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ABSTRACT 

An empi r ica l equation is p resented which allows a reasonably 

accura te prediction of the depth to which a pro3ectile will penet ra te 

the ear th . Tables of soil constants and nose-per formance coef

ficients a re given for use in the equation. 
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SUMMARY 

An empi r i ca l equation is developed for predict ion of total depth of penet ra t ion 

of a project i le in many ear th t a r g e t s . The equation development was based on approxi

mate ly 200 ful l -scale penetrat ion t e s t s into a va r ie ty of t a r g e t s , including rock, sand

stone, gypsi te , pe rmaf ros t , ice , dese r t al luvium, s i l t , sand and sa tu ra ted clay. Based 

on these t e s t s , the e r r o r in depth predic t ion exceeds 20 percent in 9 percent of the t e s t s , 

and 25 percent in l ess than 1.5 percent of the t e s t s . The n e c e s s a r y tab les of nose p e r 

formance coefficients and soi l constants a re p resen ted for more efficient engineer ing 

usage . The technique by which the depth of penet ra t ion into layered soils may be p r e 

dicted is demonst ra ted , and a method by which the soi l penet rabi l i ty may be expressed 

in t e r m s of soil p rope r t i e s is p resen ted . 



THE DEVELOPMENT OF EMPIRICAL EQUATIONS J-̂ OR PREDICTING 
DEPTH OF AN EARTH-PENETRATING PROJECTILE 

Introduction 

The problem of earth penetration by a projectile was studied as early as 1742. Since that 

time the most notable approaches have been taken by investigators Poncelet and Petry (References 

1 and 2), although the empirical studies of each were generally concerned with the thickness of 

embankments required to protect personnel and facilities from artillery fire, and in each study the 

target was assumed to be a homogeneous natural earth target. The penetration depth-prediction 

equation developed by Petry in 1910 has been the most commonly used equation since that time. 

In recent years, Sandia Laboratory has become increasingly interested in earth-penetration 

phenomena, and several reports on the development of penetration equations have been published 

(References 3, 4, and 5). However, the state of the art of earth penetration is still in its infancy, 

since the complicated problem has not been analytically solved. 

A recent contribution to both a basic understanding of the mechanisms of earth penetration 

and a fundamental analytical approach to the problem was made by L. J. Thompson (Reference 6). 

However, it appears that a complete understanding of earth penetration is still some years in the 

future. In the meantime, empirically derived equations must be used to predict the penetration 

performance of vehicles or projectiles impacting the earth. In this report a penetration-prediction 

equation is presented which is intended to "bridge the gap" between the penetration-prediction 

equations of the Petry type and a much sought-after analytically determined equation based on a 

more complete understanding of earth penetration. 

Historical Development 

The starting point for each theory has been Newton's equation of motion 

Mg - F = Ma , (1) 
P 

which is a summation of the forces acting upon a projectile as it penetrates a target, where 

M = mass of a projectile plus the soil moving with the projectile 

g = acceleration due to gravity 

F = soil resistance to movement 

a = acceleration of projectile. • 



In general, the gravity force was neglected, and Equation (1) was rewritten as 

- F = M p V g , (2) 

where V is the velocity of the projectile and Z is the distance the projectile travels within the 

target. Also, it was usually assumed that no soil moved with the projectile, and the mass of the 

projectile (M ) only was considered. 

Each investigator assumed the drag force, or soil resistance, to be of the general form 

F = a + b V+ c V^, (3) 
o o o ' 

where a , b , and c are constants. Some of the earlier investigators assumed that force was o o o 
independent of velocity and depth, and proportional to the cross-sectional area of the projectile 

(i. (>. , the constants b and c were equal to zero). Poncelet assumed a slightly more complicated 

form of the drag function as 

F = {^(Z)f^(V). (4) 

where 

f^(Z) = jA 

and 

f (V) = a^+ b V^. 
2 0 0 

Again, a , b , and j are constants; therefore. Equation (4) is of the basic form of Equation (3). 

Substituting Equation (4) into Equation (2) and integrating gives the penetration equation 

A + b V^\ 
T, W « / o / n ^ , (5) 

2Ajb \ a 
•' o \ o 

where 

P = total penetration distance, feet 

W = weight of projectile, pounds 

A = cross-sectional area of projectile, square inches 

1, b , a = constants. •" o' o 



In general, most investigators since Poncelet have concentrated on evaluating the constants, 

a , b , and j . In 1910, Petry evaluated the constants and changed the form of the equation to 

P = l ^ i ° g i o ( i + 2 T W 0 ) ' ^'^ 

where K is a constant which indicates the penetrability of the soils. Petry suggested a few values 

of K for some very general types of soil. The Petry equation is simple to use, and for several 

decades has been used with varying degrees of success. 

Equation Development 

Test Data 

More than 200 full-scale earth-penetration tests were studied in the development of the em

pirical penetration equation presented herein. The details of these tests are given in Reference 7 

through 11, plus several as yet unpublished reports by Sandia Laboratory. Table I lists some of 

the most pertinent test results which were used directly in the formulation of the equation. 

For the purpose of thi§ analysis, all targets are natural earth targets, impact is assumed at 

zero angle of attack, and penetration is approximately vertical. Earth penetration consists of a 

projectile: (1) impacting and entering the earth's surface, (2) moving through the soil, and (3) com

ing to rest in that soil. Neither a perforation, where a projectile travels completely through the 

target, nor tests into a man-made target are considered as natural earth-penetration tests . The 

only tests considered in the analysis and not included in Table I are those tests in which the depth 

of penetration was not sufficient for the mechanisms of earth penetration to come into play. The 

phenomenon of a projectile entering the earth's surface does not appear to be the same as that of a 

projectile moving through the earth. Although the mechanism of surface penetration is not well 

understood at this time, it appears that the depth of penetration must equal three vehicle body di

ameters plus the nose length before the surface effect is considered negligible in comparison to the 

soil penetration event. 

General Form of the Equation 

Rather than beginning with Newton's equation and attempting to develop semiempirically a 

drag function, as has been done in the past, development of the proposed equation begins with only 

an assumed form of the depth-prediction equation, including an assumption as to which parameters 

affect penetration. The equation is strictly empirical, but at this time sufficient high-quality pene

tration data are available to allow the development of such an equation with reasonable accuracy. 

