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ABSTRACT 

The space e x p l o r a t i o n  program of the  Uni ted S t a t e s  h a s  c r e a t e d  a  need 

f o r  a b e t t e r  u n d e r s t a n d i n g  of how s o i l s  behave under impact  l o a d i n g .  The pur-  

pose of t h i s  i n v e s t i g a t i o n  i s  t o  p r e s e n t  and a n a l y z e  exper imenta l  impact  d a t a  

which were d e r i v e d  from t h e  p a s t  f i v e  y e a r s  of t e s t i n g .  

P r i o r  t o  t h i s  i n v e s t i g a t i o n ,  over  15 i n v e s t i g a t o r s  have been invo lved  

w i t h  a  program on s o i l  impact a t  The U n i v e r s i t y  o f  Texas.  A b r i e f  review o f  

each i n v e s t i g a t i o n  i s  p r e s e n t e d .  

During t h e  c o u r s e  of t h i s  s t u d y ,  approximately  175  impact t e s t s  were 

performed by t h e  a u t h o r .  The r i g i d  p r o j e c t i l e s  c o n s i s t e d  o f  wedges, c y l i n d e r s ,  

s p h e r e s ,  and cones .  The p r o j e c t i l e  we igh t s  v a r i e d  from approx imate ly  40 t o  

130 l b s .  The a n g l e  of p r o j e c t i l e  impact  v a r i e d  between 10 and 90 d e g r e e s  from 

t h e  h o r i z o n t a l  s o i l  s u r f a c e .  H o r i z o n t a l  and v e r t i c a l  components o f  t h e  i m -  

p a c t i n g  v e l o c i t i e s  ranged from 0  t o  20 f p s  and 1 0  t o  30 f p s ,  r e s p e c t i v e l y .  

The a u t h o r  conducted approx imate ly  50 impact t e s t s  f o r  t h e  purpose  of 

e v a l u a t i n g  p r o j e c t i l e  edge e f f e c t  e q u a t i o n s  and s o i l  p r e s s u r e  e q u a t i o n s  which 

were developed by D .  R .  Reichmuth i n  a n  e a r l i e r  s t u d y  a t  The U n i v e r s i t y  of 

Texas. 

Approximately 125 v e r t i c a l  impact  t e s t s  were  conducted by t h e  a u t h o r  

f o r  t h e  purpose  of o b t a i n i n g  i n f o r m a t i o n  on t h e  response  c h a r a c t e r i s t i c s  o f  

sands  when s u b j e c t e d  t o  impact load ing  w i t h  c o n i c a l  p r o j e c t i l e s  having 60 

degree  apex a n g l e s .  The t a r g e t  m a t e r i a l s  were composed o f  a  uniformly 

graded sand and a  we l l -g raded  sand .  The sands  were p repared  i n  two s t a t e s  

of  d e n s i t y  and m o i s t u r e  c o n t e n t  t o  encompass a  wide range  of n a t u r a l l y  

o c c u r r i n g  s o i l  c o n d i t i o n s .  It  was found t h a t  t h e  peak s o i l  f o r c e ,  exper ienced  

dur ing  impac t ,  could  be r e p r e s e n t e d  by the  p roduc t  o f  t h e  u n i t  we igh t  of s o i l ,  

i n i t i a l  momentum of t h e  cone,  and a  p r o p o r t i o n a l i t y  c o n s t a n t  K ,  Values of K 



a r e  c a l c u l a t e d  f o r  each ok t h e  two weigh t s  of cones and t a r g e t  m a t e r i a l s .  

For s i m i l a r  s t a t e s  o f  s o i l  d e n s i t y  and m o i s t u r e  c o n t e n t  t h e  t e s t s  on uniformly- 

and wel l -g raded  sands  y i e l d e d  K v a l u e s  o f  s i m i l a r  magnitude,  wliich i n d i c a t e s  

t h a t  p o s s i b l y  t h e s e  K v a l u e s  a r e  r e p r e s e n t a t i v e  f o r  sands  o t h e r  t h a n  t h o s e  

u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  

I n  a d d i t i o n  t o  t h e  a n a l y s e s  which a r e  performed by t h e  a u t h o r  on t h e  

175 impact t e s t s ,  t h e  d a t a  from approx imate ly  75 v e r t i c a l  impact  t e s t s  from 

p r e v i o u s  i n v e s t i g a t i o n s  a t  The U n i v e r s i t y  o f  Texas a r e  ana lyzed .  Values of 

K a r e  o b t a i n e d  f o r  v a r i o u s  types  o f  p r o j e c t i l e  shapes  and w e i g h t s ,  and a l s o  

a  wide range o f  t a r g e t  m a t e r i a l s .  These v a l u e s  of K a l o n g  w i t h  t h o s e  de -  

r i v e d  from t h e  a u t h o r ' s  cone impact t e s t s  p r o v i d e  t h e  i n f o r m a t i o n  n e c e s s a r y  

f o r  p r e d i c t i n g  peak s o i l  f o r c e s  under a  broad range  o f  impact c o n d i t i o n s .  

A comparison s t u d y  i s  made o f  t h e  peak s o i l  f o r c e s  developed d u r i n g  

impact  and t h e  f o r c e s  o b t a i n e d  from s t a t i c  l o a d  t e s t s .  The r a t i o s  o f  peak 

impact  f o r c e s  t o  s t a t i c  f o r c e s  were found t o  be approximately  2 . 5  f o r  t e s t s  

on s i l t  and c l a y s .  The f o r c e  r a t i o s  f o r  t e s t s  on sands  were i n  most c a s e s  

w e l l  over  100.  

A rev iew i s  made of t h e  e f f e c t  o f  t h e  r a t e  o f  load  a p p l i c a t i o n  upon 

t h e  s o i l  s t r e n g t h  p r o p e r t i e s  of cohesion and of a n g l e  of i n t e r n a l  f r i c t i o n .  

A d i s c u s s i o n  of f a i l u r e  modes o c c u r r i n g  benea th  dynamical ly  loaded f o o t i n g s  

i s  a l s o  p r e s e n t e d .  
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cohesive s o i l  s t r e n g t h  

p r o j e c t i l e  width (5 ,5  i n . ,  11 i n .  o r  16.5 i n . )  

v e r t i c a l  pene t r a t ion  of p r o j e c t i l e  t i p  beneath s o i l  s u r f a c e  

peak s o i l  fo rce  developed dur ing  v e r t i c a l  impact 

a c c e l e r a t i o n  of  g rav i ty  

empir ica l  c o e f f i c i e n t  which r e l a t e s  t he  peak s o i l  fo rce  
t o  w 
edge e f f e c t  cons tan t  

mass of p r o j e c t i l e  

v e l o c i t y  when p r o j e c t i l e  i s  r e s t r i c t e d  t o  v e r t i c a l  motion 

h o r i z o n t a l  v e l o c i t y  of p r o j e c t i l e  

v e r t i c a l  v e l o c i t y  of p r o j e c t i l e  

angular  v e l o c i t y  of p r o j e c t i l e  
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angle  of p r o j e c t i l e  impact 
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ang le  of i n t e r n a l  f r i c t i o n  

s e e  Appendix A f o r  t e s t  nomenclature and s i g n  conventions 
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C H A P T E R  I 

I N T R O D U C T I O N  

During t h e  p a s t  f o r t y  y e a r s  a  v a s t  amount o f  e n g i n e e r i n g  knowledge 

h a s  been o b t a i n e d  concern ing  t h e  behav ior  o f  s o i l .  Although t h e  importance 

o f  t h e  dynamic behavior  o f  s o i l  h a s  been recognized  f o r  y e a r s ,  major concen- 

t r a t e d  e f f o r t s  toward an  u n d e r s t a n d i n g  o f  s o i l  dynamics have o n l y  been made 

w i t h i n  t h e  p a s t  twenty y e a r s .  T h i s  l a t e  development can p r i n c i p a l l y  be a t -  

t r i b u t e d  t o  t h e  complex n o n l i n e a r  load-deformat ion c h a r a c t e r i s t i c s  e x h i b i t e d  

by s o i l .  

S i n c e  sys tems i n  which o n l y  s t a t i c  l o a d i n g  c o n d i t i o n s  e x i s t  a r e  l e s s  

complex t h a n  t h e i r  c o u n t e r p a r t s  w i t h  dynamic l o a d s ,  t h e s e  sys tems have been 

s t u d i e d  f i r s t  and a r e  a  p r e r e q u i s i t e  f o r  t h e  u n d e r s t a n d i n g  o f  dynamic s o i l  

behav ior .  

