 2.300 0.290 +0.040 +3.1 72, 3 75.40 +11. 5 +0.60 1.18 +6. 700 4.8000 

~ 
0 

8 
., 

63,8 o.410 2.400 o. 350 +o.o6o ... +2.1 16.1 78.80 +15.0 +0,78 1.24 5,8000 
lo 

~ o. 350 a +10,000 
63, 5 ~ o. 580 o.48o 2, 500 o.48o +0.100 -1. 5 80.4 78.90 +15.4 +0.80 1.24 +16. 700 8.0000 

12 63,0 +> o. 730 0.610 2.600 0.610 +0.120 -;;: -4. 2 82.6 78.40 +l;.4 +0.80 1.24 +20. 000 10.2000 
14* 63.0 ,g 0.860 o. 740 2.600 0.740 +0.120 " -5.0 84,0 79.00 +16.o +o. 83 1. 25 +20.000 12. 3000 
16* 

H 

62.7 0.930 0.820 2.600 0.820 +a.no -4.6 83.3 78,70 +16.0 +o. 83 1. 26 +18. 300 13. 7000 
20* 62.0 0,950 0,850 2.400 0.850 +0.100 -2.3 76,0 73,70 +11. 5 +0.60 1.19 +16. 700 14. 2000 loo ... 

500 
44.o 0.910 0.850 1.200 0.850 +0.060 0 54.8 54,80 +11.0 +o. 57 1.25 +10.000 14.2000 

0 o.634 0,586 0 o. 586 +o.048 0 0 0 0 0 +8,000 9. 8000 

Test 28 

Most of instrumentation lost during test 

... : ~~sults measurably affected by reflections. 
M fected by reflections end/or reduced surface pressure. 

Ultiply value by l0-4 (5 of 5 sheets) 



Table 7 

Rate of Pressure Rise and Rise Time at 35-in. Level 

Bonnet G~es 
Rate of Rate of Peribd Damped Rise Rise Soil Near Device of Amplification * South North Rate of Test PT/PS + x AF 

Test Bonnet Bonnet Channel Rise Rise Time Rise Time Devi be Factor for 

No. Esi[ms Esi[ms No. Esi[ms tr' ms t , ms 
1'..i...!!!~ 

t /T t /r t /T t /T t t KT/Ks* 0 r 0 r 0 _r_ 0 

11 41 Sll 5.82 6.80 4.75 6.35 L07 0.75 L06 L21 0.69 0.60 0.75 
12 55 31 Sll 11.4 6.08 3.58 6.l+o 0.95 0.56 L03 L42 0.81 0.59 0.62 

13 94 188 Sll 28.8 5.48 2.78 6.185 a.Bo o.41 l.14t l.49t 0.67 0.52 0.57 

14 224 222 Sll 91.5 2.24 0.70 5.96 0.38 0.12 L36 L45 0.62 0.58 o.66 

15 40 41 Sll 24.6 1.25 0.75 6,!50 0.19 0.12 1.71 L73 0.50 o.49 0.80 

16 32 35 Sll 8.3 3.05 2.90 6.!50 0.47 o.45 L52 L53 o.47 o.46 0.65 

17 40 36 Sll 10.0 5.65 3.90 6.35 0.89 0.61 1.08 1.36 o.66 0.52 0.57 
w 18 268 343 Sll 123.0 3.00 0.75 5.'95 0.50 0.13 1.30 L44 0.63 0.57 0.58 O'\ 
+ 

19 146 92 Sll 58.5 2.50 L25 6"84 0.37 0.18 l.52t l.6lt 0.55 0.52 0.54 

20 39 28 SlO 10.l 3.25 1.75 14.12 0.23 0.12 L56 L60 0.18 0.17 0.29 

21 54 54 SlO 18.6 2.50 1.60 8.h1 0.30 0.19 l.59t L66t 0.28 0.26 0.72 

22 51 53 SlO 1L9 3.44 L70 6.39 0.54 0.27 L32 L47 0.53 o.48 o.88 

23 25 Sll 5.46 3.60 L80 33.b 0.11 0.05 L63 L64 0.00 o.oo 0.03 

24 30 27 SB** 13.8 4.30 4.00 L65 2.62 2.42 L06 LOB L39 L42 4.51 

25 44 41 85 19.4 2.35 1.65 L65 1.42 1.00 1.14 LOO L55 L36 4.14 

26 30 29 s18 10.4 2.90 2.00 0.24 12.1 8.34 LOO LOO L24 L24 337.0 

27 No Reco:i:d 

28 30 51 SlO 12.3 3.60 2.00 3.89 0.92 0.51 L04 1.31 0.89 1.13 2.52 

Note: t =time to maximum pressure (no reflection). t =time to first pressure peak (steep part of pressure trace). r 0 

* Extracted from table 2. 
** Close-in gage lost. 

t No damping tests--estima.ted value. 
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Fig. 1. Analytical and experimental study 
by Engesser 
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Fig. 2. Earth pressure phenomena in locally 
stressed fills by Terzaghi (1919) 
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Fig. 4. Distribution of arching 
stresses from an elastic solution 

by Finn 
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Fig. 6, Calculation of arching loads by Newmark and 
Haltiwanger 



Fig. 7, Small Blast I.Dad Generator facilities (SBIG) 

a. Normal diaphragm b. "Rolled top" diaphragm 

Fig. 8. Protective diaphragms 
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CAP COVER 

12.6gm 

Fig. 9. Hydraulically controlled test device 
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Fig. 10. Hydraulically controlr~d --t-est -devi-ce and control piston 

Fig. 11. Base of test chamber with deflection control rods 
and conduits installed 
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Fig. 12. Spring-ring test device 
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Fig. 13. Typical static calibration curve for spring-ring test device 
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Fig. 15. Typical 
gage location 
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Fig. 16. Soil pressure gage placement at the 35-in. level 

• 
Fig. 17. WES soil deflection measuring device 
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Fig. 41. 

a. Oblique view of soil surface 

b. Cross-section radiograph of depression 

Depression in the soil surface above test device, 
Test l; H/B = 1/3 , P8 = 37.8 psi 
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Fig. 44. Rad.iograph of soil deformation pattern, Test 3; 
H/B = 3, PS = 37.5 psi 
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a. Oblique view of 38-inch soil level 
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b. Profile of depression at 38-inch level 

Fig. 46. Depression above test device, Test 4A; 
H/B = 1 , P

8 
= 75 psi 
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Fig. 47. Hump above test device, Test 4B; H/B = 1 , P
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a. Oblique view of soil surface 

b. Cutaway view of 35- to 38-inch soil level 

Fig. 48. Soil deformations, Test 5; H/B = 1, PS = 37.5 psi 
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b. Soil between 6- and 14-inch radii 

• 50. Posttest soil samples removed from 35- to 38-inch layer, 
Test 6; H/B = 1 , PS= 37.5 psi 
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TEST 12 

a. Oblique view of soil surface 

b. Oblique view of depression 

Fig. 80. Hump and depression at 50-inch level of Test 12 
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a. Cross-section view of broken soil layer 

b. Oblique view of soil surface 

Fig. 81. Views of a soil cross section and the soil surface at 
41-inch level, Test 12 
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Fig. 83. Radiograph of soil deformation pattern, Test 14; 
Hj:B = 3, P8 = 245 psi 
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a. Side view of soil between '( l- and '(4-inch levels 

b. Side view of soil between 71- and 74-inch levels 

Fig. 85. Soil deformations between 71- and 74-inch levels, Test 18 
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a. Side view of soil between 59- and 62-inch levels 

-
b. Side view of soil between 53- and 56-inch levels 

Fig. 86. Soil deformations between 53- and 62-inch levels, Test 18 
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Fig. 91. Soil deformation patter·n resulting from a 6-inch plate bearing test; 
HJB = 3 
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APPENDJJC A 

PROPERTIES OF COMPACTED BUCKSHOT CLAY; WALL FRICTION REDUCTION; 
SOIL, GAGE, AND TEST DEVICE PLACEMENT 

A.l Occurrence, Nature, and Index Properties of Clay. The soil 

used throughout this investigation was a highly plastic clay which is 

an alluvial material deposited in low-lying areas adjacent to the 

Mississippi River near Vicksburg, Mississippi, U. S. Army Engineer 

Waterways Experiment Station (1958). This material is generally 

referred to as "buckshot clay" because it forms small pellets in its 

dried condition, Jackson and Hadala. 

The gradation curve and Atterberg limits for this material are 

shown in Figure A-1. The limits for all tests to date are generally 

parallel to the "A" line in the clay of high plasticity portion of 

the plasticity chart. The clay ap_pears to have the same characteris-

tics as that used by Jackson and Hadala in their study of the 

dynamic bearing capacity of clay. The material was derived from the 

same source as that used by both Carroll and Dorris and the proper-

ties appear to be very similar. 