The total depth of penetration is assumed to be of the form: 

D = f^(N) f2(A) f3(W) f^(V) f^(S), (7) 



T e s t 
No 

2 7 9 - 2 

2 7 9 - 3 

2 7 9 - 4 

2 7 9 - 5 

2 7 9 - 6 

2 7 9 - 7 

2 7 9 - 8 

2 7 9 - 9 

2 7 9 - 1 0 

2 7 9 - 1 2 

2 7 9 - 1 4 

2 7 9 - 1 6 

2 7 9 - 1 7 

2 7 9 - 1 8 

2 7 9 - 2 0 

2 7 9 - 2 1 

2 7 9 - 2 2 

2 7 9 - 2 3 

2 7 9 - 2 4 

2 7 9 - 2 5 

2 7 9 - 2 6 

2 7 9 - 2 7 

2 7 9 - 2 8 

2 7 9 - 2 9 

2 7 9 - 3 0 

2 7 9 - 3 1 

2 7 9 - 3 2 

2 7 9 - 3 3 

2 7 9 - 3 4 

2 7 9 - 3 5 

2 7 9 - 3 6 

2 7 9 - 3 7 

2 7 9 - 3 8 

2 7 9 - 3 9 

2 7 9 - 4 0 

2 7 9 - 4 1 

2 7 9 - 4 2 

I m p a c t 
v e l o c i t y 
( F P S ) 

198 

111 

113 

168 

163 

110 

105 

172 

168 

166 

201 

175 

209 

172 

143 

165 

168 

138 

113 

112 

136 

173 

169 

116 

173 

204 

105 

214 

171 

110 

170 

105 

108 

139 

140 

172 

259 

N o s e 
s h a p e 

2 . 2 C R H 

6 C R H 

2 . 2 C R H 

2 . 2 C R H 

6 C R H 

9 . 2 5 C R H 

F l a t 

F l a t 

9 . 2 5 C R H 

2 . 2 C R H 

6 C R H 

2 . 2 CRH 

2 . 2 C R H 

9 . 2 5 CRH 

2 . 2 C R H 

2 . 2 CRH 

9 , 2 5 C R H 

9 . 2 5 C R H 

2 . 2 CRH 

2 . 2 CRH 

2 . 2 CRH 

2 . 2 C R H 

2 . 2 CRH 

9 . 2 5 C R H 

9 . 2 5 C R H 

2 . 2 C R H 

2 . 2 C R H 

9 . 2 5 C R H 

2 . 2 C R H 

2 . 2 C R H 

2 . 2 C R H 

F l a t 

2 . 2 C R H 

9 . 2 5 C R H 

F l a t 

2 . 2 CRH 

2 . 2 CRH 

W / A 
(ps i ) 

14. 7 

1 4 . 7 

1 4 . 7 

14. 7 

1 4 . 7 

14. 7 

14. 7 

14. 7 

1 4 , 7 

14 . 7 

14. 7 

10 

10 

10 

1 4 . 7 

1 4 . 7 

14. 7 

14. 7 

4. 6 

10 

4 . 6 

10 

4 . 6 

10 

10 

4 . 6 

14. 7 

10 

1 4 . 7 

1 4 . 7 

1 4 . 7 

1 4 . 7 

10 

20 

14. 7 

14. 7 

10 

T A B L E I 

T e s t D a t a 

T a r g e t " 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

ST 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

P e n e t r a t i o n 
D e p t h 

(ft) 

5 . 7 

2 . 7 

2 . 0 

4 . 0 

4 . 6 

3 . 1 

1 .3 

2 . 9 

5 . 3 

4 . 3 

6 . 5 

2 . 9 

4 . 2 

4 . 7 

3 . 3 

4 . 0 

6 . 0 

4 . 3 

2 . 7 

3 . 2 

3 . 3 

5 . 0 

4 . 6 

4 . 5 

6 . 4 

5 . 8 

2 . 6 

7 . 5 

5 . 5 

3 . 8 

4 . 0 

1 .3 

2 . 0 

4 . 6 

1 .8 

4 . 0 

6 . 5 

V e h i c l e 
d i a m e t e r 

( i n . ) 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

8 . 0 

5 . 4 

8 . 0 

5 . 4 

8 , 0 

5 . 4 

5 . 4 

8 . 0 

4 . 4 

5 . 4 

4 . 4 

4 . 4 

4 . 4 

4 . 4 

5 . 4 

3 . 8 

4 . 4 

4 . 4 

5 . 4 

N 

0 . 8 2 

1 .00 

0 . 8 2 

0 . 8 2 

1 .00 

1 .11 

0 . 5 6 

0 , 5 6 

1. 11 

0 , 8 2 

1 ,00 

0 , 8 2 

0 . 8 2 

1 .11 

0 . 8 2 

0 . 8 2 

1. 11 

1. 11 

0 . 8 2 

0 . 8 2 

0 . 8 2 

0 , 8 2 

0 . 8 2 

1. 11 

1. 11 

0 . 8 2 

0 , 8 2 

1 .11 

0 , 8 2 

0 , 8 2 

0 , 8 2 

0 . 5 6 

0 , 8 2 

1 .11 

0 . 5 6 

0 . 8 2 

0 . 8 2 

S 
( a v e r a g e ) 

5. 6 

5 . 9 

5 . 3 

5 . 2 

5 . 2 

6. 1 

5. 6 

5 . 4 

5 , 1 

5 . 9 

5 . 3 

4 . 6 

4 . 9 

5 . 4 

5. 7 

5 . 5 

5 . 9 

5 . 9 

-

-

-

-

-

-

-

-

-

-

-

-
5 . 3 

5 , 7 

6 , 9 

5 . 3 

4 , 8 

5 . 2 

5. 1 

10 



TABLE I (Continued) 

T e s t 
No. 

2 7 9 - 4 3 

2 7 9 - 4 4 

2 7 9 - 4 5 

2 7 9 - 4 6 

2 7 9 - 4 7 

2 7 9 - 4 9 

2 7 9 - 5 0 

2 7 9 - 5 1 

2 7 9 - 5 2 

2 7 9 - 5 3 

2 7 9 - 5 4 

2 7 9 - 5 5 

2 7 9 - 5 8 

2 7 9 - 5 9 

2 7 9 - 6 0 

2 7 9 - 6 1 

2 7 9 - 6 2 

2 7 9 - 6 3 

2 7 9 - 6 5 

2 7 9 - 6 6 

2 7 9 - 6 7 

2 7 9 - 6 8 

2 7 9 - 7 2 

2 7 9 - 8 0 

2 7 9 - 8 1 

2 7 9 - 8 3 

2 7 9 - 8 6 

2 7 9 - 8 8 

2 7 9 - 9 0 

314 -2 

3 1 4 - 3 

3 1 4 - 4 

3 1 4 - 5 

3 1 4 - 7 

3 1 4 - 9 

3 1 4 - 1 0 

3 1 4 - 1 1 

314-12 

I m p a c t 
v e l o c i t y 

(fps) 

108 

167 

172 

170 

205 

210 

170 

112 

175 

132 

140 

213 

172 

171 

256 

349 

460 

502 

178 

180 

174 

178 

126 

158 

173 

274 

173 

255 

170 

163 

2 68 

265 

269 

167 

158 

254 

259 

161 

N o s e 
s h a p e 

9 . 2 5 CRH 

F l a t 

2 . 2 CRH 

2 . 2 CRH 

F l a t 

9 . 2 5 CRH 

2 . 2 CRH 

9 . 2 5 C R H 

2 . 2 CRH 

F l a t 

9 . 2 5 CRH 

2 . 2 CRH 

9 . 2 5 CRH 

2 . 2 CRH 

6 , 0 CRH 

6 . 0 CRH 

6. 0 CRH 

6. 0 CRH 

9 . 2 5 CRH 

9 . 2 5 CRH 

9 . 2 5 CRH 

9 . 2 5 CRH 

2 . 2 CRH 

9 . 2 5 C R H 

9 . 2 5 CRH 

9 . 2 5 CRH 

9 . 2 5 C R H 

9 . 2 5 CRH 

9 . 2 5 CRH 

C o n e 
L / D = 2 

9 . 2 5 CRH 

Cone 
L / D = 2 

Cone 
L / D = 3 . 