S t r i c t l y  speak ing  i t  i s  n o t  p o s s i b l e  t o  s e p a r a t e  t h e  s t a t i c  and 

dynamic behav ior  o f  s o i l  s i n c e  a l l  sys tems i n  r e a l i t y  i n v o l v e  some r a t e  of 

l o a d  a p p l i c a t i o n .  It i s  customary t o  d e l i n e a t e  between s t a t i c  and dynamic 

s o i l  behav ior  on  t h e  b a s i s  o f  t h e i r  importance t o  t h e  system. ~ i c h a r t ~ '  has  

s t a t e d  t h e  f o l l o w i n g :  "A dynamical ly  loaded f o u n d a t i o n  i s  one f o r  which t h e  

e f f e c t  o f  r a t e  o f  l o a d i n g  i n t r o d u c e s  s i g n i f i c a n t  d i f f e r e n c e s  between t h e  

a c t u a l  d i sp lacements  and f a i l u r e  c o n d i t i o n s  and t h o s e  which might be com- 

pu ted  by c o n v e n t i o n a l  s t a t i c  procedures ."  

OBJECTIVE 

T h i s  i n v e s t i g a t i o n  was under taken  t o  o b t a i n  i n f o r m a t i o n  t h a t  would 

be u t i l i z e d  by t h e  Na t iona l  Aeronau t ics  and Space A d m i n i s t r a t i o n  f o r  t h e  pur-  

pose  o f  d e s i g n i n g  p r o t o t y p e  impact t e s t i n g  programs. The p r i n c i p a l  o b j e c t i v e  



was t o  de te rmine  t h e  behavior  o f  s o i l s  under impact Loading c o n d i t i o n s .  An 

a t t e m p t  h a s  been made t o  a t t a i n  t h i s  o b j e c t i v e  by performing f i e l d  impact  

s t u d i e s  u s i n g  a  broad range  o f  s o i l  types  and p r o j e c t i l e  c o n f i g u r a t i o n s .  I n  

a d d i t i o n  t o  t h i s  t e s t i n g ,  t h e  d a t a  o b t a i n e d  from t h e  p r e v i o u s  f o u r  y e a r s  o f  

f i e l d  and l a b o r a t o r y  t e s t i n g  have  been ana lyzed  and c o r r e l a t e d  w i t h  t h e  r e s u l t s  

d e r i v e d  from t h i s  i n v e s t i g a t i o n .  

SCOPE OF INVESTIGATION 

The scope  of t h i s  i n v e s t i g a t i o n  encompasses t h e  behav ior  of s o i l -  

p r o j e c t i l e  sys tems which may be c l a s s i f i e d  a s  " s u r f a c e  impact systems".  A l l  

o f  t h e  p r o j e c t i l e s  u t i l i z e d  i n  t h i s  and p rev ious  i n v e s t i g a t i o n s  a t  The 

U n i v e r s i t y  o f  Texas were e s s e n t i a l l y  r i g i d  and no a t t e m p t  has  been made t o  

model t h e  de format ion  c h a r a c t e r i s t i c s  o f  a c t u a l  s p a c e c r a f t .  T h i s  i n v e s t i -  

g a t i o n  i s  composed of t h e  f o l l o w i n g  f o u r  phases .  

(1) Phase  1 c o n s i s t s  o f  a  b r i e f  review of t h e  p rev ious  i n v e s t i g a t i o n s  

which were p a r t  o f  a  program on s o i l  impact a t  The U n i v e r s i t y  o f  Texas d u r i n g  

t h e  p a s t  f o u r  y e a r s .  These i n v e s t i g a t i o n s  c o n s i s t e d  o f  impac t ing  p r o j e c t i l e s  

h a v i n g  s p h e r i c a l ,  f l a t ,  c y l i n d r i c a l ,  and c o n i c a l  s t r i k i n g  s u r f a c e s  on  s a n d s ,  

c l a y s ,  and s i l t .  The p r o j e c t i l e  we igh t s  ranged from approx imate ly  1 t o  150 

l b s .  The h o r i z o n t a l  and v e r t i c a l  components o f  t h e  impact v e l o c i t i e s  were  

v a r i e d  from 0  t o  30 f p s  and from 6 t o  35 f p s ,  r e s p e c t i v e l y .  

(2) During t h e  second phase  t h e  a u t h o r  conducted approx imate ly  175 

impact t e s t s .  Approximately 50 o f  t h e s e  t e s t s  were conducted f o r  t h e  purpose  

o f  e v a l u a t i n g  t h e  edge e f f e c t  e q u a t i o n s  and s o i l  f o r c e  p r e d i c t i o n  e q u a t i o n s  

19 
which were e m p i r i c a l l y  d e r i v e d  by Reichmuth e t  a 1  . 

Approximately 125 t e s t s  were performed t o  o b t a i n  d a t a  on  t h e  be- 

h a v i o r  o f  sands  under v e r t i c a l  impact of two cones having 60 degree  apex 



angles ,  The i n i t i a l  impact v e l o c i t i e s  of t he  cones were va r i ed  between 10 

and 25 f p s .  The cone weights were 43.0 and 129.5 l b s .  The t a r g e t  ma te r i a l s  

cons is ted  of two types of sand which were placed iii a  t e s t  p i t  a t  var ious  

d e n s i t i e s  and moisture con ten t s .  A method, based on r e s u l t s  from the  cone 

impact t e s t s ,  i s  presented f o r  p r e d i c t i n g  peak s o i l  forces  experienced dur- 

i n g  v e r t i c a l  impact. A method i s  a l s o  given f o r  p r e d i c t i n g  f i n a l  cone pene- 

t r a t i o n s  i n  sand. 

( 3 )  I n  phase 3  analyses  a r e  made of v e r t i c a l  impact da t a  obta ined  

from previous i n v e s t i g a t i o n s  a t  The Univers i ty  of Texas. A method is  given 

f o r  p r e d i c t i n g  peak s o i l  forces  developed during v e r t i c a l  impact of cones, 

cy l inde r s ,  spheres ,  and f l a t  p l a t e s  on sands,  c l ays ,  and s i l t .  

( 4 )  A b r i e f  review of t he  e x i s t i n g  l i t e r a t u r e  on the  e f f e c t  of r a t e  

of load a p p l i c a t i o n  on s o i l  cohesion and angle of i n t e r n a l  f r i c t i o n  i s  pre-  

sen ted  i n  phase 4  a long  wi th  a discuss ion  of  cu r r en t  knowledge concerning 

f a i l u r e  modes beneath dynamically loaded foot ings .  



CHAPTER 11 

REVIEW OF THE UNIVERSITY OF TEXAS IMPACT STUDIES 

Space e x p l o r a t i o n  by t h e  Uni ted S t a t e s  has  g i v e n  r i s e  t o  t h e  need 

f o r  i n f o r m a t i o n  concern ing  t h e  behav ior  o f  s p a c e c r a f t  when l a n d i n g  on s o i l .  

The impact t e s t i n g  program a t  The U n i v e r s i t y  o f  Texas began i n  1963 

and has  been o r i e n t e d  toward t h e  c o l l e c t i o n  o f  exper imenta l  d a t a  which would 

a i d  i n  d e f i n i n g  t h e  dynamic behavior  o f  s o i l s  under v a r i o u s  types  o f  p r o j e c -  

t i l e  impact c o n d i t i o n s .  Although t h e  pr imary purpose  o f  t h e  program was t o  

de te rmine  t h e  dynamic behav ior  o f  s o i l s ,  a  number o f  s t a t i c  t e s t s  were a l s o  

performed. The purpose  o f  t h i s  c h a p t e r  i s  t o  b r i e f l y  d e s c r i b e  and d i s c u s s  

t h e  p r e v i o u s  i n v e s t i g a t i o n s  which were p a r t  o f  t h e  impact program. 

No a t t e m p t  was made t o  model t h e  de format ion  c h a r a c t e r i s t i c s  o f  a c t u a l  

s p a c e c r a f t .  R ig id  p r o j e c t i l e s  were s e l e c t e d  f o r  t h e  i n v e s t i g a t i o n  s i n c e  t h e  

pr imary purpose  was t o  d e f i n e  s o i l  behav ior  under impact l o a d i n g  and n o t  t o  

d e f i n e  s o i l - s t r u c t u r e  i n t e r a c t i o n  under impact c o n d i t i o n s .  

The program can c o n v e n i e n t l y  be d i v i d e d  i n t o  t h e  f o l l o w i n g  t h r e e  

g e n e r a l  c a t e g o r i e s :  

(1) V e r t i c a l  motion o f  f o u n d a t i o n  e lements ,  

(2 )  H o r i z o n t a l  motion o f  founda t ion  e lements ,  

(3)  Combined v e r t i c a l  and h o r i z o n t a l  motion o f  founda t ion  e lements .  