This material has been used for a considerable number of studies 

at the Massachusetts Institute of Technology (MIT) and other institu-

tions. Several reports in MIT's study of The Response of Soils to 

Dynamic Loadings are based on investigations of buckshot or Vicksburg 

clay, synonymous terms. 
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Buckshot clay classifies as a CH in the Unified Soil Classifi­

cation System. The specific gravity of the soil particles is 

approximately 2.68. The relative consistency of the soil at 26 per­

cent water content is medium with an average unconfined compressive 

strength of 14 psi. 

A.2 Compaction Studies. Initially the test program included a 

study of the effects of soil saturation on arching. It was known that 

the constrained modulus of clay was sensitive to this parameter. The 

compaction study was undertaken to determine the compaction effort and 

water content required to produce degrees of saturation between 70 

and 95 percent. 

The soil was placed in the Small Blast Load Generator (SBLG) 

using the techniques described in Section 3.5 of the main text. The 

thickness of the soil layers- and the a.mount of compaction ef'fort- were-­

varied. The saturation possible to attain within the workable range 

of water contents was approximately 80-90 percent, Figure A-2. Satu­

ration increased with water content as anticipated. The numbers in­

serted beside the open data points are the number of passes of the 

mechanical compactor required. 

The results of the tests indicated that it was possible to 

significantly increase saturation with increased compaction if the 

initial water content was lower than 20 percent. At water contents 

of above 25 percent, the effect of compaction on the degree of 
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saturation was small. At water contents of 30 percent or above, the 

effects of compaction were negligible (Steen, 1966b). The compaction 

tests showed that the range of usable water contents fell within an 

area such that variation of saturation was not practical. The use of 

the degree of saturation as a test parameter was abandoned. 

Based on these tests and previous work by Jackson and Hadala 

it was decided that a standard compaction technique would be adopted 

and water content would be used as the principal means of soil 

strength control. An attempt was made to hold water content con­

stant at 26 percent throughout the main test series. It was only 

possible to limit water content to 26 + 2 percent. Saturation varied 

over a small range between 86 and 92 percent. 

In the previously cited work by Jackson and Hadala, a 4-pass 

eompaction technique was developed a...'ld related to the sta.."ldard 

Proctor compaction curve, Figure A-2. Using this relation, it was 

possible to prepare large laboratory samples for tests described 

later in this appendix. 

After the test program started, it became evident that the clay 

was acting as if it were saturated in some tests, especially those 

involving high pressures and/or long periods of time. From a series 

of laboratory tria.xial tests, the diagram shown in Figure A-3 was 

constructed. It was assumed that a saturated condition had been 

reached when the shear stress became constant. This figure was used 
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as a guide in the planning and analysis of subsequent tests. 

A.3 SBLG Wall Friction Reduction Studies. Just prior to and 

during the initial portions of the test program, a detailed study of 

wall friction in the SBLG was conducted by Hadala ( 1967b) . Both un­

lined and lined (grease-polyethylene and grease-neoprene) specimens 

were tested. A summary of the test results is shown in Figure A-4. 

This figure indicates that friction losses for unlined clay speci­

mens was insignificant at static pressures of 250 psi or higher but 

that the losses could be significant for low pressure static and all 

dynamic tests. Figure A-4b shows that the friction losses for all 

lined specimens was less than 10 percent of the applied stress at a 

depth equal to one diameter. 

Hadala also found that the grease-polyethylene liner was suscep­

tible to more damage than the grease-nenprene_ liner during_ the- con­

struction of the clay specimen in the SBLG. 

Based on Hadala's test results and considering the range of 

static and dynamic incident pressures planned, a double, l/16-inch 

neoprene liner covered with a thick layer of G-403 automotive and 

artillery grease, constructed as explained in Section 3.5 of the main 

text, was selected for use. 

In the preliminary test program and the early static tests, two 

problems arose which caused a reexamination of the liner problem. 

Posttest examination of the soil specimen showed that grease was 
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being squeezed from between the double liner and the friction losses 

during the static tests were higher than expected. 

The horizontal expansion of the clay specimen would negate the 

one-dimensional compression conditions desired and thus affect the 

vertical stress wave velocity. Tw'o methods of attacking this prob­

lem were tried. First, a neoprene-graphite combination was tested 

to determine its coefficient of friction. Tests showed that the 

friction coefficient for the neoprene-graphite combination was 0.13 

as compared with a coefficient of 0.02 to 0,08 for the neoprene-thick 

grease combination. The graphite was abandoned and a second approach 

was tried. Instead of a thick coat of grease between the neoprene 

layers, the liners were wiped with a greasy rag. Checkout tests 

showed this procedure to be satisfactory; no apparent loss of friction­

reducin.g c~pacity and no excess _grease occurred. 

The friction losses at depths below one diameter were attacked in 

another manner. As previously explained, the continuous neoprene 

liners were taped to the side of the test chamber during the con­

struction of the soil specimen, Figure 11. After the specimen was 

completed, the tape holding the inside liner was cut. In an attempt 

to improve the friction-reducing capabilities, it was decided that 

instead of stopping the inside liner a couple of inches short of the 

base as was the practice, it would be turned under the soil at the 

base. Secondly, the inside liner was segmented into 1- to 2-foot 
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strips. This practice reduced the friction considerably. In all but 

the low pressure tests, the sidewall friction was practically 

insignificant. At the depths used for device burial, friction losses 

were very small even for the low pressure tests. 

A.4 Soil Placement Techniques. The soil placement procedures 

explained in Section 3.5 of the main text were developed by Jackson 

and Hadala. The soil was generally uniform except between the 

layers. In spite of the scarifying technique, it was obvious 

that dist.inct layers existed and had some effect on the test 

results. 

Although such a condition was undesirable, the time and funds 

necessary to develop a new soil placement technique were not avail­

able. Preliminary study showed that a penetrating device with a 

tapered head which could work on the sheepsfoot roller principle 

probably would solve the problem. The device and technique presently 

are under study at WES. One major problem with this technique is the 

protection of instrumentation and cables buried in the soil. 

A.5 Gage Placement Techniques. The cut-and-cover gage placement 

technique explained in Section 3.3.2 was patterned after one of the 

procedures tested by Hadala (1967a) in his gage placement study. The 

mechanics of placing the gages, such as design of the cutter and the 

mounding technique, were perfected during this test program, Figure 16. 

During the dynamic tests, it was found that cable breaks were 
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frequent. It was necessary to provide considerable slack in the 

cables, especially along the chamber wall and near the cable port. 

In addition, the cables were covered with 1/4-inch plastic tubing, 

Figure 16. 

In the static test program, moisture migration was a problem. 

It was necessary to carefully wrap and waterproof the cable connec­

tors and the connection between the cable and the gages. The cable 

had to be changed frequently since any break in the insulation 

allowed moisture to enter the circuit, especially at high pressures. 

The placement program conducted by Hadala (1967a) and Ingram (1965 

and 1967) plus the preliminary tests performed in this program showed 

that soil pressures were normally accurate to less than +10 percent. 

It had been planned to check each soil pressure gage in the soil. 

The-gages4fere to be installed in soil using the standarn procedures 

and a series of registration tests were to be performed. However, 

the test device required to accomplish this task was not available 

soon enough. The soil gages were air calibrated several times during 

the test program. 

A.6 Test Device Placement Techniques. It was necessary to de­

velop a procedure for placing the test device which would minimize the 

possibility of damage during soil specimen construction and reduce the 

effects of sidewall friction. A wooden block with a diameter 1/8 inch 

larger than the device was constructed, Figure A-5a. When the 30-inch 
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soil level was attained, the block was placed in the position 

planned for the device. Then, the soil specimen construction was 

continued in two lifts to the 35-inch level. Extreme caution was 

required in the use of the mechanical tampers. When the level of the 

compacted soil reached the planned elevation, the block was removed 

and the device placed in the hole left by the block, Figures A-5b and 

16. The next layer of soil was then placed directly on top of the 

device. The depth of soil in the next layer was sufficient to pro­

tect the top of the device. 

To reduce the friction between the soil and the sides of the 

device and to prevent soil from obstructing movement of the device, 

it was necessary to cover the device. For this purpose a machined 

metal shield was used to cover the gap between the top and the main 

body of the static device. A single 0.015-inch layer of Tet'lcn was-

wrapped around the entire device, Figure A-5b. For the dynamic de­

vice, only the Teflon was required. Preliminary tests to determine 

the coefficient of friction indicated that friction between the soil 

and the structure would be insignificant. Examination of the radio­

graphs disclosed that sufficient friction existed to deform the soil 

in the vicinity of the device, especially at the 32- to 33-inch 

levels. 