C o n e 
L / D = 3 

Con ic s t e p 

Con ic s t e p 

B i c o n i c 

B i c o n i c 

W / A 
(ps i ) 

20 

14. 7 

14. 7 

14. 7 

14. 7 

10 

14. 7 

2 9 . 2 

14. 7 

14. 7 

2 9 . 2 

14 . 7 

14. 7 

5 

5 

5 

5 

5 

10 

10 

10 

10 

5 

5 

10 

10 

10 

10 

14. 7 

5 . 3 

5 . 3 

5 . 3 

5. 3 

5 . 3 

5 . 3 

5. 3 

5 . 3 

5 . 3 

Targe t"" 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

SC 

ST 

GY 

GY 

GY 

GY 

GY 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

P e n e t r a t i o n 
d e p t h 

(ft) 

2 . 9 

2 . 4 

3 . 9 

4. 1 

2 . 9 

6 . 9 

4. 1 

3 . 7 

4. 3 

1. 7 

5. 1 

6 . 1 

5. 1 

2 . 4 

5 . 4 

8 . 5 

9 . 5 

1 2 . 5 

4 . 5 

5 . 3 

4 . 7 

4 , 3 

1 3 . 8 

4 . 9 

2. 3 

4 . 4 

2 . 9 

4 . 2 

3 . 1 

3 . 5 

5 . 9 

5. 6 

7. 1 

4 , 1 

3 . 9 

6 . 4 

6 . 8 

4 . 1 

V e h i c l e 
d i a m e t e r 

( i n . ) 

3 . 8 

4 . 4 

4. 4 

4 . 4 

4 . 4 

5 . 4 

4. 4 

3 . 1 

4 . 4 

4 . 4 

3 . 1 

4 . 4 

4 . 4 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

8 . 0 

8 . 0 

5 . 4 

5 . 4 

5 . 4 

5 . 4 

4 . 4 

8 . 5 

8 . 5 

8. 5 

8 . 5 

8 , 5 

8 . 5 

8 . 5 

8. 5 

8 . 5 

N 

1. 11 

0. 56 

0 . 8 2 

0 . 8 2 

0 . 5 6 

1. 11 

0. 82 

1. 11 

0 . 8 2 

0. 56 

1. 11 

0 . 8 2 

1. 11 

0 . 8 2 

1.0 

1.0 

1 .0 

1.0 

1. 11 

1. 11 

1. 11 

1. 11 

0 . 8 2 

1. 11 

1 .11 

1. 11 

1. 11 

1. 11 

1. 11 

1 .08 

1. 11 

1 .08 

1.32 

1.32 

1 .28 

1 .28 

1 .31 

1 .31 

S 
( a v e r a g e ) 

5 . 3 

4 . 8 

5 . 0 

5 . 4 

4 . 2 

5. 7 

5 .4 

5 . 4 

5 . 4 

5 . 0 

5 .2 

5 . 5 

4 . 9 

5 .2 

4 . 8 

-

-
4 . 3 

4 . 9 

5 . 6 

5 . 3 

4 , 7 

5 0 . 0 

-

2. 6 

2 . 3 

3 . 3 

2 . 5 

3 . 0 

6 . 0 

4 . 2 

4 . 2 

4 . 3 

5 , 5 

5 . 9 

4 . 4 

4 . 4 

5 . 9 

11 



TABLE I (Continued) 

T e s t 
No. 

3 1 4 - 1 3 

3 1 4 - 1 5 

3 1 4 - 1 6 

3 1 4 - 1 7 

3 1 4 - 1 8 

3 1 4 - 1 9 

3 1 4 - 2 0 

3 1 4 - 2 1 

3 1 4 - 2 2 

3 1 4 - 2 3 

3 1 4 - 2 7 

3 1 4 - 2 8 

3 1 4 - 3 0 

3 1 4 - 3 2 

3 1 4 - 3 6 

3 1 4 - 3 7 

3 1 4 - 3 9 

3 1 4 - 4 5 

3 1 4 - 4 6 

7R 

1 2 2 - 1 

122-2 

1 2 4 - 1 

124-2 

1 2 4 - 3 

1 2 4 - 4 

1 2 4 - 5 

1 2 4 - 6 

1 2 4 - 7 

1 2 4 - 8 

1 2 4 - 9 

1 2 4 - 1 0 

1 2 4 - 1 1 

124 -12 

1 2 4 - 1 5 

1 2 4 - 1 6 

1 2 4 - 1 7 

1 2 4 - 1 8 

1 2 4 - 1 9 

1 2 4 - 2 0 

I m p a c t 
v e l o c i t y 

(fps) 

269 

162 

2 60 

195 

195 

315 

220 

195 

196 

236 

307 

350 

265 

262 

350 

(265) 

(265) 

258 

257 

984 

252 

901 

305 

492 

713 

394 

780 

400 

400 

580 

427 

401 

684 

641 

330 

520 

669 

562 

570 

558 

N o s e 
s h a p e 

S h o r t l O 

lO 

l O 

l O 

C o n e L / D = 3 

C o n e L / D = 3 

C o n e L / D = 3 

C o n e L / D = 3 

l O 

l O 

l O 

C o n e L / D = 3 

C o n e L / D = 3 

l O 

l O 

l O 

C o n e L / D = 3 

l O 

C o n e L / D = 3 

9 . 2 5 C R H 

1 2 . 5 C R H 

1 2 . 5 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

6. 0 C R H 

9 . 2 5 C R H 

9 . 2 5 C R H 

9 . 2 5 C R H 

9 . 2 5 C R H 

9 . 2 5 C R H 

9 . 2 5 C R H 

W / A 
(ps i ) 

5 . 3 

5 . 3 

5 . 3 

5. 3 

5 . 3 

5 . 3 

7 , 1 

8 . 0 

8 . 0 

7. 1 

5 . 3 

5 . 3 

5 . 3 

5 . 3 

5 . 3 

5 , 3 

5 , 3 

5 , 3 

5 . 3 

1 5 . 3 

2 2 , 5 

2 7 . 6 

2 0 . 0 

1 9 . 9 

1 9 . 9 

19.9 

1 9 . 3 

1 9 . 5 

2 0 , 0 

1 9 , 5 

2 0 , 1 

1 9 . 5 

1 9 , 5 

2 0 , 1 

8 , 1 

8 . 1 

8 . 1 

10. 7 

1 1 . 8 

10. 1 

* 
Target 

DL 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

GY 

GY 

GY 

GY 

GY 

D L 

D L 

GY 

GY 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

P 

P 

P 

P 

SA 

SA 

SA 

SA 

D L 

D L 

D L 

D L 

D L 

D L 

P e n e t r a t i o n 
d e p t h 

(ft) 