The f o u n d a t i o n  e lements  were s p h e r i c a l  segments,  cones ,  c y l i n d e r s ,  and f l a t  

p l a t e s  t h a t  were u t i l i z e d  t o  a p p l y  e i t h e r  s t a t i c  o r  impact  l o a d i n g s  t o  t h e  

s o i l .  P r o j e c t i l e  a c c e l e r a t i o n s  were measured w i t h  a c c e l e r o m e t e r s  and t h e  

a c c e l e r a t i o n - t i m e  h i s t o r i e s  were recorded  on o s c i l l o s c o p e s .  The a c c e l e r a t i o n -  

t ime  d a t a  were reduced by numer ica l ly  i n t e g r a t i n g  once t o  o b t a i n  t h e  v e l o c i t y -  

t ime  h i s t o r y ,  and a g a i n  t o  y i e l d  t h e  p e n e t r a t i o n - t i m e  h i s t o r y .  



VERTICAL M O T I O N  

The e a r b y  impact s t u d i e s  a t  The U n i v e r s i t y  o f  Texas were r e s t r i c t e d  

t o  v e r t i c a l  mot ion o f  t h e  founda t ion  e lements .  The i n v e s t i g a t i o n s  which i n -  

volved p redomina te ly  impact t e s t s  a r e  l i s t e d  under t h e  impact t e s t  s e c t i o n  and 

t h o s e  which were composed mainly of s t a t i c  l o a d i n g s  a r e  l i s t e d  under t h e  s t a t i c  

t e s t  s e c t i o n .  

Impact T e s t s  

The f i r s t  s e r i e s  o f  impact t e s t s  were  performed by Reese e t  a l l8  f o r  

t h e  purpose  o f  deve lop ing  some concep ts  which would be u s e f u l  f o r  p r e d i c t i n g  

t h e  behavior  o f  t h e  Apollo space  c a p s u l e  d u r i n g  impact on s o i l .  

The problem was approached through t h e  use  o f  s i m i l i t u d e .  Three  

s c a l e  models (1164, 1 /32,  114 s c a l e )  o f  t h e  Apollo c a p s u l e  were dropped o n  

p repared  beds o f  compacted Montopolis  S i l t .  No a t t e m p t  was made t o  model 

t h e  s o i l  p r o p e r t i e s  and,  t h e r e f o r e ,  d i s t o r t i o n  o f  t h e  model was i n t r o d u c e d  

i n t o  t h e  exper imenta l  d e s i g n .  To check t h e  e f f e c t  o f  d i s t o r t i o n  upon t h e  

dependent v a r i a b l e  ( s o i l  f o r c e )  t h e  1 /64  and 1/32 s c a l e  models were u t i l i z e d .  

The 1/32 s c a l e  model was assumed t o  be t h e  p r o t o t y p e  and t h e  s m a l l e r  p r o j e c -  

t i l e  (1164) t h e  s c a l e  model. T e s t s  were t h e n  performed a t  t h e  impact v e l o c i -  

t i e s  r e q u i r e d  f o r  s i m i l a r i t y .  The measured response  of t h e  p r o t o t y p e  and t h e  

p r e d i c t e d  r e s p o n s e  from measurements on  t h e  model were i n  c l o s e  agreement. 

Although t h e  d i s t o r t i o n  o f  t h e  P i  t e rms ,  i n  t h e  Theory of S i m i l i -  

t u d e ,  t h a t  c o n t a i n  t h e  chosen s o i l  p r o p e r t i e s  was n o t  s i g n i f i c a n t  f o r  a  

s c a l e  r a t i o  o f  E/2, t h e  e f f e c t  may be s u b s t a n t i a l  a s  t h e  s c a l e  r a t i o  becomes 

s m a l l e r .  It i s  u n f o r t u n a t e  t h a t  t e s t s  were n o t  conducted so  t h a t  t h e  1 /64  

and 114 s c a l e  models could  be used t o  check t h e  d i s t o r t i o n  caused by u s i n g  

t h e  same s c i b .  T h i s  would have provided v a l u a b l e  i n f o r m a t i o n  on whether one 



i s  j u s t i f i e d  i n  not  model ing t h e  s o i l  f o r  l a r g e r  r anges  o f  s c a l i n g .  However, 

t h e  r e s u l t s  do show t h a t  t h e  u s e  o f  d imensional  a n a l y s i s  and modeling have 

promise  a s  a  method o f  p r e d i c t i n g  t h e  behav io r  o f  s p a c e c r a f t  l a n d i n g  on s o i l .  

E x t r a p o l a t i o n  o f  t h e  obse rved  behav io r  of  t h e  s m a l l - s c a l e  p r o j e c t i l e s  

was s u g g e s t e d  a s  a n o t h e r  method f o r  p r e d i c t i n g  t h e  behav io r  o f  t h e  p r o t o t y p e .  

Equa t ions  1 and 2 were  e m p i r i c a l l y  d e r i v e d  by Reese from t h e  exper imenta l  

t e s t  r e s u l t s  and were  g i v e n  a s  methods o f  p r e d i c t i n g  t h e  s l o p e  o f  t h e  r is -  

i n g  p o r t i o n  o f  t h e  s o i l  f o r c e - p e n e t r a t i o n  c u r v e  ( I )  and t h e  maximum s o i l  

f o r c e  (Fc) ,  r e s p e c t i v e l y ,  

The v a r i a b l e s  a p p e a r i n g  i n  t h e  above e q u a t i o n s  a r e  d e f i n e d  a s  f o l l o w s :  

I = I n i t i a l  modulus o f  f o r c e - p e n e t r a t i o n  c u r v e  ( l b / i n . ) ,  

R = Radius  of  s t r i k i n g  s u r f a c e  ( i n . ) ,  

2 M = Mass o f  p r o j e c t i l e  ( l b - s e c  / i n . ) ,  

" i = I n i t i a l  impact  v e l o c i t y  ( i n .  / s e c )  , 

F = Maximum s o i l  f o r c e  ( l b ) .  
C 

The v a l u e s  p r e d i c t e d  by Eqs 1 and 2 were  compared w i t h  e x p e r i m e n t a l  r e s u l t s  

and t h e  agreement was w i t h i n  15 p e r c e n t  f o r  most c a s e s .  

S t a t i c  l o a d  t e s t s  were  conducted u s i n g  t h e  same t e s t  v e h i c l e s  t h a t  

were  u t i l i z e d  i n  t h e  impact  phases .  The s t a t i c  f o r c e - p e n e t r a t i o n  c h a r a c t e r -  

i s t i c s  were found t o  be c o n s i d e r a b l y  d i f f e r e n t  from t h e  dynamic c h a r a c t e r i s -  

t i c s .  I t  was concluded t h a t  s t a t i c  l o a d  t e s t s ,  o r  s t a t i c  s t r e n g t h  pa ramete r s ,  

such a s  cohes ion  ( c )  and a n g l e  of i n t e r n a l  f r i c t i o n  ( could  no t  be used 

t o  d i r e c t l y  p r e d i c t  s o i l  behav io r  d u r i n g  impact .  



Poor e t  a l l 6  performed a  s e r i e s  o f  v e r t i c a l  drop t e s t s  on a p a r t i a l l y  

s a t u r a t e d  sandy c l a y  Located i n  a t e r r a c e  o f  t h e  Colorado R i v e r .  Unl ike  t h e  

18 
e a r l i e r  t e s t s  o f  Reese e t  a 1  , t h e  d rop  t e s t s  were  conducted i n  t h e  f i e l d  on 

u n d i s t u r b e d  s o i l .  The p r o j e c t i l e  s t r i k i n g  s u r f a c e  geomet r i e s  i n c l u d e d  c o n i c a l ,  

s p h e r i c a l ,  and f l a t  s u r f a c e s .  

Two methods,  s i m i l a r  t o  t h o s e  proposed by Reese,  were  proposed f o r  

p r e d i c t i n g  t h e  behav io r  of  p r o j e c t i l e s  d u r i n g  impact.  The f i r s t  method was 

based on t h e  Theory o f  S i m i l i t u d e  f o r  dynamic s i m i l a r i t y .  Two c a s e s  were 

chosen t o  i l l u s t r a t e  t h e  d i s t o r t i o n  caused by u s i n g  t h e  same s o i l  f o r  both  

t h e  model and p r o t o t y p e  t e s t s ,  The f i r s t  c a s e  invo lved  t h e  u s e  o f  p r o j e c t i l e s  

h a v i n g  w e i g h t s  o f  8 and 64 l b s  w i t h  s p h e r i c a l  r a d i i  o f  5 and 10 i n . ,  r e s p e c -  

t i v e l y .  The l a r g e r  p r o j e c t i l e  was assumed t o  be t h e  p r o t o t y p e  w h i l e  t h e  smal-  

l e r  p r o j e c t i l e  was c o n s i d e r e d  t o  be t h e  model. The comparison o f  p r e d i c t e d  

and obse rved  maximum f o r c e s  y i e l d e d  e r r o r s  o f  approx imate ly  50 p e r c e n t .  A 

s i m i l a r  compar ison was made u s i n g  16  and 128 l b  p r o j e c t i l e s  w i t h  r a d i i  o f  5 

and 10 i n . ,  r e s p e c t i v e l y .  The maximum f o r c e  v a l u e s  p r e d i c t e d  by s i m i l i t u d e  

were  approx imate ly  t w i c e  t h e  exper imenta l  v a l u e s .  