A.7 Laboratory Investigation During Test Program. A series of 

laboratory tests was performed on samples taken from each soil 
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specimen to control and measure soil strength. 

As the soil was being prepared in the pugmill and after delivery 

to the test site, its water content was checked. As the soil speci­

men was constructed, the dry density and water content were determined 

for every other layer. These data were determined from two Little 

Rock drive density samples removed from these layers. Initially, two 

Hvorslev unconfined compression tests were performed for every other 

layer. Because of the large number of tests required, this was later 

changed so that the Hvorslev tests were used at the 35-inch level and 

every layer above this level. 

The procedures for performing the Hvorslev tests are explained 

by Hvorslev (1949). The sampler is shown in Figure A-6a and the un­

confined compression machine in Figure A-6b. The Hvorslev tests 

-proved -to -be a -ve-r-J -rapid and -accurate means -of -c-hec-ki-n-g s-oil 

strength. Initially, it appeared that the Hvorslev data would 

always plot higher than the strength determined by the normal labora­

tory unconfined compression test. Later in the test program, when a 

large amount of data were available, this conclusion was found to be 

incorrect. Within the scatter of the data, it was not possible to 

distinguish such a trend, Figure A-7a. 

In addition to the samples discussed above, two 4-inch undis­

turbed cube samples were taken from most soil specimens. These 

samples were used to perform unconfined compression, triaxial 
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compression, and consolidation tests in the laboratory. After the 

correlation between the Hvorslev and laboratory test results was 

available, the number of undisturbed block samples was reduced, 

especially when more than one test was performed on the same batch 

of soil. 

After most tests, Hvorslev samples were taken at the surface and 

at every other layer above and beside the test device. In addition, 

4-inch undisturbed block samples were taken during the preliminary 

test program. Some of the posttest results are plotted in Figure A-7b. 

A consolidation of all the density and unconfined compressive 

strength data is shown in Table 4. It is interesting to note the 

trends between the pre- and posttest data. In general soil strength 

increased and water content decreased, though this was not always the 

case with the water content. The &'Uou.r1t of strength change- appB-ars to 

depend on the surface pressure and, for the sample taken directly 

over the test device, the flexibility of the test device. Stiff 

devices obviously compressed the soil more and thus raised the 

strength, while flexible devices had the opposite effect except at 

the high pressures used in Tests 13 and 14. 

The only test in which the "all-samples" soil strength did not 

increase with testing was Test 25. This is a repeat test on the 

same soil specimen used in Test 24 so the data are suspect. 

The movement of the data upward and to the left, except for the 
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one test at a water content above 30 percent, can be seen in Figure 

A-7b. The preponderance of the data increased in shear strength by 

approximately 3.5 psi and decreased in water content by approximately 

0.5 percent. 

A range of water contents was used in the preliminary program 

so that a reasonable one could be selected. A water content that 

could be expected in the field but which would not mask the test 

results with effects predominated by water content was desired. Be­

cause only one water content was to be used, it was decided to select 

one wet of optimum if possible. A search of the literature concerning 

buckshot clay and previous arching studies furnished only a small 

portion of the information required to design the experiments and their 

instrumentation. 

A .-8 Fretest studi-e-s • In -order -to u-e-sign -th-e -main test pro­

gram, it was necessary to study: dynamic and static properties of 

buckshot clay, the soil displacements and accelerations to be ex­

pected at various depths, the pressure wave characteristics, and 

particle velocities. 

The constrained modulus was probably the most important soil 

property determined. It was the basis for establishing the range of 

relative compressibilities between the test device and soil. 

In addition to the parameters used to design the test device, 

the preliminary test program established the ranges to be expected 
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for the soil pressure, acceleration, and deflection gages. This was 

necessary so that proper size gages and gains could be used. 

The preliminary test program consisted of two phases which were 

accomplished simultaneously. Instrumented soil specimens at various 

water contents were built and tested in the SBIG, Table A-1. Soil 

samples prepared from the same batch of soil were tested in an impact 

loading device. 

A.8.1 Small Blast Load Generator Tests. A series of five -dy­

namic tests at four water contents were conducted in the SBIG, Table 

A-1. The variation of soil pressure, displacement, and accelera­

tion with height and water content of specimen were studied. The 

test layout is shown in Figure A-8. The number and location of the 

various gages varied somewhat during the tests. 

The original Test fr was conducted: arr a; s-o±l specimen with 26 per­

cent water content. The planned surface pressure was 40 psi. For 

some unknown reason, the explosive charge fizzled. The rise time to 

peak pressure was very long and the desired peak pressure was not 

attained. Results from this test are not included in this report. 

As a result of this failure, a new soil specimen was prepared 

at a water content of approximately 25.5 percent. It was first 

exposed to a surface pressure of 41 psi. The results of this test 

are identified as Test E in Table A-1. After the surface deflection 

was measured and the gain on the instrumentation changed, the same 
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specimen was subjected to a surface pressure of 238 psi. This test 

is identified as Test D. 

Copies of the basic oscillograph records from which all time 

and magnitude measurements were made are contained in Appendix C. 

The type of instrumentation and its location are shown with each 

record. The SE soil pressure gage used in these tests was the same 

type described in the main body of the report. The accelerometers 

were the same piezoelectric gages explained in Chapter 3. The 2-inch­

diameter soil displacement disks were constructed from a density­

matched epoxy. These disks were placed at various radii and levels 

and were used as a basis for measuring permanent soil displacements. 

In Tests A, B, and C, a water bag was used at the base of the 

soil specimen. This water bag was constructed of neoprene, and was 

2 to 2-1/2 inches high when evenly compressed.. A Norwood and a piezc-

gage were located in the water bag. With this test setup, it was 

possible to study the sidewall friction, base pressure, and reflected 

pressure waves. 

In Tests D and E, soil deflection rods were installed and in­

strumented for axial strain, Figure 15. The strain was measured as 

a precaution to ensure that the strain in the rod was small as com­

pared with the movement of the soil disk. The results confirmed the 

fact that strain in the rods was very small at low pressure and still 

insignificant at high pressure. 
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A.8.2 Confined Compression Tests. A series of static and 

dynamic confined compression tests was made using the gas-actuated 

impact hammer and instrwnentation shown in Figure A-9. The soil was 

prepared by compacting it into "concrete" molds at the water content 

and density used in each of the preliminary SBI.G tests, Figure A-10. 

Soils at each of the four water contents (23, 25, 27, and 32 percent) 

were subjected to static and dynamic pressures of 37,5, 75, 120, and 

240 psi. 

To prepare the soil for testing, 1-inch-high disks, Figure A-10, 

were cut from the prepared specimen by use of a piano wire. The 

edges of each specimen were wrapped in a layer of Teflon before the 

specimen was placed in the confining chamber. The confining chamber 

was placed under the impact machine and the head, which was the same 

diameter as the inside- diameter of the confini-ng- chamber, wa-s- low-er-ed-

onto the top of the soil disk. 

When the trigger mechanism for the hammer was released, a timing 

device triggered in turn a camera which photographed the display of 

the stress and strain on the oscilloscope. Typical oscilloscope 

records are shown in Figure A-11. The stress and strain traces were 

not coupled to produce X-Y plots for use as stress-strain curves. 

There is a danger of a phase shift with the viscous buckshot clay. 

The test program explained in this section was used since the 

constrained modulus was so important to the test program and no other 
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device was readily available. The one-dimensional compression device 

under design by Schindler was not ready, and the device at the Uni­

versity of Illinois, Kane, Davisson, Oleson, and Sinnamon, was not im­

mediately available. After the test program had been completed, 

Schindler's device became available and was used to perform one static 

and one dynamic test on soil specimens prepared at a 26 percent water 

content. The test results are included in the following sections. 

A.9 Static Properties. In order to study the properties of 

buckshot clay and relate them to the arching actions observed in the 

soil, a laboratory test program was designed and carried out both 

prior to and during the main arching test program. Each of the sec­

tions below will introduce and explain briefly the various soil tests 

and their results. Several investigators have shown that the strength 

and volume chaI'l.ge associated with b11ckshot ~lay when subjected to a 

load is a function of the loading rate, Whitman et al. (1962a), 

Carrol, Kane et al., Perry. The change in shear strength appears 

to be related to the degree of drainage and some other phenomenon 

which has not been completely isolated. In spite of the low permea­

bility of buckshot clay, it is important to specify the drainage con­

ditions. In some of the rather long tests in the static program, 

drainage did occur. This was evidenced by the water seeping from the 

test chamber at the flanges. This was especially true in Test 8, one 

of the high pressure static tests. Although the soil was not 
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saturated in its compacted state at the beginning of the test, it did 

become saturated during this test, Figures A-2 and A-3. Even in the 

dynamic tests, the very high pressures may have changed soil volume 

sufficiently to induce a saturated condition. 