5 . 5 

4 . 3 

6. 7 

4 . 8 

5 . 1 

8 . 8 

7 , 8 

6 . 3 

6 . 2 

7 . 3 

4 . 3 

4 . 7 

3 . 6 

3 , 7 

5 , 0 

6 , 9 

7 . 2 

4 , 0 

3 . 8 

5 2 . 5 

1 3 , 0 

6 5 . 0 

1 2 . 8 

1 7 . 0 

3 8 . 0 

1 6 . 6 

34 , 5 

1 5 . 5 

1 5 . 0 

2 5 . 5 

2 5 , 8 

3 4 . 5 

5 0 , 5 

5 0 , 5 

1 1 , 5 

1 3 , 6 

18 , 5 

1 8 , 2 

1 7 , 7 

16 . 5 

V e h i c l e 
d i a m e t e r 

( i n . ) 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8. 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

8 . 5 

9 , 0 

1 8 , 0 

1 8 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 , 0 

8 , 0 

8 , 0 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

** 
N 

1.03 

1.32 

1.32 

1.32 

1 .32 

1.32 

1 .32 

1 .32 

1 ,32 

1,32 

1 ,32 

1,32 

1,32 

1 ,32 

1. 32 

1 ,32 

1 ,32 

1 ,32 

1 ,32 

1 ,11 

1 .22 

1.22 

1 .0 

1 .0 

1 .0 

1 .0 

1 .0 

1.0 

1 .0 

1 .0 

1 .0 

1 .0 

1.0 

1.0 

1. 11 

1, 11 

1. 11 

1. 11 

1. 11 

1. 11 

S 
( a v e r a g e 

4 . 3 

6. 1 

4 . 3 

5 . 0 

5 . 3 

4 . 2 

5. 7 

5 , 3 

5 . 2 

4 . 8 

2 . 1 

1.9 

2 . 2 

2 . 3 

2 . 0 

4 . 3 

4 . 5 

2 , 6 

2 , 5 

-

-

-

-

-

-

-

3 . 8 

3 . 8 

3 . 7 

3 . 9 

5 . 7 

8 .2 

6 . 3 

5 . 9 

-

-

-

-

-

-

12 



TABLE I (Continued) 

Test 
No. 

124-21 

124-22 

124-23 

124-24 

124-26 

124-27 

124-30 

120-6 

120-7 

120-9 

120-10 

120-14 

120-15 

120-23 

120-24 

120-56 

120-57 

120-70 

120-83 

120-89 

120-97 

3A 

4A 

5A 

6A 

8A 

120-5 

120-26 

120-42 

120-77 

120-60 

120-103 

120-112 

I R 

2R 

4R 

5R 

Impact 
velocity 

(fps) 

565 

387 

385 

380 

750 

514 

(78) 

256 

447 

458 

243 

681 

467 

480 

480 

723 

548 

297 

590 

600 

650 

1050 

1052 

1077 

1060 

906 

877 

955 

959 

1065 

1037 

(880) 

(820) 

1030 

1020 

976 

955 

Nose 
shape 

9.25 CRH 

9.25 CRH 

9.25 CRH 

9.25 CRH 

9.25 CRH 

9.25 CRH 

9.25 CRH 

2.2 CRH 

2.2 CRH 

6. 0 CRH 

9.25 CRH 

9.25 CRH 

6. 0 CRH 

6. 0 CRH 

6. 0 CRH 

Flat 

Flat 

Flat 

Flat 

Flat 

Flat 

2.2 CRH 

2. 2 CRH 

9.25 CRH 

2.2 CRH 

9.25 CRH 

9.25 CRH 

6 CRH 

6 CRH 

9.25 CRH 

6 CRH 

9.25 CRH 

9.25 CRH 

2.2+ CRH 
Flat 

2. 2+ CRH 
Flat 

2.2 CRH 

2.2 CRH 

W/A 
(psi) 

11.8 

10. 1 

11.8 

10.1 

11.9 

8. 1 

• 17.3 

16.0 

15. 6 

14.2 

14.9 

17.4 

14.2 

14.0 

14.0 

19.8 

19.5 

20.4 

16.5 

10.0 

16.5 

16.4 

16.5 

18.2 

16. 4 

18.1 

18.1 

17 

14 

13.3 

16.1 

12.2 

14.3 

16.5 

16.3 

16.0 

16.9 

Target" ' 

DL 

D L 

D L 

D L 

DL 

D L 

M 

D L 

D L 

D L 

D L 

D L 

D L 

I 

I 

D L 

D L 

D L 

D L 

D L 

D L 

D L 

SA 

D L 

D L 

D L 

SA 

SA 

D L 

R 

D L 

SS 

ss 
DA 

DA 

DA 

DA 

* 
See Table III for nomenclature and descr ip t ion . 

See Table : H. 

Penet ra t ion 
depth 
(ft) 

18. 7 

13.0 

12. 7 

12.8 

20.0 

17.2 

16 

9 . 2 

14. 1 

14.2 

10.2 

24.4 

13.8 

18.0 

18.5 

19.0 

13. 6 

7. 75 

17.0 

13.1 

15.3 

55.4 

70.0 

73.0 

52.5 

57.0 

71.0 

63.3 

53.5 

13 .0 -

53.5 

10.0 

10.2 

3 8 . 

37.6 

36.2 

45 

Vehicle 
d iamete r 

( in.) 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

8 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 , 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

9 . 0 

8. 

10.188 

9. 

9. 

9 . 

9 . 

N 

1. 11 

1.11 

1. 11 

1. 11 

1. 11 

1. 11 

1.11 

0.82 

0.82 

1.00 

1, 11 

1,11 

1.0 

1.0 

1.0 

0.56 

0,56 

0,56 

0,56 

0.56 

0.56 

0.82 

0.82 

1.11 

0.82 

1.11 

1. 11 

1.0 

1.0 

1. 1 

. 1 . 0 

1. 1 

1. 1 

0 . 8 

0 . 8 

0.82 

0.82 

s 
(average) 

-

-

-

-

-

-
4 0 . 

-

-

-

-

-

-

4. 1 

4. 2 

-

-

-

5 . 0 

4 . 8 

4. 1 

-

7 . 4 

-

-
t 

6 . 3 

5 . 9 

-
1.07 

-

1.3 

1.3 

4. 1 

4. 1 

4. 1 

5 . 0 



where 

D = depth of penetration, measured along the penetration path, feet 

V = velocity, feet per second 

S = either a constant, dependent only upon soil properties averaged over the depth of 

penetration, or a function, based upon fundamental soil properties 

W = total vehicle weight, pounds 

A = cross-sectional, or frontal area, square inches 

N = constant, vehicle nose-performance coefficient. 