The r e s u l t s  have shown t h a t  t h e  u s e  of  t h e  same s o i l  f o r  model and 

p r o t o t y p e  t e s t s  i n t r o d u c e s  a  s i g n i f i c a n t  amount o f  e r r o r .  

The second method was based on t h e  obse rved  behav io r  o f  t h e  p r o j e c -  

t i l e s ,  E q u a t i o n s  3 through 6 were developed from a  l e a s t  s q u a r e  a n a l y s i s  o f  

t h e  e x p e r i m e n t a l  d a t a .  

Cone 



Sphere  

The v a r i a b l e s  a p p e a r i n g  i n  t h e  above e q u a t i o n s  a r e  d e f i n e d  a s  f o l l o w s :  

E = Modulus of  de fo rmat ion  ( l b l i n . ) ,  
d ( c , p , s )  

r = Radius  o f  p l a t e  ( i n . ) ,  

R = S p h e r i c a l  r a d i u s  ( i n .  ) , 

f  = Maximum s o i l  f o r c e  ( l b ) ,  
S 

M = P r o j e c t i l e  mass ( l b - s e c 2 / f t ) ,  

V .  = I n i t i a l  impact  v e l o c i t y  ( f p s ) .  
1 

The e q u a t i o n s  f i t  t h e  exper imenta l  d a t a  r e a s o n a b l y  w e l l ;  however, i t  

was s u g g e s t e d  t h e y  n o t  be used t o  p r e d i c t  t h e  behav io r  o f  l a r g e r  s c a l e  pro- 

j e c t i l e s .  The r e s u l t s  from s e v e r a l  l a r g e r  s c a l e  t e s t s  would h e l p  t o  more 

c l e a r l y  d e f i n e  t h e  l i m i t a t i o n s  o f  t h e  e q u a t i o n s .  

1 
Awoshika and Cox a p p l i e d  s i m i l i t u d e  p r i n c i p l e s  t o  a  s e r i e s  o f  v e r t i c a l  

d rop  t e s t s  on Ottawa and Colorado River  Sand. The sands  were  p l a c e d  i n  l o o s e  

and dense  s t a t e s .  The m o i s t u r e  c o n t e n t  was a l s o  v a r i e d  s o  t h a t  t h e  sands  were  

u t i l i z e d  i n  n e a r l y  d r y  and s a t u r a t e d  s t a t e s .  The p r o j e c t i l e s  were r i g h t  c i r c u -  

l a r  cones  hav ing  60 d e g r e e  apex a n g l e s ,  w i t h  we igh t s  of  43.0  and 129 .5  l b s .  

The 1 2 9 . 5  l b  cone was assumed t o  be  t h e  p r o t o t y p e  and t h e  43.0 l b  model r e s u l t s  

were  u t i l i z e d  t o  p r e d i c t  t h e  behav io r  o f  t h e  p r o t o t y p e .  Even though t h e  same 



s o i l  was used f o r  t h e  rnod.el and p r o t o t y p e  t e s t s ,  t h e  agreement between peak 

a c c e l e r a t i o n s  and f i n a l  p e n e t r a t i o n s  was good f o r  each o f  t h e  t h r e e  s t a t e s  

of t h e  two sands .  It shou ld  be emphasized t h a t  t h e  r e s u l t s  i n d i c a t e  agree -  

ment f o r  r e l a t i v e l y  s m a l l  s c a l e  f a c t o r s  and f o r  t e s t s  i n v o l v i n g  l a r g e r  s c a l e  

f a c t o r s  t h e  d i s t o r t i o n  i n t r o d u c e d  by u s i n g  t h e  same s o i l  may become p r o h i -  

b i t i v e .  

33 
Womack and Cox developed a  s o i l  pene t romete r  h a v i n g  a  f l a t ,  c i r c u l a r  

f o o t  approx imate ly  one s q u a r e  i n c h  i n  a r e a  and a  weight  o f  5.384 l b s .  The 

i n i t i a l  impact  v e l o c i t y  was h e l d  c o n s t a n t  a t  approx imate ly  15 f p s .  The t a r g e t  

m a t e r i a l s  c o n s i s t e d  o f  g r a v e l s ,  s a n d s ,  and c l a y .  The c h a r a c t e r i s t i c  f o r c e -  

p e n e t r a t i o n  c u r v e  g e n e r a l l y  e x h i b i t e d  a  s h a r p  r i s e  i n  f o r c e  which was fol lowed 

by a  r a p i d  d e c r e a s e  t o  a  f o r c e  p l a t e a u .  The s p i k e  p o r t i o n  o f  t h e  c u r v e  was 

o f  ex t remely  s h o r t  d u r a t i o n  and t h e  major p o r t i o n  o f  t h e  p e n e t r a t i o n  o c c u r r e d  

a t  a  r e l a t i v e l y  c o n s t a n t  f o r c e  l e v e l .  The s p i k e  f o r c e  v a l u e  was n o t  consid-  

e r e d  t o  be impor tan t  and t h e  r e l a t i v e l y  c o n s t a n t  f o r c e  p l a t e a u  was used a s  

t h e  s i g n i f i c a n t  f o r c e  c h a r a c t e r i s t i c  o f  t h e  s o i l .  

Womack and Cox concluded t h a t  t h e  r e s u l t s  o f  t h e i r  i n v e s t i g a t i o n  gen- 

e r a l l y  s u p p o r t  t h e  assumptions  about  mechanisms and f a i l u r e  c o n d i t i o n s  based 

2 6 
p r i m a r i l y  on  t h e  Prand t l -Terzagh i  sys tem.  Th is  c o n c l u s i o n  was based p r i n -  

c i p a l l y  on v i s u a l  o b s e r v a t i o n s  o f  t h e  f i n a l  s o i l  s u r f a c e  d i sp lacements .  

The a u t h o r  t ends  t o  d i s a g r e e  w i t h  t h e  above s t a t e m e n t  f o r  t h e  fol low- 

i n g  r e a s o n s .  F i r s t  o f  a l l ,  i n  d r y ,  dense  sands  a  r e l a t i v e l y  l a r g e  amount o f  

sand i s  e j e c t e d  away from t h e  impact v i c i n i t y ,  l e a v i n g  behind a  f u n n e l  shaped 

c r a t e r  s u r r o u n d i n g  t h e  pene t romete r .  The s o i l  s u r f a c e  su r rounding  t h e  r i m  o f  

t h e  c r a t e r  i s  g e n e r a l l y  s l i g h t l y  h i g h e r  t h a n  t h e  o r i g i n a l  l e v e l ;  however, i t  

i s  n o t  known whether  t h i s  i s  due t o  a  g e n e r a l  upward movement of t h e  sand mass, 

o r  i f  i t  i s  formed by m a t e r i a l  e j e c t e d  from t h e  c r a t e r .  F a i l u r e  p l a n e  



o u t c r o p p i n g s ,  which a r e  c h a r a c t e r i s t i c  of P rand t l -Terzagh i  sys tems,  were a l s o  

no t  v i s i b l e ,  Impact on d r y ,  Loose sands  produced some p a r t i c l e  s p r a y ;  however, 

t h e  h o i e  c r e a t e d  by t h e  penetrometer  was immediately f i l l e d  by t h e  su r rounding  

m a t e r i a l .  The impact  l o a d i n g  a l s o  c a u s e s  t h e  sand t o  assume a  denser  s t a t e .  

Thus, t h e  f i n a l  p o s i t i o n  o f  t h e  su r rounding  s o i l  s u r f a c e  i s  no t  i n d i c a t i v e  o f  

t h e  t r u e  s o i l  behav ior  d u r i n g  t h e  impact e v e n t .  The problems a s s o c i a t e d  w i t h  

t r y i n g  t o  d i s c e r n  t h e  t y p e  o f  f a i l u r e  mechanism p r e s e n t  d u r i n g  t h e  impact 

even t  a r e  a l s o  common t o  t e s t s  on  s a t u r a t e d  sand.  The t e s t s  on p a r t i a l l y  

s a t u r a t e d  c l a y  e x h i b i t e d  a  s l i g h t  upward movement o f  t h e  su r rounding  s o i l  

s u r f a c e ,  a l though  no f a i l u r e  p l a n e  ou tc ropp ings  were  no ted .  A s l i g h t  r i s e  

i n  t h e  s o i l  s u r f a c e  i s  c e r t a i n l y  n o t  s u f f i c i e n t  i n f o r m a t i o n  t o  i n d i c a t e  

t h a t  t h e  s o i l  behaves p r i n c i p a l l y  a s  a  Prand t l -Terzagh i  sys tem.  