In those tests in which the clay became saturated or very nearly 

saturated and was subjected to strains without drainage, the clay 

behaved as a cohesive material with ¢ , the friction angle, equal 

to zero. 

From the preceding discussion and the test conditions explained 

in the main body of the report, it can be seen that no one laboratory 

test can depict the conditions which existed in each of the arching 

tests. In order to specify the strength of the material, it was nec­

essary to establish the stress levels which existed, the drainage 

conditions, and the rise time and/or duration of the load. 

The unconfined compression test does not allow control of drain­

age or confining conditions. For this reason it was initially planned 

that the unconfined test would be used only to estimate the shear 

strength. The closer the clay approached a saturated condition and 

its failure approximated an undrained condition, the more accurate 

the shear strength computed from the unconfined test became. Due to 

progressive failure, the average shearing resistance was taken as 

~2, Terzaghi and Peck. When clay is unsaturated, the confining 

pressure can have measurable effect on its shearing resistance and 
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the tria.xial test is more applicable. It is for these reasons that 

both unconfined and tria.xial tests were used in this program. 

Due to the significant nonlinearities in the stress-strain 

curves for buckshot clay, it was difficult to determine one modulus. 

The modulus actually was continually changing, depending upon the 

stress or strain level. Thus it was necessary to use tangent modulus 

values which were approximately constant over some range of stress or 

strain or to use a secant modulus which was dependent upon some se­

lected stress or strain. 

It would have been desirable to have the same stress and strain 

conditions in the laboratory test as those to which the soil was sub­

jected in the arching test. Lateral strain appears to be minimized 

during underground arching; therefore, it was desirable to limit lat-

eral -st:rains. -It --\.·ra-s -for -th-i-s -reason -tha-t -one--dime-nsio-n-al -c-ompr-es--

sion tests were used in the preliminary test program. Time and funds 

did not allow an appropriate investigation of strain rate effects, 

and data from other investigations in this field have been used. 

A.9.1 Unconfined Compression Tests. As previously explained, 

two types of unconfined tests were conducted, the normal laboratory 

test and the Hvorslev test. Figure A-7 compares the ma.xi:rrn.un strength 

determined by both type tests. Figure A-12 illustrates the stress­

strain results from many of the laboratory tests. Inasmuch as the 

buckshot clay appeared to be strain rate sensitive, the tests were 



separated based on time to failure. In the tests which were con­

ducted in more than 20 minutes, the soil displayed a plastic action. 

At a strain of approximately 7 percent, the soil became fully plastic 

and there was very little increase in the soil strength for an in­

crease in strain, especially above 25 percent water content. The 

drier soil reached this point at approximately 10 percent strain. 

Obviously, the higher the water content the lower the strength. 

The curves for specimens tested to failure at a rate faster than 

20 minutes did not indicate as much scatter as those from the slower 

tests. They generally exhibited a higher strength than the curves 

from the slower tests with the exception of the soil at a water con­

tent of 24 percent. In the faster tests, the soil became fully plas­

tic at lower strains, Figure A-12b. 

The failures occurred in the- te-&t specimens by both splitting 

and bulging. In most cases, the failure appeared to be a combina­

tion of the two modes of failure. The soils were compacted wet of 

optimum water content, but were not saturated. Generally the satu­

ration of the test samples varied from 86 to 92 percent, depending on 

the initial water content. 

The unconfined tests were an excellent means of soil strength 

control. They also indicated relative strengths at various water 

contents. The test results appear to be applicable to the low pres­

sure static tests which were conducted in a matter of hours rather 
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than days, where confining pressure and drainage conditions may not 

have been significant. 

A.9.2 Tria.xial Tests. These were quick tests with confining 

pressures approximately equal to those used in the static test 

program. 

Typical examples of the tria.xial test results are plotted in 

Figure A-13. These results indicate cohesion varying from 10 to 

.16.7 psi and friction angles varying from 1 to 6 degrees depending 

upon the water content. Thus, the buckshot clay acts almost like 

a ¢ = 0 material, especially at the desired water content of 

26 percent. 

Figure A-13 shows that confining pressures within the range 

tested had very little effect on the soil strength as compared with 

a slight change in the water content, exce_pt for the soil with a 

23 percent water content. The variation was insignificant for the 

26 percent water content material. 

Time to failure during the tria.xial compression tests varied 

from 50 to 60 minutes or a rate of strain of approximately 0.25 to 

0.30 percent per minute. 

A comparison of Figures A-12 and A-13 disclosed that at com­

parable rates of strain and with water contents approximating 26 

percent, the average strength of the material as determined by both 

tests was virtually identical. At 8 percent strain the average 
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strength as determined by the unconfined tests was 2 psi higher. 

The ultimate strengths were identical. The unconfined tests 

conducted in less than 20 minutes disclosed average strengths 8 psi 

larger than the triaxial results at both 4 and 8 percent strain. At 

ultimate strength the faster unconfined results were 7.5 psi larger. 

For 26 percent water content material it is evident that the 

effects of confining pressure within the range tested were insignif­

icant as compared with the effects of rate of strain. At comparable 

strain rates the strengths as determined by unconfined compression 

tests are as valid as the triaxial test results. Carroll also 

found that the effects of confining pressure were insignificant 

as compared to water content and strain rate, Figure A-14. 

During the triaxial tests, the samples failed by splitting 

and/or bulging. 

A.9.3 Direct Shear Test. Consolidated-drained direct shear 

tests were not performed during this test program. Shear strength 

as determined by the normal shear box is very questionable and 

has fallen from use except for particular soil types. A large 

number of these tests were conducted by Jackson and Hadala, and 

Hadala (1965) during their investigation of the dynamic bearing 

capacity of buckshot clay. These were stress-controlled tests on 

2.4- by 2.4- by o.4-inch-high specimens. Although it is difficult 

to compare directly, the shear strength as determined by the direct 
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shear test using specimens of equal water content was approximately 

20 percent higher than comparable triaxial results. 

A.9.4 Consolidation Tests. Normal consolidation tests were 

performed on samples removed from some of the test specimens. Normal 

e - log p curves were drawn and, in addition, the stress-strain 

curves shown in Figure A-15 were constructed. Until such time as 

better data were available, these curves were used (to obtain an 

estimate of the one-dimensional modulus of the material). 

A.9.5 Stress-Strain Curves. The pretest stress-strain curves 

plotted in Figure A-16 were generated using confined soil samples 

prepared as explained in Section A.8.2. The 1-inch-high by 6-inch­

diameter specimens were loaded with the MIT constructed loader at 

the rate of 1,000 pounds per minute or 35.4 psi per minute, Fig-

ures A-9 and A-J.O. Three different specimens were loaded at three 

different pressures, 37.5, 75, and 240 psi. 

The curves in Figure A-16 marked with test numbers were con­

structed by using data generated at the 30- to 35- or 30- to 38-inch 

levels of the soil specimens placed in the SBLG. Paired soil deflec­

tion and pressure measuring gages were at the same level and radius. 

The surface pressure was applied at the rate shown in Figure A-16. 

A more uniform rate was desired but not always attainable. These 

curves depict the stress-strain relation within the soil and are not 

necessarily analogous to the one-dimensional compression test. 
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The posttest curve in Figure A-16c was derived from data devel­

oped using Schindler's one-dimensional test device. The soil speci­

men was 1 inch high by 10 inches in diameter. 

The low pressure curves in Figure A-16a indicate a plastic 

material which tends toward a fully plastic condition. Obviously, 

the loading rate even at this pressure level has a large effect 

on the total strain and the shape of the curves. 

Figure A-16b contains the medium pressure curves. There is a 

point of inflection in both curves. This is an indication that some 

sort of locking action is taking place. In this case, it is probably 

due to the change in the degree of saturation and not to the type of 

loading action normally associated with sand. 

The high pressure curves are shown in Figure A-16c. In the 

pre- and posttest curves, the locking action_ is_ marked-.- It is not 

as obvious in the curve derived from Test 8. The small strains 

that resulted from the relatively slow rate of load application are 

difficult to explain. There appeared to be a malfunction in the 

deflection gage at the 35-inch level which could account for the 

discrepancies. The curves resulting from the two entirely different 

compression devices are remarkably similar. 

In determining the constrained modulus from the pretest data, 

a secant modulus was used. In spite of the effects of strain rate, 

the data proved reliable enough to design the test device. The 
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modulus calculated from the stress-strain curves in Figure A-14 also 

were used. They constitute one extreme of the effects of loading 

rate. 