It is realized that Equation (7) is not the most general form of the solution. Indeed, if the actual 

solution to the problem is assumed to be represented by a generalized Taylor series expansion in 

six-dimensional space, then Equation (7) is only one term of the most general solution. By assum

ing the form of Equation (7), it is implied that the constant in each of the other terms of the general 

solution is equal to zero. However, the form of Equation (7) was assumed because: 

1. It is simple, thus lending itself to a development based primarily upon engineering 

judgment. 

2. It is similar in form to previously developed equations which showed some degree of 

reliability. 

3. The crucial assumption that all other constants of the general solution are approximately 

zero may readily be verified by the closeness of the final data fit. 

In Equation (7) it is assumed that all test and vehicle parameters are included in the first 

four functions, and that all the soil properties are included in the fifth function. (Because some 

soil properties are rate-dependent, this is perhaps an oversimplification of the problem.) Two 

additional vehicle parameters should be mentioned: 

1. The probe diameter is important but is , in effect, included in the area. However, since 

this equation is not intended to encompass any scaling laws, it should be noted that to be 

termed a full-scale test the vehicle diameter should be at least 3 inches. The largest 

vehicle diameter used in the tests on which this analysis is made was 18 inches, and no 

significant scaling problems were noted in the 3-inch to 18-inch diameter range. 

2. The second vehicle parameter to consider is the total length. As yet, no experimental 

test program has been conducted to determine the effect of fineness ratio (length of vehicle 

divided by diameter) on depth of penetration, but it appears that a minimum, fineness ratio 

of 10 is necessary to assure stability during penetration. Also, a fineness ratio of greater 

than 20 should be avoided because of the increased side-wall friction during penetration. 

Development of Individual Functions 

The general approach to solving Equation (7) is to hold four of the functions constant and 

solve for the fifth. To follow the general approach strictly would involve a formidable num.ber of 

tests, so the actual approach to solving the equation is one of experimental iteration. If sufficient 

test data are not available to solve for one function with the other four functions held constant, then 

additional test data are "normalized" to a standard set of conditions before they are used. The 



equation used to normal ize the data is the "best ' emp i r i c a l equation available at that s tage of the 

analys is . The more accura te the equation becomes in subsequent i t e ra t ions , the more nea r ly exact 

become the normal ized data, and in the l imit each function becomes an exact fit to the r e a l data. 

Appendix A gives an example of the i te ra t ive technique used in normal iz ing the data. 

In the following pa rag raphs , each of the five functions is developed and d i scussed . However, 

only the final i tera t ion and the final form of the function a r e given. 

Nose Shape Effect, fi(N) - - The f i rs t function to be developed is that for the nose -shape 

effect, since m o r e data a r e available with each of the other four functions held constant . F igure 1 

is a plot of the data from which f.,(N) is de te rmined . Fo r the t a rge t used, the soi l is homogeneous, 

both l a t e ra l ly and ver t ica l ly . Therefore , for one set of t e s t conditions (V, W/A, and soi l ) , a s s u m 

ing no nose-shape effects, the depth of penet ra t ion should always be constant . Any deviation from 

a constant depth when various nose shapes a r e used i s an indication of nose pe r fo rmance . The 

nose-shape effect, f.,(N), is best descr ibed by a nose -pe r fo rmance coefficient, r a t h e r than by an 

actual function. Based on the curve drawn in F igure 1, the final nose -pe r fo rmance coefficients 

a r e determined to be: 

Flat nose, 

2.2 CRH, 

6. 0 CRH. 

9.25 CRH, 

N = 0.56 

N = 0.82 

N = 1. 00 ( a r b i t r a r i l y chosen as the s tandard) 

N = 1. 11 

The per formance coefficients de termined from F igure 1 a r e for tangent ogive nose shapes , 

and for the flat nose . Most of the t e s t s cons idered were conducted using one of the above nose 

shapes , and therefore the r emainder of the equation development is based on the above coefficients. 

4 ,-

o 

tfl 

o 

1 -

9. 25 CRH 

•6 .0 CRH 

— 2 .2 CRH 

.Flat 

Standard conditions 

V = 170 fps 
W/A= 14.7 psi 
Soil = dry lake bed 

-L-o-

o* o 

Legend 

• Actual data 
O Normalized data 

o 

Percent variation from this 
line indicates nose performance. 

4 

Depth - ft 

Figure 1. Nose-Shape Effect 



Additional nose-performance coefficients are determined from a series of tests during which all 

parameters were held constant except nose shape. Any variation in penetration performance (an 

average of several tests) was then attributed to the nose performance, again using the 60. 0 CRH 

tangent ogive as the standard, and nose-performance coefficients were calculated. These coef

ficients are presented in Table II. 

TABLE II 

Nose-Performance Coefficients 
(Based on 6. 0 CRH Tangent Ogive as 1.0) 

Nose shape Coefficient 

Flat nose 

2. 2 CRH tangent ogive 

6. 0 CRH tangent ogive 

9.25 tangent ogive 

12.5 CRH tangent ogive 

Cone, Hid = 2 

Cone, / / d = 3 

Conic step, cone plus cylinder plus cone 

Biconic, i /d = 3 

Short inverse ogive, z/d = 2 

Inverse ogive, jljA = 3 

* tl A is the ratio of the nose length to major diameter. 

0.56 

0. 82 

1.00 

1. 11 

1.22 

1.08 

1.32 

1.28 

1.31 

1.03 

1.32 

Weight and Area Effect, f2(A) and f3(W) -- The No. 2 79 series of tests was conducted under 

closely controlled conditions, including very similar soil conditions. It appears that sufficient data 

are available to justify combining f„(A) and f„(W) into a single function, ff.(-A")* Figure 2 is a 

plot of impact velocity versus depth of penetration with all test conditions held constant, except 

that the vehicle weight and area are varied in the same ratio. It appears that the use of f (W/A) 

is reasonable. 

W/A Effect, fg(W/A) -- Figure 3 shows the effect of W/A on depth. Each data point is a 

composite or average of all tests meeting those conditions of W/A and velocity. With W/A plotted 

against depth, the slope on a log-log plot is approximately 1/2; therefore, it appears that 

f „(W/A) = (W/A) best describes the effect of W/A on depth of penetration. The curves of Figure 6 
3 demonstrate the fit of the test data to the empirically determined function for f (W/A). 

The development of (W/A) represents a significant deviation from the theories postulated 

in all previous analyses of earth penetration, such as the Petry and Poncelet formulations in which 

(W /A) was used. 

The effect of weight and area is: 

fJW/A) = (W/A)' 

i^(h) = (1/A)^ 

f3(W) = (W)^ 

(A) -h 
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Nose = 6.0 CRH 
Soil = dry lake bed, TTR 
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A = 22 .8 in. 2 

Depth - ft 

Figure 2, Effect of Varjdng Weight and Area in Same Ratio 

The Velocity Effect, f4(V) - - Since most soi ls considered in this analysis a r e ver t ica l ly 

homogeneous for only the top few feet, it i s not p rac t i ca l to hold the soi l function constant over 

the complete range of veloci t ies . The approach is to de termine the velocity effect for the low 

velocity ranj , during which the soi l function may be assumed constant , and then sepa ra t e ly de ter 

mine the velocity effect for the high velocity r ange . 