Womack and Cox a l s o  concluded t h a t  t h e  magnitude o f  t h e  r e l a t i v e l y  

c o n s t a n t  p e n e t r a t i n g  f o r c e  appeared t o  be l a r g e l y  dependent upon t h e  s t a t i c  

s h e a r i n g  s t r e n g t h  o f  t h e  s o i l .  The a u t h o r  i s  a l s o  i n  disagreement  w i t h  t h i s  

s t a t e m e n t .  Chapters  V I  and V I I  c o n t a i n  d i s c u s s i o n s  o f  s o i l  s h e a r i n g  s t r e n g t h  

a s  r e l a t e d  t o  t h e  dynamic s o i l  f o r c e s  developed d u r i n g  impact .  

S t a t i c  T e s t s  

I l i y a  and Reese8 performed a  s e r i e s  o f  l a b o r a t o r y  l o a d  t e s t s  on t h e  

s u r f a c e  o f  a  d r y ,  medium dense  Colorado River  Sand. C i r c u l a r  p l a t e s ,  a  cone, 

and s p h e r e s  were u t i l i z e d  a s  t h e  founda t ion  e lements .  The c i r c u l a r  p l a t e s  

had 2 .22 ,  3 .14 ,  and 4 .44  i n .  d iamete r s .  The cone had a  60 degree  apex ang le .  

S p h e r i c a l  segments h a v i n g  s p h e r i c a l  d iamete r s  o f  3 .14 and 5.00 i n .  were a l s o  

u t i l i z e d .  The f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s  o f  each founda t ion  element 

were  s t u d i e d  and cornpaxed w i t h  one a n o t h e r .  The c i r c u l a r  p l a t e  r e s u l t s  were 

i n  good agreement w i t h  t h e  u l t i m a t e  b e a r i n g  v a l u e s  p r e d i c t e d  by T e r z a g h i ' s  
26 



e q u a t i o n  f o r  c i r c u l a r  f o o t i n g s  a t  t h e  s o i l  s u r f a c e ,  Based on t h e  Load t e s t s ,  

e q u a t i o n s  were  developed f o r  t h e  beax ing  ca-paci ty  o f  c o n i c a l  and s p h e r i c a l  

f o u n d a t i o n  e lements .  The e q u a t i o n s  a r e  a s  f o l l o w s :  

Cone 

Sphere  

The v a r i a b l e s  a r e  d e f i n e d  a s  f o l l o w s :  

q  = Bear ing  c a p a c i t y  ( l b / f t 2 ) ,  

Y = S o i l  d e n s i t y  ( l b / f t 3 ) ,  

B = C r o s s - s e c t i o n a l  d iamete r  a t  t h e  l e v e l  o f  embedment ( f t ) ,  

N = Bear ing  c a p a c i t y  c o e f f i c i e n t .  
Y 

It  shou ld  b e  n o t e d  t h a t  t o  c a l c u l a t e  t h e  s t a t i c  b e a r i n g  f o r c e s  on t h e  founda- 

t i o n  e lements  t h e  q v a l u e s  shou ld  be m u l t i p l i e d  by t h e  c r o s s - s e c t i o n a l  a r e a  

a t  t h e  l e v e l  o f  embedment. 

4  
Ghazzaly and Cox conducted a  s e r i e s  o f  s t a t i c  l o a d  t e s t s  i n  sandy 

16  
c l a y  a t  t h e  f i e l d  s i t e  which was u t i l i z e d  by Poor e t  a 1  . The f o u n d a t i o n  

e lements  c o n s i s t e d  o f  s p h e r e s  (3 .14  and 5 . 0 0  i n .  s p h e r i c a l  d i a m e t e r s ) ,  a  cone 

(60 degree  apex a n g l e ) ,  and f l a t  c i r c u l a r  p l a t e s  (2 .22 and 3 .14  i n .  d i a m e t e r s ) .  

The u l t i m a t e  b e a r i n g  c a p a c i t i e s  o f  t h e  p l a t e s  were approx imate ly  1 . 7 5  t imes  

2 6  t h e  v a l u e s  p r e d i c t e d  by T e r z a g h i ' s  e q u a t i o n  f o r  c i r c u l a r  f o o t i n g s  a t  t h e  

ground s u r f a c e .  A d e t a i l e d  d i s c u s s i o n  o f  t h e  f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s  

o f  t h e  v a r i o u s  f o u n d a t i o n  e lements  was p r e s e n t e d  a l o n g  w i t h  some comparisons 

between t h e  exper imenta l  p l a t e  d a t a  and v a l u e s  c a l c u l a t e d  u s i n g  p r e v i o u s l y  

proposed methods 
2 4 , 2 7  



Ghazzaly and I3awson5 s t u d i e d  t h e  l a b o r a t o r y  s t r e s s - d e f o r m a t i o n  charac -  

t e r i s t i c s  o f  sa,nds and c l a y s .  A comprehensive review of conven t iona l  methods 

and t e s t i n g  t echn iques  f o r  o b t a i n i n g  s o i i  s t r e n g t h  p r o p e r t i e s  was p r e s e n t e d .  

A l i m i t e d  s t u d y  was conducted on t h e  i n f l u e n c e  o f  r a t e  o f  s t r a i n  on t h e  a n g l e  

o f  i n t e r n a l  f r i c t i o n  o f  a  d r y  Colorado R i v e r  Sand. The t imes  t o  f a i l u r e  

ranged from 30 t o  240 s e c .  The a n g l e  o f  i n t e r n a l  f r i c t i o n  i n c r e a s e d  by ap- 

p rox imate ly  one d e g r e e  a s  t h e  t ime t o  f a i l u r e  decreased  from approximately  

240 s e c  t o  30 s e c .  

HORIZONTAL MOTION 

The h o r i z o n t a l  l o a d i n g  phase  of t h e  t e s t i n g  program c o n s i s t e d  o f  

pushing v e r t i c a l  w a l l s  ( 1  f t  h igh and 3 f t  long ;  1 . 5  f t  h igh and 3 f t  long)  

i n t o  l o o s e  o r  dense  b a c k f i l l s  o f  d r y  sand.  The r a t e  o f  w a l l  p e n e t r a t i o n  was 

n o t  l a r g e  enough t o  develop i n e r t i a l  e f f e c t s ,  t h u s ,  t h e  t e s t s  were  cons idered  

t o  be s t a t i c .  Although a l l  o f  t h e  exper imenta l  t e s t  r e s u l t s  were o b t a i n e d  

from e s s e n t i a l l y  s t a t i c  t e s t s ,  a  computer program was developed t o  s i m u l a t e  

t h e  dynamic behav ior  o f  sand under p l a n e  s t r a i n  l o a d i n g  c o n d i t i o n s .  

Dynamic Behavior 

Oweis and developed a  computer program f o r  t h e  a n a l y s i s  o f  e a r t h  

p r e s s u r e  problems which c l o s e l y  approximate  p l a n e  s t r a i n  t y p e  o f  s o i l  behavior  

under dynamic l o a d i n g  c o n d i t i o n s .  The program was based on a  f i n i t e  d i f f e r e n c e  

approach.  The s o i l  was assumed t o  e x h i b i t  n o n l i n e a r  s t r e s s - s t r a i n  c h a r a c t e r -  

i s t i c s  and a n  i t e r a t i v e  p r o c e s s  u s i n g  t h e  p o i n t  r e l a x a t i o n  t e c h n i q u e  was u t i l -  

i z e d  t o  s o l v e  t h e  r e s u l t i n g  n o n l i n e a r  e q u a t i o n s .  The e f f e c t  of dynamic load-  

i n g  was r e p r e s e n t e d  by s o i l  i n e r t i a  terms i n  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s .  

S o i l  p r o p e r t i e s  were i n p u t  i n  t h e  form o f  modulus o f  deformat ion v e r s u s  a x i a l  



s t r a i n  and l a t e r a l  s t r a i n  r a t i o  v e r s u s  a x i a l  s t r a i n .  Modulus o f  de format ion  

and l a t e r a l  s t r a . i n  r a t i o  a r e  analogous t o  Young's modulus o f  e l a s t i c i t y  and 

P o i s s o n ' s  r a t i o ,  r e s p e c t i v e l y .  