As can be seen from the stress-strain curves, the modulus of 

this material was continually changing during the course of the tests. 

This modulus was affected by the pressure, depth of soil, loading 

rate, and the saturation of the material. In studying the test re­

sults in Tables A-1 and A-2 plus those in the main body of the report, 

this fact should be kept in mind. 

A.9.6 Constrained Modulus. Table A-2 contains the range of 

values derived for the constrained modulus from all sources. In most 

cases, the values appear to be reasonable. In spite of the dispari­

ties in the strain rates, the modulus calculated from the one-

dimensronal :taboratory compression tests :r:-el~t-ed closely to those 

calculated during the SBLG tests. The one major exception was Test 8 

which was discussed in the first paragraph of Section A.9. 

The modulus derived from the SBLG tests was calculated by meas­

uring at a designated time the differential strain over a particular 

gage length, and the average pressure between the top and bottom of 

the gage length. 

A.10 Dynamic Properties. In the study of the dynamic proper­

ties of buckshot clay, several properties were of particular interest. 

Of most importance were the stress-strain and modulus data. These 
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were required to plan the various stiffnesses for the test device. 

The constrained modulus was calculated not only by using stress­

strain, but also by using propagation velocity of the peak stress 

wave; thus, a study of velocities was conducted. In dynamic tests, 

the rise time of the pressure pulse can affect the loading a buried 

structure experiences; therefore, information on this subject was 

collected and used in the planning of the test program. 

A.10.1 Variation of Propagation Velocities. In the study of 

propagation velocities two times were of interest: the arrival of 

the initial disturbance, and the arrival of the peak pressure. The 

velocities between the soil surface and the level of the test device 

were of particular interest, i.e. the top 2 to 18 inches of material. 

The time for the pressure wave to reach the base of the test chamber 

also was important, since this was used to determine the amount of 

soil required below the test device and the amount of time available 

to study structural actions before the reflected waves interfered. 

Figure A-17a is a plot of the propagation velocity of the ini­

tial disturbance. The data were taken from the records in Appendix C. 

There is considerable variation in the velocity except for the high 

water content material in Test C. This uniformity was probably a 

function of the high degree of saturation. The relation between the 

velocity and the water content did not appear to be reasonable, i.e. 

the soil with the lowest water content had the highest velocity and 
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the soil with the highest water content had the lowest velocity. 

Further examination disclosed that if Test E, the low pressure test, 

is omitted, the velocities are in an inverse relation to the water 

content. 

The relation between the pressure and the velocity also appears 

to be out of order. The low pressure test, E, had a higher propaga­

tion velocity than the high pressure test on soil with the srune water 

content. It was not until a point approximately 18 inches below the 

surface was reached that the position of the velocities appeared to 

be in proper relation to each other. 

In Figure A-17b, the propagation velocity of the initial peak 

pressure, disregarding reflections, is plotted. These velocities 

were more uniform from surface to base. In addition, material with 

a higher-water-Gontent had a higher :velocity than the drier material. 

The higher pressure tests also developed higher propagation veloc­

ities than the low pressure test. 

Based on the material shown in Figure A-17, the propagation 

velocity of the first stress peak was selected as one of the means 

for calculating the constrained modulus. Although these velocities 

are not exactly shock velocities, inspection of the pressure signa­

tures in Figures C-73 through C-87 shows that they are close enough 

for the purposes desired. 

Figure A-18 is a plot of the propagation velocities from several 
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of the program. tests. The water content varied from 26.5 to 25.1 per­

cent, Table 4. This figure confirms the rather obvious fact that 

velocity is dependent upon the surface pressure initiating the stress 

wave. With the exceptions of Test 12 at 70 psi and Test 17 at 40.5 

psi, the curves are in descending order of surface pressure. The 

reason for the transposition of Test 12 is not clear even though its 

water content was 26.4 percent and generally high in comparison with 

the other tests. The position of Test 17 is understandable since 

this was a repeat shot on the same soil specimen as that used in Test 

11. Close examination discloses that the velocities in Test 17 ex­

ceeded those in Test 11 at all depths. 

Figure A-19 shows the variation of peak stress velocity with 

surface pressure and soil water content. The pressure curves in Fig­

ure A-19a were not n0r:rnalized for 1'18.ter content even though there was 

a 1.4 percent range. The water content curves in Figure A-19b were 

normalized to 200 psi. The 6-inch level was not plotted because of 

the scatter in the data. These curves indicate that peak pressure 

waves attained a relatively constant velocity at a water content of 

approximately 28 percent. This indicates that soil with this water 

content and above becomes saturated at 200 psi. This does not agree 

with the results shown in Figure A-3. 

Based on Figures A-17b, A-18, and A-19, the calculated modulus 

should be fairly uniform in relation to depth, but should vary with 
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pressure and water content. At higher pressures the water content 

does not appear to have a large effect until a point is reached where 

the material does not approach saturation at the test pressure of 

interest. 

The velocity of the peak pressure does not appear to vary with 

depth as some soil model builders believe, at least not within the 

depths used for these tests. This wave velocity appears to be de­

pendent primarily on the stiffness of the soil, the surface pressure, 

and, of course, the type material which was a constant for these 

tests. Thus, the velocity of the peak stress is directly related 

to the stress-strain characteristics of the soil. These are dis­

cussed in Section A.10.3. 

The velocities plotted in Figures A-17 and A-18 were not cal-

-c-ulated from the s"bress-s"train curves, but were measured directly 

from the oscillograph records of the soil pressure gages. 

A.10.2 Rise Times. Dynamic amplification effects can be very 

important to buried structures just as they are for surface struc­

tures. Figure A-20 is a plot of the variation of rise time of the 

stress wave with depth, water content, and pressure. The rise time 

was nondimensionalized by plotting the pressure at the depth of in­

terest over its rise time divided by the surface pressure over the 

rise time at the surface. 

The effects of high water content were dramatic. The effects of 
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pressure were large at shallow depths. At a depth of 24 inches, the 

effects of water content below approximately 25.6 percent and of 

pressure within the range tested appeared to be minimal in the nondi­

mensional form. Figure A-20 appears to confirm the findings reported 

in the main body of the report. At shallow depths of burial and high 

pressure levels with water contents around 26 percent, the rise time 

can affect the load which the test device experiences. Dynamic am­

plification was possible as the ratio of the rise times to the period 

of the structure and the test results showed. 

A.10.3 Stress-Strain Curves. Stress-strain curves were gener­

ated at four water contents and at least four pressure levels using 

the impact loader previously described. The soil specimens were 

6 inches in diameter and 1 inch high. Specimens 2-1/2 inches high 

were tried but the results were ver:y erratic because of what a:Ql)eared 

to be friction losses and the time necessary for the stress wave to 

traverse the specimen. Figures A-21 and A-22 show the results of 

these tests. Peak load was reached in 4 to 6 msec. In these curves 

the material displays a plastic behavior. It was only at high pres­

sures in the wetter material that the shocking action caused by sa.tu­

ration became evident. 

In addition to the laboratory stress-strain curves, similar 

curves were constructed using data developed during the SBIG tests. 

Data collected with the deflection and pressure gages located within 
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the soil at the 30- to 35- or 30- to 38-inch levels were used. Fig­

ure A-23 contains these curves. The low pressure curves appear rea­

sonable while the high pressure curves are err~tic. The total 

strains and shapes of the curves are considerably different from 

those in Figure A-22. 

Figure A-23b also contains a stress-strain curve generated by 

using Schindler's one-dimensional compression device. The sample 

was 1 inch high by 10 inches in diameter. This curve is not similar 

to all the previously described curves. 

It is evident that the rate of strain has a large effect on the 

characteristics of the stress-strain curve. It almost masks the ef­

fect of water content. One-dimensional tests were not as good an ap­

proximation of the SBU} conditions as they were in the static tests. 

This was especially true at high pressures. 

Carroll showed similar strain rate effects in his investigation 

of buckshot clay, Figure A-24. 

The stress-strain curves resulting from the laboratory confined 

compression tests were used to determine the constants in the clay 

models suggested by Sea.man. Using the parameters described in 

Sea.man's report it was not found possible to duplicate his results 

or to predict the results experienced in the SBU}. 

A.10.4 Constrained Modulus. Constrained modulus was required 

to design the tests and the test devices. This modulus also was 
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calculated after each test in order to determine the actual relative 

flexibility of the structure versus the soil. 