F igure 4 shows a plot of velocity v e r s u s depth over the low velocity r a n g e . The curve to 

best fit the data a p p e a r s i o be f (V) = C J n (1 + 2V lO" ), for an impact velocity of l e ss than 200 

feet per second. A break in the curve appears at about 200 feet per second, above which a second 

function of velocity must be used . The constant , C . , i s completely a r b i t r a r y . 

It is well known that the Main Dry Lake at TTR is a layered m a t e r i a l . Thus far in the 

analys is , only the top 10 feet of the lake have been cons idered . To de te rmine the high velocity-

effect, a p r e l imina ry set of soil constants was calculated and used to normal ize the data to that 

used in the low velocity part of the velocity effect function. F igure 5 shows the normal ized and 

actual data and the curve represen t ing the best data fit. The high velocity function appears to be 

C„(V - 100). The constant, C„, must be determined such that at an impact velocity of 200 feet 
2 ^ 

per second (the break between the low and high velocity ranges ) , the low and high velocity functions 

a re equal. 



Figure 3. W/A Effect on Depth of Pene t ra t ion 
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Figure 4, Low Velocity Effect 
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Figure 5. High Velocity Effect 



The velocity effect function, f.(V) is: 

f^(V) = C i n ( l + 2V^10'^), V < 200 feet per second, 

f (V) = C, (V - 100), V > 200 feet per second. 

The Effect of Soils, f5(S) -- It is recognized that fc(S) is a complicated function relating 

the various soil properties to some "index of penetrability. " Insufficient data are available at this 

time for the full development of the function, but the technique for that development is presented in 

Appendix B. 

After a penetration is conducted at a site, a soil constant, S, may be determined based on 

the equation developed in this report. Such a soil constant is an average, based on the entire path 

of penetration. Table III is a listing of the targets considered in this analysis, with a very general 

description of each, and the average soil constant for each type of soil or target. The single aver

age soil constant is quite adequate for homogeneous soil, but for layered soils, such as the Main 

Dry Lake at TTR, it is necessary to use different soil constants for each layer, as explained in 

Appendix C. 

Soil constants may be obtained in any of three methods: 

1. If a previous test has been conducted in the immediate area, then a soil constant 

may be calculated from that test, and that constant may then be used for future depth 

predictions in the same area, 

2. A soil constamt may be estimated if the soil properties and geology of the proposed 

test area are studied and compared to a similar area where a soil constant is 

already known. For example, the soil condition of the top few feet at Antelope 

(Ben's) Dry Lake at TTR is similar to that of the Main Dry Lake at TTR; therefore, 

the same soil constant could be used for the first depth prediction at Antelope Dry 

Lake. 

3. A soil constant could be calculated, by the method outlined in Appendix B, provided 

adequate dynamic soil properties could be obtained. 

At present, it is necessary to depend most heavily on methods 1 and 2, but it is hoped that, 

in the near future, method 3, outlined earlier, may be used. 

The Penetration Equation 

In summary, the functions developed thus far are: 

f,(N) = (Nose-Performance Coefficients, Table II) 

f2(A) = (A)"^ 



T A B L E III 

Code 

D L 

Si te 

T T R , M a i n 
D r y L a k e 

ST Sa l t , T a r g e t 
WSMR 

SC G r e a t Sal t 
L a k e D e s e r t , 
U t a h 

GY N o r t h r u p 
S t r i p , WSMR 

Dep th 
D e s c r i p t i o n (ft) 

C l a y e y s i l t , 0 - 8 
s i l t y c l a y , 
d e n s e , h a r d 

Sand , s i l t y , 8 -25 
v e r y d e n s e , 
d r y , c e m e n t e d 

S a n d , s i l t y , 
c l a y e y , v e r y 
d e n s e 

25 

C l a y , s i l t y , 0 - 1 . 6 

T a r g e t N o m e n c l a t u r e and Soi l C o n s t a n t s 
M e c h a n i c a l P r o p e r t i e s 

" N " U N C 0 C , e t W C a 
( B L S / f t ) ( K I P S / f t ) ( d e g ) (KSF) d ' s ( % / s e c ) Ib / f fS (%) (%) 

L L / P l 
(%) 

sof t , w e t , 
b r o w n 

1, 6' 

C l a y , s o f t , w e t , 0 - 1 5 
g r e y , v a r v e d , 
m e d i u m t o h i g h 
p l a s t i c i t y 

G y p s i t e , 0-10"^ 
s e l e n i t e , h a r d , 
m o i s t , v e r y 
h o m o g e n e o u s 

60 

180 

61 

20 

1 6 . 0 

1 6 . 0 

1 0 . 0 

0.5 
4.0 

0.6 

-
42 

25 

-
0.9 

0,2 

1 1 , 0 4 . 1 

2 .4 

1.7 

2 .0 

4. 5 

116 10 25 39/S 

122 37 

S a / S i / C l 
(%) 
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f3(W) = (W)^ 

f^(V) = C^in(l + 2V 10 ), V < 200 feet per second 

f^(V) = C^iY - 100), V > 200 feet per second 

f (S) = Soil constant, or function. 

The ratio between C and C„ must be adjusted so that the velocity terms are equal at 200 feet per 

second, but the value of either constant is arbitrary. If the value of C, is chosen to be 0. 53, then 

C is determined to be 0. 0031. The final form of the equation is: 

D = 0. 53SN(W/A)^in(l + 2V^10"^), V< 200 feet per second (8) 

D = 0. 0031SN(W/A)^(V - 100), V > 200 feet per second. (9) 

A preliminary check on the validity of an equation is to test the effect of varying the parame

ters on some known quality other than the one being calculated. In this case, the total depth is 

being calculated, but also the acceleration signature from most tests is available (References 7 

through 10) and maybe used as an experimental check. From elementary energy concept, 

FD = -i MV^. (10) 

If, m Newton's equation of motion, 

Mg - F = ma (1) 

the gravitational force is neglected, it is possible to combine Equations (10) and (1) to obtain 

Equation (9), for example, may then be used in Equation (11) to obtain 

2 
V 

p " 2(0,0031) S N V W 7 A ( V - 100) 
(12) 

From Equation (12), the following general observations may be made: 

1. As the impact velocity is increased, the average deceleration increases. 

2. As the vehicle weight is increased the average deceleration decreases. 

3. For large soil constants (corresponding to soft soil), the average deceleration is small. 

4. The more-pointed noses provide lower average decelerations. 

5. Increasing the area results in an increased average acceleration. 



References 7 through 10 show that each of the observations pertaining to Lquation (12) jo \ fj -

fled by experimental data. 