The computer program was u t i l i z e d  t o  s o l v e  f o r  t h e  s t r e s s e s  and 

s t r a i n s  induced i n  a  d r y  sand which was h o r i z o n t a l l y  p e n e t r a t e d  by a  r i g i d  

p l a t e .  The computed r e s u l t s  were compared w i t h  exper imenta l  r e s u l t s  o b t a i n e d  

by Hustad and COX' and t h e  agreement was g e n e r a l l y  poor .  The exper imenta l  

r e s u l t s  were  o b t a i n e d  from t e s t s  i n  which t h e  r a t e  o f  movement o f  t h e  p l a t e  

was v a r i e d  between 0.0067 and 2.67 i p s .  These  t e s t s  may e s s e n t i a l l y  be con- 

s i d e r e d  s t a t i c  i n  n a t u r e ,  t h e r e f o r e ,  even i f  t h e  program had g i v e n  good agree -  

ment t h i s  would n o t  p r o v i d e  an  i n d i c a t i o n  of whether t h e  program i s  a c c u r a t e  

f o r  problems i n v o l v i n g  s o i l  dynamics. The program was a l s o  u t i l i z e d  t o  p re -  

d i c t  t h e  h o r i z o n t a l  s o i l  f o r c e s  on  t h e  w a l l  a s  i t  moved a t  h i g h e r  r a t e s  o f  

p e n e t r a t i o n .  The computed r e s u l t s  i n d i c a t e  t h a t  f o r  c o n s t a n t  r a t e s  of pene- 

t r a t i o n  above 10 f p s  t h e  u l t i m a t e  h o r i z o n t a l  l o a d  remains c o n s t a n t .  

S t a t i c  T e s t s  

Va l labhan  and ~ e e s  e2' conducted a  l i m i t e d  s e r i e s  o f  p a s s i v e  e a r t h -  

p r e s s u r e  t e s t s  on a  d r y  Colorado River  Sand. The exper imenta l  t e s t  s e t u p  

s i m u l a t e d  a n  i n f i n i t e l y  long ,  v e r t i c a l  r e t a i n i n g  w a l l  one f o o t  h i g h .  As t h e  

w a l l  was pushed i n t o  t h e  s o i l ,  t h e  h o r i z o n t a l  s o i l  r e a c t i o n  and w a l l  p e n e t r a -  

t i o n  were  recorded .  A  computer program, based on t h e  f i n i t e  element method, 

was developed t o  p r e d i c t  f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c s  o f  s o i l s  under 

p l a n e  s t r a i n  and a x i a l l y  symmetric c a s e s .  The program r e q u i r e d  t h e  i n p u t  o f  

p s e u d o - e l a s t i c  v a l u e s  o f  Young's modulus o f  e l a s t i c i t y  and P o i s s o n ' s  r a t i o ,  

which a r e  s t r a i n  dependent f o r  s o i l s .  The necessa ry  v a l u e s  were o b t a i n e d  

from t r i a x i a l  compression t e s t s .  



The computed s o i l  f o r c e - d e f l e c t i o n  v a l u e s  agreed remarkably w e l l  w i t h  

t h e  measured v a l u e s .  Comparisons were a l s o  made between an  exper imenta l  

f o r c e - p e n e t r a t i o n  c u r v e  f o r  a  c i r c u l a r  f o o t i n g  r e s t i n g  on t h e  s u r f a c e  o f  a  

s a t u r a t e d  c l a y  and t h e  curve  p r e d i c t e d  by computer s o l u t i o n s .  Once a g a i n ,  

t h e  agreement was good. 

The t e s t  a p p a r a t u s ,  developed by Val labhan  and ~ e e s e "  was modi f i ed  by 

7  Hustad and Cox and a  s e r i e s  o f  t e s t s  were performed u s i n g  12 and 18 i n .  h i g h  

w a l l s .  The c o n s t a n t  r a t e  a t  which t h e  w a l l s  p e n e t r a t e d  i n t o  t h e  sand b a c k f i l l  

was v a r i e d  between 0.00667 and 2 .67 i p s .  Dry Colorado River  Sand was u t i l i z e d  

a s  b a c k f i l l  m a t e r i a l .  The r a t e s  of w a l l  p e n e t r a t i o n  u t i l i z e d  i n  t h i s  i n v e s t i -  

g a t i o n  d i d  n o t  have a  measurable  e f f e c t  upon t h e  f o r c e  p e n e t r a t i o n  c h a r a c t e r -  

i s t i c s  o f  t h e  s o i l .  coulomb'sP6 t h e o r y  f o r  p a s s i v e  e a r t h  p r e s s u r e  was used t o  

p r e d i c t  e a r t h  p r e s s u r e s .  The p r e d i c t e d  v a l u e s  were  g e n e r a l l y  w i t h i n  20 p e r c e n t  

o f  t h e  exper imenta l  v a l u e s .  

Cones and s p h e r i c a l  segments were a l s o  p e n e t r a t e d  h o r i z o n t a l l y  i n t o  

d r y  Colorado River  Sand. I n  t h e  r e t a i n i n g  w a l l  t e s t s  t h e  sand b a c k f i l l  was 

suppor ted  by t h e  w a l l  i t s e l f ;  however, i n  t h e  t e s t s  w i t h  cones and s p h e r e s  

t h e  sand r e q u i r e d  s u p p o r t .  A  c i r c u l a r  h o l e  was c u t  i n  one end o f  t h e  sand 

box and t h e  opening was covered w i t h  a  p o l y e t h y l e n e  membrane. The membrane 

l a t e r a l l y  suppor ted  t h e  sand p r i o r  t o  and d u r i n g  t h e  p e n e t r a t i o n  t e s t s .  The 

s o i l  behav ior  was s t r o n g l y  i n f l u e n c e d  by t h e  boundary c o n d i t i o n s  c r e a t e d  by 

t h e  membrane and i t  i s  d i f f i c u l t  t o  v i s u a l i z e  such  c o n d i t i o n s  o c c u r r i n g  i n  

n a t u r e .  T h e r e f o r e ,  t h e  r e s u l t s  a r e  o f  l i m i t e d  v a l u e .  

COMBINED VERTICAL AND HORIZONTAL MOTION 

Reichmuth e t  a l l 9  developed a  p o r t a b l e  t e s t i n g  r i g  c a p a b l e  o f  launch-  

i n g  p r o j e c t i l e s  a t  impact ang les  ramging between 30 and 90 degrees  w i t h  



r e s p e c t  t o  t h e  ground s u r f a c e .  Wedges, c y l i n d e r s ,  and s p h e r e s  were u t i l i z e d  

a s  p r o j e c t i l e  shapes .  The p r o j e c t i l e  s i z e s  and we igh t s  were chosen s o  t h a t  

t h e  developed p r e s s u r e s  and p e n e t r a t i o n s  would rough ly  cor respond  t o  t h o s e  

obse rved  f o r  manned s p a c e c r a f t .  The v e r t i c a l  component o f  t h e  impact v e l o -  

c i t y  was v a r i e d  between 10  and 35 f p s ,  and t h e  h o r i z o n t a l  component from 0  

t o  30 f p s .  T a r g e t  m a t e r i a l s  c o n s i s t e d  of two t y p e s  of  sand and a  c l a y .  The 

sands  were  t e s t e d  under d r y  and s a t u r a t e d  c o n d i t i o n s ,  and i n  l o o s e  and dense  

s t a t e s .  The c l a y  s o i l  was u t i l i z e d  i n  a n  u n d i s t u r b e d  s t a t e .  

A method f o r  p r e d i c t i n g  p r o t o t y p e  impact behav io r  was p r e s e n t e d  by 

Reichmuth. The method r e q u i r e s  i n f o r m a t i o n  concern ing  t h e  dynamic r e s p o n s e  

c h a r a c t e r i s t i c s  o f  t h e  p r o t o t y p e  and s o i l .  It was beyond t h e  scope  of  t h e  

i n v e s t i g a t i o n  t o  d e t e r m i n e  t h e  dynamic response  c h a r a c t e r i s t i c s  of  t h e  p r o t o -  

t y p e ;  however, e q u a t i o n s  were  developed t o  p r e d i c t  s o i l  f o r c e s  d u r i n g  impact .  