Prior to the main test program, the one-dimensional laboratory 

tests discussed above, the preliminary tests in the SBLG, and a method 

of calculation suggested by Johnson were used to estimate the con-

strained modulus. The modulus was determined in two ways from the SBLG 

tests. First the actual stress-strain curves were constructed as pre-

viously explained from data generated during Tests D and E. In addi-

tion, a modulus was calculated using the velocity of propagation of the 

peak stress. These were measured velocities and not calculated from the 

stress-strain curves. The stress waves shown in Appendix C were not con-

sidered shock waves, since their rise times, especially at depth, were 

normally measured in milliseconds and not microseconds. In spite of this 

11 discrepancy, 11 a modulus- was- calculated us-ing the- s-imple- formula, 

M C2p h = , w ere z 
p is the wet density of the soil and C is propa-

gation velocity of the peak stress between any two points of interest. 

Table A-1 contains the values of constrained modulus derived 

from all sources. The range of values shown for the SBLG tests was 

calculated using the velocity from the surface to the 30-inch level 

and from the surface to the base. The stress-strain data were de-

rived from two different locations, between the 24- and 36-inch 

levels, and between the 24- and 42-inch levels. When a range of 

values is shown it signifies that several tests were performed at that 
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water content and pressure level. The full range of values is given. 

The secant modulus and not the tangent modulus is used. Based on 

this, considerable difference was expected in the values of the modu­

lus. The one-dimensional compression tests appear to agree more 

closely with the velocity data than the strain data which are larger 

in all cases. The values calculated using Johnson's approach also 

are shown. They agree with the one-dimensional tests rather well at 

the intermediate pressures, but appear to be high and low at the upper 

and lower extreme pressures respectively. 

The soil moduli for the main test program are shown in Table 2 

of the main text. Note that both velocity and strain data were used. 

In many cases the agreement was quite good; in others there was 

considerable difference. The modulus which appeared to be the mean 

-of -both -ranges -norma-1-ly -was -used in -the -s-ti-ffne-ss -c-alc-ulati-ons-. 

Just as in the static tests, the constrained modulus of the soil 

was changing throughout the tests. These changes were due to the pres­

sure acting on and saturation of the soil. The modulus also was affected 

by whether the soil was loading or unloading at the particular time in 

question. Figure 53b contains a curve showing the change in the rela­

tive stiffness of the structure versus the soil as Test 16 progressed. 

The modulus selected and used for most comparisons was calculated at 

the time of minimum arching. In this manner, the stiffnesses compared 

should correspond fairly closely to the arching condition examined. 



Table A-1 

Constrained Modulus of Soil SEecimens Derived from All Sources 2 Preliminary- Dynamic Tests 

Constrained Modulus 
Height 1-Dimensional 

Water 
PS 

of Velocity Stress-Strain Lab 
Test Content Specimen SBIG SBIG Compression Calculated 
No. °/a psi in. psi psi Testsz psi :2Si 

A 23.3 236.0 43.9 2320 2190-2520 
107.0 1.0 2340 

B 27 .2 212.0 42.1 4180-4280 2945-3210 4300 
120.0 1.0 2120 2600 
103.0 1.0 2180 2200 

48.o 1.0 1990 1200 

c 32.1 205.0 43.1 3280-5820 4750 4000 

+ 97.0 1.0 2560 2200 
\.0 89.0 1.0 2280 1900 I-' 

70.0 1.0 1920 1550 
43.0 1.0 1160 1050 

D 25.4 238.0 48.7 3520-4430 5710-6340 4230-4500 5100 
192.0 1.0 2780 4350 
120.0 1.0 2420-2720 2700 

81.0 1.0 1875-2290 1900 

E 25.6 41.0 48.o 1100-1581 1830-3360 1500-2100 1120 
41.7 1.0 2340 1150 
6o.4 1.0 2560 1500 



Table A-2 

Ran~e of Values of Constrained Modulus of Soil Specimens Derived 
from All Sources 2 Preliminarl Dynamic Tests 

Constrained Modulus 
Approx 1-Dimensional 
Water Test Lab SBLG Consolidation 

Content Pressure Compression Tests Tests 
12 J2Si Tests 2 J2Si J2Si J2Si 

24.o 37.5 1875-2260 1700-2040 2230 

240.0 3380 6360 

25.0 37.5 1570-1870 

75.0 1650-1700 

26.0 37.5 19'20-2175 1500 

50.0 3830 

75.0 1850-19'20 1875 

100.0 1545 

155.0 2980 

240.0 3660-3840 

27.0 37.5 1500-2160 1910 

75.0 2320 

175.0 6150 

240.0 4460 7450-7950 7020 

32.0 37.5 1040 1420 

75.0 1940 

240.0 4660 
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a. Form used for placement of test device 

b. Test device with Teflon cover, ready 
for lowering in prepared hole 

Fig. A-5. Placement of test device 



a. Sampler 

b. Unconfined compression 
device 

Fig. A-6. Use of Hvorslev technique 
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APPENDIX B 

DESIGN OF SPRING-RING TEST DEVICE 

The spring-ring test device used in the test program described 

in the main text is believed to be unique. In order to assist 

others with a similar design problem and to prevent repetition of 

similar mistakes, the step-by-step development of this device is 

outlined in this appendix. 

The performance requirements of the flexible test device posed 

severe problems in the development and design of a structural mem­

ber which could provide the prescribed elastic and deformation 

characteristics. The design of the experiments dictated that the 

size of the test device remain constant for all tests. Additional 

constraints were: (1) range of spring constants, (2) overall mass 

of test device, (3) radial stiffness of test device, (4) lateral 

strength and stiffness of test device, (5) space occupied by the 

elastic member, and (6) space requirements for displacement and 

acceleration gages. 

Table 3 of the main text shows the range of spring constants 

desired: 495 lb/in. to 8,950,000 lb/in. These constants were 

selected based upon the stiffnesses of buckshot clay developed in 

the preliminary test program described in Appendix A. The main pur­

pose of this program was an investigation of structure stiffness on 
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soil arching; therefore, a large range of stiffnesses was desired. 

In addition to the stiffness requirements, sufficient displacement 

of the top of the device relative to the base was required to 

develop maximum arching at various depths of burial and surface 

pressure. These displacement requirements were estimated using 

the results from Hendron's (1968) trapdoor experiments with the 

same buckshot clay at similar water contents. 

A number of approaches were considered in the initial attempts 

to design a suitable elastic structural member for the flexible 

device. In this phase of the design and development a broad range 

of spring types was surveyed. This survey is summarized in the 

following paragraphs. 

The widely used helical coil spring was the first spring type 

-studied. extensi-vel.y.. Structural conf'j gurations were evaluated for 

a single large helix, concentric large helices, and multiple small 

helix springs within the housing of the test device. Calculations 

showed that all the configurations tried for this spring type could 

not provide the required spring constants and displacement range. 

In addition this spring type had no inherent lateral stiffness and 

required that other structural members in the test device provide 

lateral strength. The design calculations using the helical spring 

were so discouraging that it was dropped from consideration early 

in the investigation. 
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Another general spring type considered was the spring column 

approach attempted by Ms.son (1965). This approach utilized the dif­

fering moduli of elasticity of selected materials such as steel, 

aluminum, plastic, etc., to fabricate cylinders which gave the 

desired spring constants. This configuration provides structures 

with inherently high radial and lateral strength but is very limited 

in the range of physically realizable spring constants. Calculations 

using this approach quickly showed that it would be unsuitable for 

any aspects of the planned experiments except for the extremely 

rigid devices. 

A closely related modification of Ms.son's approach was con­

sidered. Specially formulated plastics and grouts were studied 

and tested for use as spring cylinders. This approach had some 

possibilities, but the close control of s-pring constants and de--

flections required was not possible. 

Other configurations considered were Bellville springs, leaf 

springs, metal bellows, diaphragms, proving rings, and tapered 

disk springs as described by Brecht and Wahl. The Bellville 

springs were eliminated from consideration when their inherently 

high hysteresis was discovered and also because of the limited dis­

placement range obtainable with their use. Leaf springs could be 

devised for the lower spring constants only and were laterally weak. 

Commercially available bellows suffered from the same limitations 
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as the leaf springs. Diaphragms did not permit the attainment of 

the necessary displacement range. 

Tapered disk springs appeared to have good possibilities. A 

wide range of spring constants was available within the physical 

size constraints of the test device. The disk spring was inherently 

strong radially and was found to have fair lateral strength and 

stiffness. Several scale drawings were made of the test device 

utilizing this type of spring design. One of these designs could 

have been used for some of the desired spring constants. The 

tapered disk spring approach was finally discarded because of the 

development of still another spring design concept which had been 

maturing during the study and evaluation of the spring types 

described above. 

~he -design approach which eventuall-y 1-ea-d. to the adopted spring 

system is illustrated in Figure B-1. Initially, flattened proving 

rings were tried as the spring element (Figure B-la), but this con­

figuration severely limited the allowable displacement. While the 

original approach was not suitable, it lead to the idea of using a 

machined outer cylinder as shown in Figure B-lb. This configuration 

had a number of structural advantages over any of the other spring 

designs considered. First, the spring constant could be varied over 

a very wide range by selecting the machined dimensions of the indi­

vidual spring elements. Second, the spring element was inherently 
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rigid radially and fairly stiff laterally. Third, the efficient 

use of space was superior to any other configurations considered. 