Figures 6 and 7 are nomograms based on Equations (8) and (9), and are in geut Val . i-i- i +t.-

use than equations. As an example of the use of the nomograms, assume an 8-inch-iiiatii. ti-i , -

h ide , weighing 300 pounds, and with a 9.25 CRH nose; the desired impact velocity it M>0 tjî -, .̂ nJ 

the target is a dry lake playa of clayey silt. From Table II the nose pei-fonnanc t ^-oelficJ.Mi JJ, i . 

found to be 1.11; and from Table III the soil constant, S, is found to be 5.2. For tht low Vfl(n itj 

range the nomogram in Figure 6 provides the greater accuracy. Beginning with the "vehicle diam

eter" of 8 inches, on the lower left vertical axis, and following the dashed line as shown ou figure 

6, the predicted depth of penetration is determined to be 12.7 feet. 

The development of the equation is based primarily upon obtaining an enipii-ical f qutttion whic h 

adequately fits the test data. Therefore, the questions are: "How well does the equation fit the 

data"? and Is the proposed equation significantly better than the currently used equation'^" Figure 

8 shows a fit of the TTR Main Dry Lake test data to a curve representing the Petry equation. Fig

ure 9 is a similar plot showing the data fit to the curve described by the proposed penetration depth 

prediction equation. The data plotted on Figure 9 were taken from the tests conducted at the TTR 

Main Dry Lake, and also from all tests listed in Table I and targets described in Table III. Based 

on these tests, the error in depth prediction exceeds 20 percent in 9 percent of the tests, and 2s p.rr-

cent in less than 1.5 percent of the tests . 

The data scatter in Figure 9 is well within the expected soil homogeneity of any natural earth 

target. Also, part of the data scatter is the result of errors in the data itself; for example, the 

velocity may be in error by ±5 percent, which would in turn induce a 3-percent error in the data 

fit. 

Recommendations for Future Work 

Since by far the least well-defined term in the depth prediction equation is the soil constant, 

or soil function, it is only natural that future work will be concerned primarily with the soil nself. 

Additional field tests must be conducted to determine the penetration resistance of several 

soils not yet investigated. The listing in Table III may then be extended, and, with the broadi r 

foundation of experimental results from which to work, it will be possible to estimate bettti a, ooil 

constant for any desired test site. During future field tests more emphasis must be placed ou ob

taining complete soil properties at each impact site, and on making detailed observations oi the 

effect on the soil as a result of the penetration event. 

The other area in which considerable effort must be expended is that of obtaining an expression 

to describe the soil function, or soil constant, in terms of the soil properties. An effort is already 

under way to develop equipment to obtain dynamic soil properties, and, as these soil properxies be

come available, the soil function may then be improved upon. 
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Figure 6. Low-Velocity-Penetration Nomogram 
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Figure 8. Data Fit to P e t r y Equation 
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Conclusions 

The proposed equation for the predict ion of depth of ea r th penetrat ion i s : 

D = 0. 53SN(W/A)^/n(l + 2V^10'^) , V < 200 feet per second 

D = 0. 0031SN(W/A)^(V - 100), V > 200 feet per second. 

The equation is expected to apply for all soils for which a soil constant is known or may be 

r(>asonably predic ted . Also, the above equation may be used for layered media , provided the soil 

constant for each layer is known. 

The accuracy of the proposed equation is most s t rongly dependent upon the accuracy with 

which the soil constant was determined, but for the t e s t s considered in this analysis the deviation 

between the predic ted and actual penetrat ion depths exceeded 20 percent on 9 percent of the t e s t s , 

and exceeded 25 percent on less than 1. 5 percent of the t e s t s . 
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APPIONDIK A 

DATA N O R M A L I Z A T I O N T l I 'HNIQT' !• 

It i s h igh ly i m p r a c t i c a l t o a t t e m p t to o b t a i n s u i i i c i e n t quan t i tK s of d a t a at a X'J ' > i»t • i ' 

c o n d i t i o n s . T h e r e f o r e , it i s n e c e s s a r y t o n o r m a l i z e t h e a v a i l a b l e d a t a t o a s t a n d a r d s e t of cci, 

d i t i o n s s o tha t one func t ion o r p a r a m e t e r m a y be s t u d i e d a t a t i m e . 

T h e P e t r y e q u a t i o n . 

P = W / A K log (1 + V / 2 1 5 , 000) , 

w h e r e : 

P = dep th , fee t 

K = s o i l c o n s t a n t 

V = i m p a c t v e l o c i t y , fee t p e r s e c o n d 

W = w e i g h t , p o u n d s 

A = a r e a , s q u a r e i n c h e s 

w a s u s e d t o n o r m a l i z e t h e d a t a on t h e f i r s t i t e r a t i o n in t h e d e t e r m i n a t i o n of f (N) . T h e P e t r y 

e q u a t i o n w a s s e l e c t e d b e c a u s e a t t h e b e g i n n i n g of t h i s a n a l y s i s i t w a s t h e m o s t a c c u r a t e dt p t h pre 

fiiction e q u a t i o n a v a i l a b l e . 

An e x a m p l e of n o r m a l i z e d d a t a i s T e s t N o . 2 7 9 - 4 , w h i c h d e v i a t e s f r o m t h e n o r m a l , o r 

s t a n d a r d , in t h a t t h e v e l o c i t y i s 113 feet p e r s e c o n d , i n s t e a d of 170 feet per ' s e c o n d , i ,et Bub-

s c r i p t s " a " and " n " r e f e r t o " a c t u a l " and " n o r m a l i z e d " v a l u e s : 

n 
270 

l o g 

log 

log 

log 

l o g 
P = 2 

n 
log 

1 + 

1 + 

1 + 

V 
n 

2T570OO, 
2 

V 
a 

2 1 5 , 0 0 0 

170 
2 1 5 , 0 0 0 

1 + 

1 + 

113 
2 1 5 , 0 0 0 

170 
2T5, 000, 

2 1 5 , 0 0 0 

= 4 . 2 6 ft. 



To minimize the error due to normalizing the data, only tests of moderate deviation from the 

standard were used in normalizing data. 

The Petry equation was used on the first iteration of each of the functions, and then on suc

cessive iterations the more exact equation as being developed was used. 
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APPENDIX B 

THE SOIL FUNCTION EXPRESSED IN TERMS (JI' SOU, PROPERTli ' . . 

To date, a lack of dynamic soil p rope r t i e s has prevented the development of a soil function in 

t e r m s of soil p rope r t i e s . However, tes t equipment is cu r r en t ly being developed under contract to 

Sandia Labora tory which should aid in the acquisi t ion of the n e c e s s a r y dynamic soil p r o p e r t i e s . The 

following technique, as first suggested by L. J. Thompson, P ro fe s so r of Soil Mechanics , Texas 

A & M Universi ty , is presented to demonst ra te how fundamental soil p rope r t i e s may be used to ex

p r e s s soil penetrabi l i ty . 