The e q u a t i o n s  were  developed f o r  wedge, c y l i n d r i c a l ,  and s p h e r i c a l  s t r i k i n g  

s u r f a c e s .  These e q u a t i o n s  a r e  l i s t e d  on pp. 53 through 6 1  i n  Chap te r  5 ,  

The p rocedure  is  a s  f o l l o w s :  

(1)  S t a r t  w i t h  i n i t i a l  c o n d i t i o n s  o f  impact such  a s ,  p r o j e c t i l e  

v e l o c i t y  and a t t i t u d e ,  

(2) Determine s o i l  f o r c e s  f o r  t h e s e  c o n d i t i o n s ,  

(3)  Apply t h e s e  f o r c e s  t o  t h e  p r o j e c t i l e  and de te rmine  t h e  change 

i n  behav io r ,  

( 4 )  T h i s  w i l l  t h e n  g i v e  a  new p r o j e c t i l e  v e l o c i t y  and a t t i t u d e ,  

(5)  Repeat  s t e p s  2  th rough  4. 

T h i s  p rocedure  i n v o l v e s  a  l a r g e  number of  c a l c u l a t i o n s  and i t  was recommended 

t h a t  a  h igh-speed  computer be u t i l i z e d .  

A method was a l s o  p r e s e n t e d  f o r  p r e d i c t i n g  peak a c c e l e r a t i o n s  exper-  

i enced  d u r i n g  p r o t o t y p e  impac t .  A th ree -phase  e a r t h  m a t e r i a l s  diagram was 



p r e s e n t e d ,  i n  which v a l u e s  f o r  r a t i o s  of  t h e  maximum t a r g e t  a c c e l e r a t i o n s  t o  

t h e  maximum wate r  a c c e l e r a t i o n  were p l o t t e d .  The u s e  of  t h e  method r e q u i r e s  

t h a t  t h e  peak a c c e l e r a t i o n s  exper ienced  d u r i n g  w a t e r  impact be known. 

SUMMARY OF IMPACT STUDIES 

The s o i l  impact  s t u d i e s  a t  The U n i v e r s i t y  o f  Texas have  been concerned 

w i t h  d e f i n i n g  t h e  behav io r  of  s o i l s  when s u b j e c t e d  t o  t h e  impact o f  r i g i d  

p r o j e c t i l e s  hav ing  mot ion bo th  i n  v e r t i c a l  and h o r i z o n t a l  d i r e c t i o n s .  The 

pr imary purpose  f o r  t h e  impact s t u d i e s  was t o  deve lop  methods whereby t h e  

behav io r  o f  p r o t o t y p e s  cou ld  be  p r e d i c t e d  from impact d a t a  o b t a i n e d  from model 

o r  s m a l l  s c a l e  t e s t s .  

The problem o f  d e f i n i n g  p r o t o t y p e  behav io r  was approached from two 

d i r e c t i o n s .  The f i r s t  d i r e c t i o n  c o n s i s t e d  o f  u s i n g  t h e  Theory o f  Dynamic 

S i m i l i t u d e .  The second d i r e c t i o n  c o n s i s t e d  of  e x t r a p o l a t i n g  t h e  obse rved  

behav io r  o f  s m a l l  s c a l e  p r o j e c t i l e s  t o  p r e d i c t  t h e  behav io r  o f  l a r g e r  pro-  

j e c t i l e s .  

V e r t i c a l  Motion 

The e a r l y  s t u d i e s  were l i m i t e d  t o  v e r t i c a l  impact  o f  p r o j e c t i l e s  on 

b a s i c a l l y  c o h e s i v e  s o i l s .  These s t u d i e s  were  concerned mainly  w i t h  d e t e r -  

mining i f  t h e  a p p l i c a t i o n  o f  t h e  Theory o f  Dynamic S i m i l i t u d e  t o  s u r f a c e  i m -  

p a c t  problems o f f e r s  a  means of  p r e d i c t i n g  p r o t o t y p e  behav io r  from model be- 

h a v i o r .  The p r o j e c t i l e s  were e s s e n t i a l l y  r i g i d  and no a t t empt  was made t o  

model t h e  de fo rmat ion  c h a r a c t e r i s t i c s  of  s p a c e c r a f t .  No a t t e m p t s  were  made 

t o  model t h e  t a r g e t  m a t e r i a l s ,  t h u s ,  d i s t o r t i o n  was i n t r o d u c e d  i n t o  t h e  

model d e s i g n ,  

The model impact t e s t s  o f  Reese  e t  a l l 8  showed t h a t  f o r  s m a l l  r anges  

o f  s c a l i n g  t h e  d i s t o r t i o n  i n t r o d u c e d  by  u s i n g  t h e  same s o i l  f o r  model and 



p r o t o t y p e  t e s t s  does no t  i n t r o d u c e  a s i g n i f i c a n t  amount o f  e r r o r .  The s i m i -  

16 
l i t u d e  a n a l y s i s  performed by Poor e t  a1 showed t h a t  even f o r  s m a l l  r anges  

o f  s c a l i n g  a  s i g n i f i c a n t  amount o f  e r r o r  was i n t r o d u c e d  by no t  modeling t h e  

s o i l .  

1 
Awoshika and Cox i n  l a t e r  v e r t i c a l  impact  s t u d i e s  on sands  o b t a i n e d  

good p r e d i c t i o n  accuracy  f o r  a  s m a l l  r ange  of  s c a l i n g  even though t h e  same 

s o i l s  were u t i l i z e d  f o r  t h e  model and p r o t o t y p e  t e s t s .  

H o r i z o n t a l  Mot ion 

The exper imenta l  s t u d i e s  t h a t  p e r t a i n e d  p u r e l y  t o  t h e  h o r i z o n t a l  

mot ion o f  t h e  s o i l  l o a d i n g  element ( v e r t i c a l  p l a t e )  e s s e n t i a l l y  i n v o l v e d  o n l y  

t h e  s t a t i c  behav io r  of  s o i l .  A t h e o r e t i c a l  a n a l y s i s ,  however, was performed 

by Oweis and i n  which a  computer program was developed t o  p r e d i c t  t h e  

behavior  of  sands  when s u b j e c t e d  t o  dynamic h o r i z o n t a l  l o a d i n g s .  

Combined V e r t i c a l  and H o r i z o n t a l  Motion 

I n c l i n e d  impact o f  p r o j e c t i l e s  on v a r i o u s  t y p e s  o f  s o i l s  was s t u d i e d  

19 
by Reichmuth . Reichmuth e m p i r i c a l l y  developed e q u a t i o n s  which accoun t  f o r  

p r o j e c t i l e  edge e f f e c t s .  These e q u a t i o n s  p e r m i t  t h e  e x t r a p o l a t i o n  o f  t h e  

observed p r o j e c t i l e  behav io r  t o  t h a t  o f  l a r g e r  p r o j e c t i l e s .  

Reichmuth a l s o  proposed a  method f o r  p r e d i c t i n g  peak s o i l  f o r c e s  

exper ienced  by p r o t o t y p e  s p a c e  c a p s u l e s  when i m p a c t i n g  on s o i l .  

NEED FOR FURTHER RESEARCH 

Although a  c o n c e n t r a t e d  e f f o r t  h a s  been made o v e r  t h e  p a s t  f o u r  y e a r s  

t o  o b t a i n  a n  u n d e r s t a n d i n g  o f  how s o i l  behaves under impact l o a d i n g  c o n d i t i o n s ,  

much r e s e a r c h  was s t i l l  needed t o  extend and f i l l  t h e  gaps i n  our  knowledge. 

The purpose  of t h i s  s e c t i o n  i s  t o  l i s t  p o s s i b l e  avenues o f  r e s e a r c h  which w i l l  



f u r t h e r  o u r  knowledge of s o i l  behav io r  under impact c o n d i t i o n s  and t o  acknow- 

l e d g e  t o p i c s  o f  r e s e a r c h  under taken  by t h e  a u t h o r ,  

Modeling 

The p r e v i o u s  s t u d i e s  have shown t h a t  t h e  a p p l i c a t i o n  o f  model ing 

t e c h n i q u e s  shows promise;  however, i t  i s  n o t  known whether i t  i s  n e c e s s a r y  

t o  model t h e  s o i l  o r ,  i f  i t  i s  n e c e s s a r y ,  which s o i l  p r o p e r t i e s  s h o u l d  be 

modeled. Research i n  t h i s  d i r e c t i o n  seems t o  o f f e r  t h e  most g e n e r a l  approach 

t o  t h e  problem o f  s u r f a c e  impact .  

P r o t o t y p e  Behavior  

P r o t o t y p e  impact t e s t s  on s o i l  a r e  needed f o r  e v a l u a t i n g  t h e  problems 

invo lved  i n  e x t r a p o l a t i n g  t h e  behav io r  o f  s m a l l  s c a l e  p r o j e c t i l e s  t o  p r e d i c t  

t h e  b e h a v i o r  o f  l a r g e r  p r o j e c t i l e s .  