Fourth, it permitted a greater vertical displacement for a given 

spring stiffness than any other type of spring studied. In addition, 

the multiple small slots made it much easier to fabricate a soil 

barrier around the wall of the test device. 

In attempting to extend the slotted cylinder design of 

Figure B-lb to provide greater vertical displacement, it became 

apparent that the machining difficulties would be severe for the 

low spring constant-high displacement spring cylinders. Additional 

development effort resulted in the configuration shown in Figure B-lc. 

In this case, the spring cylinder was fabricated from spring rings 

with spacers bonded between them. This concept made it possible 

to fabricate, from a relati_vely small number of spring- rings- and 

spacers, a spring cylinder of almost any desired spring constant. 

Figure B-2 shows some of the spring rings, spacers, and assembled 

spring cylinders. 

Calculations based on nominal 1/16-inch-, 1/8-inch-, and 1/4-

inch-thick spring rings, all 6 inches outside diameter and 5 inches 

inside diameter, showed that these dimensions would satisfy all the 

spring cylinder stiffness requirements shown in Table 3 of the main 

text, except for the stiffest device. In order to maintain a con­

stant spring cylinder height, and allow for the space occupied by 
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the spacers, the final spring-ring thicknesses selected were 0.052 

inch, 0.115 inch, and 0.242 inch. 

In order to explain the method of fabricating a spring cylinder 

to a preselected spring constant, a brief review of the action of 

multiple springs in series and parallel is included. Each spring 

cylinder is made up of a stack of spring rings in series and the 

spring GOnstant of the cylinder is the spring constant of the in-

di vidual rings divided by the number of rings, where the spring 

rings are all uniform. This can be expressed as, 

=- (1) 
n 

where 

KT = spring constant of cylinder 

-K = _s_pring _c_ans-tan_t n of' individual s_prin_gs 

n = number of springs 

or more generally: 

1 1 1 +l -=-+-+ ... 
~ ~ ~ K n 

(2) 

where 

~ = spring constant of ring 1 

K2 spring constant of ring 2 

K = spring constant of rirrg n n 

Within the spring cylinder each individual spring ring also acts 
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as a number of springs in parallel, the number being determined by 

the number of spacers. The spring constant of springs in parallel 

is given by the relation: 

(3) 

where 

K = ring spring constant p 

Kl = segment spring constant 

K = segment spring constant n 

The example of springs in parallel could be applied to the 

spring rings only in a very general way, for the addition of more 

spacers was not just a summing of springs. When, for example, the 

number of spacers was increased from 4 to 5, then each spring ele-

ment was shortened~ with a corresponding increase- in stiffness. The 

resulting spring constant of the ring was therefore significantly 

greater than the ratio of 5 to 4 which would have been the case for 

summing springs of a constant K • Experimentally determined curves 

such as Figure B-3 were used for selecting the number of spacers to 

obtain a given spring constant. The curves of this figure give the 

spring constant per ring and this value had to be divided by the 

number of active rings to obtain the spring constant for the cylinder 

as explained above. 

By the proper choice of spring-ring thickness, number of active 
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rings, and number of spacers, the desired spring constant was fabri­

cated. In all cases, it was desirable to uti'lize the largest number 

of active spring rings possible in order to achieve the largest 

allowable displacement without overstraining the spring rings. 

During fabrication, the spring rings and spacers were placed in a 

fixture which held the parts in place while the epoxy hardened. The 

fixture- consisted of three smooth, round posts screwed into a flat, 

ground steel plate. The three posts were perpendicular to the base 

plate and positioned so that a 6-inch-diameter cylinder would fit 

snugly between them. The spring rings were placed in the assembly 

fixture one at a time and spacers, coated on both sides with epoxy, 

were positioned on each spring ring. The angular position of the 

spacers at each level of assembly was determined with a paper tem-

plat-e. The ·epoxy adhesive W"~d to bond the copper spacer.s to the 

steel spring rings was made by mixing three parts by volume of 

Epon 828 (Shell Oil Co.) with one part by volume of Versamid 

(Du Pont). The spacers were stamped from sheet copper to the desired 

sizes, l/32 by l/8 by l/2 inch to go with the l/l6-inch rings and 

l/l6 by l/4 by 1/2 inch to go with the l/8- and l/4-inch rings 

(Figure B-2) . 

Determination of the spring constant of the assembled spring 

cylinder was made by applying a known force and measuring the result­

ing deflection. This testing was performed in the apparatus shown 
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in Figure B-4. In this machine a hydraulic cylinder was used to 

apply the load and, depending on the test, either a proving ring or 

a load cell was used to measure the load. Mechanical dial gages 

and the displacement transducers within the test device were used 

to monitor the deflection resulting from the load. A typical 

calibration curve derived from these measurements is shown in 

Figure l3 in the main text. 

523 



kcx: 1MACHINED 
DIMENSIONS 

MAX d
1 

;:i 0.1" 

k ex: MACHINED 
DIMENSIONS 

MAX d
1 

;:i 0.2" 

I 
I 
I 
I 
1_ 
I 
I 
I 
I 

TOP PLATE 

( )) 
I I 

(C )) 
BOTTOM PLATE 

a. PROVING RINGS WITHIN 
TEST DEVICE HOUSING 

TOP PLATE 

I 
I 
I 
I 
I _, 
I 
I 
I 
I 

SOIL BARRIER__.......: 

l 
THICKNESS OF RINGS 

k ex: NUMBER OF RINGS 
NUMBER OF SPACERS 
WIDTH OF SPACERS 

MAX d
1 
~ 0.5" 

BOTTOM PLATE 

b. ONE-DIMENSIONALLY ELASTIC SURFACE 
CYLINDER MACHINED AS MULTIPLE PROV­
ING RINGS JOINED TO FORM CYLINDER 

I 
I 

TOP PLATE 

BOTTOM PLATE 

c. ONE-DIMENSIONALLY ELASTIC SUR­
FACE CYLINDER FABRICATED FROM 
SPRING RINGS AND SPACER SHIMS 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Fig. B-1. Stages in the development of the spring-ring concept 

524 





B 
z 
ii'. 
~ 10

6 

0 
(?'. 
0 
u. 

z 
ai 
...J 

~ 
z 
<1: .. 
"' z 
0 
u 
" 10 -Z 
ii'. 
a. 
"' 

10 

10 

5 

4 

3 

, 

I 
/ 

I 
I/ 

J 
a/ 

I , 
, 

I/ 
/ 

I / 
!J/ / 
t; / 'f ' ~ 12 RINGS 

~6RINGS I v 

, 
I / 

I (le.,/ 
I .~~/ -; ,\co/ 

I ~/ 

I / /~ 
/ , -"-" , / / 

I / 
~u'>_,, 

./ 

/ / 
_/ / ·~ w 

/ p 
v / v 

/ / 
/ 

./ ~ 
./ 

/ 

./ 
/ 

/ 

0 2 4 6 B 10 12 14 

NUMBER OF SUPPORTS 

Fig. B-3. Spring constants of individual spring ring 

526 



Fic,. B-l+. Test device calibration apparatus 
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APPENDIX C 

OSCILLOGRAPH RECORDS FROM THE DYNAMIC TESTS 

This appendix contains photographic reproductions of many of 

the oscillograph records from the dynamic test program. These fig­

ures are referred to frequently throughout the main text of the 

repor~. These records should be of particular value to both investi­

gators and designers in the field of dynamic design. 

With the exception of Figure C-1, the records were produced by 

gages installed in the soil or on the test device. Figure C-1 is a 

typical record from the tests used to determine the frequency and 

damping properties of the test devices. 

were produced during Tests 11 through 28. 

Figures C-2 through C-75 

Figures C-76 through C-87 

originated from the preliminary test program. 

Normally the first 10 to 20 msec were the most important part 

of the records. After this time, the records showed considerable 

disturbance. Therefore only the first 50 msec of the records are 

shown in continuous form. The 100-msec and final portions, approxi­

mately after 1 sec unless specified otherwise, also have been in­

cluded to show the instrument recovery after the surface pressure had 

decreased. 