S = f(x^, Xg, Xg, x^. x^, . . . X.) = f(x.) , 

where 

X = cohesive s trength of the soi l 

x„ = angle of in ternal friction of the soi l 

X = apparent soil viscosi ty 

X = soil density or relat ive density with c r i t i ca l density used as re fe rence 

X = degree of sa turat ion of the soil 

X. = any other soil p rope r t i e s de termined to be of significance. 

The function of S can be expanded in a general ized T a y l o r ' s s e r i e s about a point. If t he r e a re only 

five p a r a m e t e r s or var iab les to be considered, the task becomes one of finding the equation of S 

in s ix-dimensional space . For very homogeneous m a t e r i a l s , the average soil p rope r t i e s may be 

used to determine the average value of S. For nonhomogeneous so i l s , the acce le ra t ion- t ime t r a c e 

may be used, by which the fo rce - res i s t ing penetrat ion through each increment of depth may he de

te rmined , thus providing an infinity of data points for solving the genera l function of S. 



The detailed procedure is to expand S in the generalized Taylor's series about a point "a" 

in the six-dimensional space to obtain the following relation, assuming that only the five soil 

properties given are significant: 

i=5 / \ 
f(x^, x^. Xg, x^, Xj.) = h(aj, ag, ag, a^, a^) + ^ < ' ' i " ^ i>(^^ at a^, a^, ag, a^, a^j 

1=5 j=5 

r7 7 > (x. - a.)(x. - a.) (r—3— •" STZ-/ Z ^ ^ ^ " ^̂  ^""i ' ^i {^^rST. *̂ ^ , ^2' ̂ 3' ̂ 4' 5̂ 

i=5 j=5 k=5 , 3 
1 V ^ V ^ V ^ ( ^ . ^ )(^^ . ^^)(^^ . ^^){lJa.t a^, a^, ag, a^, a^ + oT 7 > > (x. - a.)(x. - a.)(x, - a. )I , • , ; 

^ ' • ^ 4 ^ ^ 1 1 ] J k k \^ax.ax.axj^ 

where a. is equal to the value of x. at point a, and where h(a-, a„, a„, a., a^) is the value of 

f(x X x , X , X ) at a. The same form of an equation can be generated for points b, c, d, etc. 

The partial derivatives are the constants that must be evaluated to generate the necessary function. 

Enough data points must be taken to correspond to the number of unknown coefficients in the 

Taylor expansion and solve for these coefficients simultaneously, using a least-squares type of 

surface fitting procedure. 

Using the available static soil properties, the above technique may provide an approximation 

of the soil function. As dynamic soil properties beconae available, the solution may be greatly 

improved; but for the present, and perhaps for the next few years, experimentally determined soil 

constants must be used. 



APP1' :NDIX t 

DEPTH PREDICTION IN A 1 A"̂ } HI h -•()ii 

To use Equations (8) and (9) d i rec t ly , it must be at-sunitd tUj.t the noil i ouoc in .̂. .-> la •. c ;., 

or that an average soil constant is used. Depth of penetra t ion into layer-t d suiis t ui he pr, .lit ted, 

however, if the equatit^ns a re used for each layer individually, l i g u r e C~l shovv^ M heiricU ^^nl -• a 

layered soil into which the depth of penetrat ion may be predic ted , and shows the soil \-r r t ie i p ro 

file in t e r m s of the soil constants . An example of the depth prechction technique ioUd.i s. 

1. Assume the soil has th ree layers with soil constants S S , , and s . Thi i.'.j[\i> r ^ , 'jw n\ 

is V , and is assumed to be g rea t e r than 200 fps. 'I'he i'ii-st s tep in th^- uii iljSi^ i-. to ippE, 

Equation (9) direct ly, using the impact velocity V and soil constant S . 

2. The depth predicted in step 1 is only a hypothetical depth, to be indicated l;i j pi ii,,i .i 

symbol. By using the depth, D , it is possible to de te rmine the velocity at r. \-hit n is 

the interface between soil S and soil S (see Figure C-1). The velocity V.̂  is calculated 

as follows: 

Vj = 2a^ D ; 

^ = V ^ / 2 D ; 

^1 - ^2 = '-1 ^1 

Vl-Vl- 2a^ D^ 

V 2 = y 2 a ^ ( D ; - D ^ ) = = ' ' l 1 

/ D" 

/ ' - n' 
T 1 

Depending upon whether V„ is l e s s or g rea t e r than 200 tect per second, Eiiuaiion (8) or 

(9) may again be applied, using V„ as the velocity and soil constant S . The depth dt -

t e rmined by Equation (8) or (9) must be added to D to give the new hypotlK tit ai dt pth 

D which is then used to de termine V : 

v l - 2 a 2 ( D ; - D , ) 

V^ ^2 
2 " 2 ( D ; - D^) 

^ 2 " ^ 3 = 2 a 2 ( D 2 - D ^ ) 

-I 
^3= V ' - 2 ( ° 2 



4. Again, either Equation (8) or (9) may be applied, depending on whether V is less than or 

greater than 200 feet per second, using V_ as the impact velocity, and soil constant S . 

The depth as determined must be added to D„ to give the final depth of penetration D . 
^ t 

Obviously this technique may be applied to any number of layers, provided the soil constant 

of each is known. In general, for deep penetrations through several layers, an average constant 

encompassing all layers is adequate. For only two or three layers of soil of radically different 

soil properties (such as the Salt Target at WSMR and the Main Dry Lake at TTR), the above tech

nique provides a considerably more accurate depth prediction than that obtained by using a single 

average soil constant. 

Test No. 279-30 will be used to demonstrate the method of depth prediction for layered soils. 

Step 1 

V, 

Step 2 Step 3 
/Soil surface 

D, 

D„ 

D' , 

D , 

D ' , .J 

t 
Q 

That portion of depth 
being determined in 
each step 
Hypothetical portion of 
depth calculation 

Actual depth 

Legend: V = Velocity at depth, D . 

S = Soil constant; "n" is the layering 

D = Depth, actual 

D' = Depth, hypothetical 

Figure C-1. Depth of Penetration Prediction for Layered Soils 



For each layer , the average soil constants a r e 40 and 6. 5 for the soft top layer and ha rder 

subsurface layer , respect ively . It is a lso known that the top soft layer extends down to about 20 

inches below grade . The vehicle and tes t p a r a m e t e r s a r e : 

V = 173 fps 

N = 1.11 (9. 25 CRH) 

W/A = 10 ps i . 

Equation (8) may be applied to obtain D : 

D ' = 0 . 5 3 S N ( ^ ] f n ( l + 2V' '10 '^) 
^ . 2 -5 

f n ( l + 2V 10 1 

= 0. 53(40)(1. 11)(10)^ in(l + 2 [ l73]^ l o ' ^ ) 

= 35 ft. 

The final depth is then calculated as : 

v.= v , i - ^ 
2 l - i / D 

= 168 fps 

D = D^ + 0 . 5 3 S N ( ^ r / n ( l + 2V^10"^) 

= ^ + 0.53 (6.5) (1 . 11) (10)^ ' in(1 + 2 [168]^ lO"^) 

= 1.67+ 5.4 = 7.07 ft. 

Measured depth = 6 . 4 ft. 

Deviation = ('''• °^ ' 6-^^ (loo) = 9 .3% 
b. 4 
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