The zero timing line during the main test program was produced 

by using the explosive cap to break a wire placed in the bonnet. In 
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preliminary Tests A and B, a time of arrival (TOA) gage was placed on 

the soil surface and compared with the zero time produced by the 

wire technique. The initiation of the TOA gage lagged the wire 

break by less than 0.5 msec and corresponded very closely with the 

initiation of the Norwood pressure gages in the bonnet, Figures C-76, 

C-77, and c-78. The wire break normally preceded the initiation of 

the bonnet pressure gages by less than 0.5 msec, Figures C-80, C-83, 

and C-86. In some of the records, especially those from any type 

of strain gage, excursions can be seen at zero time. Exploratory 

tests showed that these disturbances were caused by the E. M. F. 

generated in the explosion. The pressure gages in the bonnet ap­

peared to initiate at the same time as those placed on the soil 

surface, Figure C-3. 

The format preceding each record identifies the instrumenta­

tion channel, the level of the top of the gage measured with 

reference to the test chamber base, the radial distance from the 

centerline of the chamber, the radial angle measured clockwise from 

north, and the final level of the top of the gage. In addition, 

the calibration for each channel is shown in the last column. As 

the records have been reduced considerably from their original 

size, a reference scale is shown on each record. A reference 

trace also has been placed on each record. 

The channel number in the first column identifies the type of 
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measurement being made; S or SE identifies soil pressure; PN, PS, 

PE, or lW identifies the bonnet pressure in the north, south, east, 

or west quadrant; X or ACC signifies an acceleration measurement; 

D designates deflection; e is a strain measurement; IP designates 

pressure measurement inside the test device; and F is a measure­

ment of force on the top of the test device produced by a strain 

gage-bridge arrangement. 

When possible, distorted traces have been labeled. Question­

able traces also have been labeled. 

Timing lines have been placed at the bottom of each record. 

In addition, important timing lines measured with reference to 

zero time have been placed on many of the records. 
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Fig. C-15. Te,st 14, pressure record (813-824) 
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Fig. C-17. Test 14, acceleration and pressure record 
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Fig. C-22. Test l6, pressure record (Sl-89) 
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Fig. C-23. Te~t 16, pressure record (810-818) 
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Fig. C-28. Test 17, deflection and acceleration record 

DI 

D2 

-D3- -

-D5- -

D4 

06 

07 

Xi 

-

X3 

100 

DI 

-D3 

D5 

04 

X2 

I 
J 

FINAL 



Vl 
Vl 
\0 

~~IJJ:~0 
I I I . ;§:i ,.,. 

~ ~~ ':V ""J' *" 
REFJREJCE rkACE __/ ~~ ~'-, ~ ~ Q <::;~ "<'~ «;Q ~ 

I # $~ $.$ ~'VIS ~ 
10 MSEC J' " ~ ~<:; ,p~ 8' 

I X4 -- 14 135 29.6S S6.4• - X4 

I ""' \, / 

I 

I 

I 
I A 

XS -- 14 68 34.9S I 44.s• J ~ XS 
I 

~ 
I 

I ~ Xl -- 14 68 49.88 6S2• Xl 

! 
"",.. -, 

I v ~ I 

~ Xll BASE OF DEVICE ! 28.9• J - Xll 

I I I 
'-

~ I ;--'" 
! 
I ,..,.I \ XlO TOP OF DEVICE I su· - XlO 

I 

j ' ,,, .-----,_,. 

I 

D3 

v,.·-
X9 TOP OF DEVICE lSS.7• V' r-..... ,,,v X9 

D3 3S.09 14 292 34.92 
I v 

0.24()tt I/ 

Xl2 3S" CHAMBER WALL 490• 1iu .1 ' ,, Xl2 

I I I 
l 11

11
11 
"r~ ii•• -,, .. ,,, If:'•; 1,11,.•··. ... 

I 

! 

Xl3 3S" CHAMBER WALL I S36• .l! 

~ 
'.J I. Xl3 

I I 

1/\\ 

.y, ' 

v\ ' .. ..: ''v', ,. PS 

I 

I 

I 
I 

PS BONNET SOUTH I 54.s•• I 

I I I l 
• g's/IN. 

tt IN./IN. TIME, MSEC 0 2 4 6 8 10 12 14 16 20 24 50 

'' PSI/IN. . . . l . . . . . . . 
'I' 

. .. . . . . 
·1 · 

... . . . . . Io o' •' • o I . . . . . . . . . 
' 1000 CPS -· \... L . 11l \ 
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Fig. C-30. Test 18, pressure record (Sl-Sll) 
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Fig. C-39. Te~t 20, pressure record (812-821) 

Sl2 

Sl2 
_Sl3 

Sl4 

s13 Sl4 

_SJ~ --

-.SIG --
Sl5 

SlG -sn f---

Sl7 
SIB 

-Sl8 - S20 

S20 _ S21 

-

I\" 

-S21- -

PS 

'I 11 . ' I 
5(/ ]00 FINAL r· 



\Jl 
-..::i 
0 

~0~~ 
-. ' /j Iv' 

REFERENCE TRACE __./ k:j ~ N 'J- & 
I 

~ ~4:; ~<-, !:? ;:::: q 4:1 <:>~ ""~ "'0 ~ ~ .....,c..; .....,~ ......, 
~ <; ~~ ~<5 ~& $i 
~ ~ ~~ ~~/ ..,, 

<3 

_34.~4tt DI 35 04 5.5 180 --t---

' 
I ""' 

I 
I 

""' 
I 

D2 38.13 14 112 37.87 I 0.27ott 

1-· "" I"-. 
NOISY "\ 

,, 
DI 

D3 35.07 14 292 34.97 I 0.21011 "-.. 
" ................. , 

"\ ~ D2 

D4 30.08 14 270 I 29.93 0.52711 I "' r--. -----~-

I 
' -i- '~· 
I 

,_r.,_ D3 

I I 
D4 

I I 

D5 30.00 UNDER DEVICE 29.90 0.25311 ' 

' 
I 

'r ~ D8 

D5 

D7 I 

I 

I ' ; 
I 

I I I 
35.01 TOP OF DEVICE 34.91 0.05111 I I 

I I ; !QUESTIONABLE RESULTS) 

D8 I I TOP oF
1 

DEVICE I 0.036811 I 35.01 34.91 I 
I 

I 
I 

i 

YI· 
' \ PN 

I 
.;w \, x ~. -

I 
I 

PN I BONN ET NORTH 54.s•• \_ 

I I I I I ' D7 

jj IN./IN. 

•• PSI/IN. 
TIME, MSEC\ ! , 0 2 , , . 6, ,, s . l~ 

11
11

13 
14 16 

17 
ls! 20, • • \ 1 1 • • • .1 • ! ~ 1 1 1 ! ! ~ ~ .1 ,! ,~ ~ 1 1 ,\ .1, 11so, • 

~ ··T 
',l\1' 

. . 1,000 CPS i • • ' I ' 
' ', i \ I ii " ' ' 11 .I l J' : J ~ I t J ' . . ' j • I ' ' 11 .. j I • ·• j l i I ; 'i i iJ \I I i ,J \ ; l i I j \ \ j \ ; ! I 

Fig. C-40. Test 20, deflection and pressure record 
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Fig. C-45. Test 21, pressure, acceleration, deflection, and strain record 
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Fig. C-46. Test 22, pressure record (Sl-Sll) 
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Fig. C-47. Test 22, pressure record (812-821, 811) 
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Fig. C-49. Test 22, acceleration, strain, and pressure record 
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differential pressure was only 35 psi. Under static conditions, the differential 
pressure was 37 psi at P8 = 150 psi and 54 psi at Ps = 175 psi. When the static 
surface pressure was increased to 240 psi, the differential pressure only increased 
to 58 psi or 5,2 times the shear strength of the soil. Once the strength of the 
soil at a particular depth had been fully developed, increasing the surface pres­
sure had very little effect on the amount of arching. There was a transition zone 
between those surface pressures at which the amount of arching was determined by 
relative structure flexibility and the pressure at which it was more dependent upon 
soil strength. The pressures which limited the transition zone depended upon depth 
of burial and the time in which the load was applied. Within the transition zone, 
the role played by the relative stiffness changed gradually. Based on the very 
limited amount of data developed in this test program (P8 < 65 psi and H/B = 1), 
passive arching does not appear to be sensitive to structure stiffness. Once the 
relative structure stiffness (~/Ks) exceeded a value of approximately 4, there 
was no increase in the amount of arching with an increase in the structure stiff­
ness. The maximum scaled differential pressure (2i:>P/qu) never exceeded a value 
of 1.1. Regardless of the stiffness of the structure or the state of arching con­
sidered, static arching curves produced by lowering or raising the top of the 
structure by internal means could not be used to estimate the amount of arching 
that a similar spring test device would induce under static or dynamic external 
loads. In addition it was found that static arching data produced with the spring 
device could not be used to predict the design loads on a comparable structure at 
dynamically applied surface pressures in excess of l+O to 70 psi, depending on the 
depth of burial. 
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