S o i l  Behavior  Under Impact Loading 

The a p p l i c a t i o n  o f  model t e c h n i q u e s  and performance o f  p r o t o t y p e  

impact t e s t s  were  beyond t h e  s c o p e  o f  t h i s  i n v e s t i g a t i o n .  However, impact  

t e s t s  were  conducted by t h e  a u t h o r  t o  e v a l u a t e  t h e  edge e f f e c t  c o n s t a n t s  

19  
t h a t  were e m p i r i c a l l y  d e r i v e d  by Reichmuth , The edge e f f e c t  c o n s t a n t s  a r e  

of  prime impor tance  s i n c e  t h e y  pe rmi t  e x t r a p o l a t i o n  t o  l a r g e r  p r o j e c t i l e s .  

Reichmuth a l s o  d e r i v e d  r e g r e s s i o n  e q u a t i o n s  t o  p r e d i c t  s o i l  f o r c e s  

d u r i n g  impact .  These  e q u a t i o n s  were d e r i v e d  from i n c l i n e d  impact d a t a  t a k e n  

from t e s t s  where  t h e  a n g l e  o f  impact was v a r i e d  between 30 and 90 d e g r e e s  t o  

t h e  h o r i z o n t a l  s o i l  s u r f a c e .  The a u t h o r  conducted t e s t s  t o  e v a l u a t e  t h e  p r e -  

d i c t i o n  a c c u r a c y  o f  t h e s e  e q u a t i o n s  f o r  impact  a n g l e s  l e s s  t h a n  30 d e g r e e s .  

The p r e v i o u s  v e r t i c a l  impact s t u d i e s  a t  The U n i v e r s i t y  of  Texas have 

been concerned mainly  w i t h  c o h e s i v e  s o i l s .  To add a d d i t i o n a l  i n f o r m a t i o n  on 



t h e  behav io r  o f  sands  under v e r t i c a l  impact t h e  a u t h o r  h a s  conducted a  s e r i e s  

o f  t e s t s  w i t h  c o n i c a l  p r o j e c t i l e s .  

U n t i l  t h e  p r e s e n t  t ime ,  no a t t e m p t  h a s  been made t o  c o r r e l a t e  t h e  

d a t a  from each o f  t h e  p r e v i o u s  impact i n v e s t i g a t i o n s ,  The a u t h o r  has  a t t e m p t e d  

t o  c o r r e l a t e  o n l y  t h e  p r e v i o u s  v e r t i c a l  impact d a t a .  S p e c i a l  emphasis h a s  been 

g iven  t o  t h e  p r e d i c t i o n  o f  peak s o i l  f o r c e s .  



CHAPTER 111 

TEST APPARATUS 

The t e s t  a p p a r a t u s  u t i l i z e d  d u r i n g  t h i s  i n v e s t i g a t i o n  was des igned  

19 
and b u i l t  by Reichmuth . I t  was necessa ry  t o  make s e v e r a l  minor modi f i ca -  

t i o n s  t o  t h e  a p p a r a t u s  s o  i t  cou ld  be used f o r  t e s t s  i n  which t h e  p r o j e c t i l e  

impact  a n g l e s  were  l e s s  t h a n  30 d e g r e e s  t o  t h e  h o r i z o n t a l  ground s u r f a c e .  

To be  c o n s i s t e n t  w i t h  t h e  p rev ious  work o f  Reichmuth t h e  same t e s t  nomen- 

c l a t u r e  was adopted.  Appendix A c o n t a i n s  a  l i s t i n g  o f  t h i s  nomencla ture .  

A g e n e r a l  view of  t h e  t e s t  a p p a r a t u s  i s  shown i n  F i g .  1. The appar -  

a t u s  e s s e n t i a l l y  c o n s i s t e d  o f  a  p a i r  of gu ide  r a i l s  mounted on t h e  bed o f  a  

h a l f - t o n  t r u c k ,  a  t h r u s t  assembly f o r  a c c e l e r a t i n g  t h e  p r o j e c t i l e ,  a  wagon 

and t a b l e  assembly which c a r r i e d  t h e  p r o j e c t i l e  a l o n g  t h e  guide  r a i l s ,  and a  

b r a k i n g  assembly which d e c e l e r a t e d  t h e  wagon and t a b l e  assembly once t h e  pro-  

j e c t i l e  was r e l e a s e d .  

The acce le romete r  and v e l o c i t y  d e t e c t o r  d a t a  were recorded  on two 

o s c i l l o s c o p e s .  

LAUNCHING SYSTEM 

The major p o r t i o n  o f  t h e  l aunch ing  system was c o n s t r u c t e d  of aluminum 

s o  two men cou ld  e a s i l y  a d j u s t  t h e  a n g l e  of impact ,  Although t h e  i n c l i n a t i o n  

o f  t h e  g u i d e  r a i l s  could  be s e t  a t  a n g l e s  r a n g i n g  from 5 t o  90 degrees  w i t h  

t h e  h o r i z o n t a l ,  t h e  a n g l e  o f  impact of t h e  p r o j e c t i l e  ranged from 10 t o  90 

d e g r e e s .  The p r o j e c t i l e  was r e l e a s e d  from t h e  t a b l e  when i t s  t i p  was approx- 

i m a t e l y  8 i n .  above t h e  s o i l  s u r f a c e ;  however, a t  low a n g l e s  o f  r e l e a s e  t h e  

a c c e l e r a t i o n  o f  g r a v i t y  s i g n i f i c a n t l y  i n c r e a s e s  t h e  p r o j e c t i l e s '  v e r t i c a l  

v e l o c i t y ,  t h u s  i n c r e a s i n g  t h e  a n g l e  of impact which i s  determined by t h e  r a t i o  

o f  t h e  v e r t i c a l  t o  h o r i z o n t a l  impact v e l o c i t y .  



F i g .  1 General  View o f  T e s t  Se tup  During V e r t i c a l  
Impact T e s t s  a t  Balcones Research Center  

F i g .  2 D e t a i l s  of  Thrus t  System Assembly 



D e t a i l s  o f  t h e  t h r u s t  system a r e  shown i n  F i g .  2 .  P r i o r  t o  each test 

t h e  c y l i n d r i c a l  b o t t l e  was p r e s s u r i z e d  w i t h  n i t r o g e n .  A s o l e n o i d  o p e r a t e d  a 

v a l v e  which a l lowed t h e  gas  t o  p r e s s u r i z e  t h e  t h r u s t  c y l i n d e r s  and the reby  

a c c e l e r a t e  t h e  wagon a l o n g  t h e  gu ide  r a i l s .  

Wagon Assembly 

The purpose  o f  t h e  wagon assembly was t o  c a r r y  t h e  p r o j e c t i l e  down t h e  

gu ide  r a i l s .  The f r i c t i o n  between t h e  g u i d e  r a i l s  and t h e  wagon was reduced 

by r o l l e r s  which a r e  shown i n  F i g .  3 ,  The wagon a l s o  housed t h e  t a b l e  assembly 

and t h e  w i r e  l e a d s  from t h e  a c c e l e r o m e t e r s .  

T a b l e  Assembly 

The t a b l e  assembly con ta ined  jaws which h e l d  t h e  p r o j e c t i l e  a s  i t  

t r a v e l e d  a l o n g  t h e  guide  r a i l s .  A cam o p e r a t e d  microswitch a c t u a t e d  t h e  jaws 

f o r  t h e  r e l e a s e  o f  t h e  p r o j e c t i l e .  The p i t c h  o f  t h e  p r o j e c t i l e ,  which i s  de-  

f i n e d  a s  t h e  a n g l e  between t h e  l o n g i t u d i n a l  a x i s  of t h e  p r o j e c t i l e  and a  l i n e  

p e r p e n d i c u l a r  t o  t h e  ground s u r f a c e ,  could  be v a r i e d  by r o t a t i n g  t h e  t a b l e  

assembly ( s e e  Appendix A). However, d u r i n g  t h i s  i n v e s t i g a t i o n  t h e  p i t c h  a n g l e  

was main ta ined  a t  ze ro  degrees .  The d e t a i l s  o f  t h e  t a b l e  assembly a r e  shown 

i n  F i g .  4. 

Braking Assembly 

The b r a k i n g  system provided a  means o f  b r i n g i n g  t h e  wagon t o  r e s t  

once t h e  p r o j e c t i l e  was r e l e a s e d .  The assembly i s  a l s o  shown i n  F i g .  3 and 

c o n s i s t s  o f  two p i s t o n s  which t r a v e l  i n  p r e s s u r i z e d  c y l i n d e r s .  



F i g .  3 Wagon Assembly D e t a i l s  

F i g .  4 T a b l e  A s s e ~ n h l y  D e t a i l s  



INSTRUMENTATION 

The measur ing and r e c o r d i n g  d e v i c e s  u t i l i z e d  d u r i n g  t h i s  i n v e s t i g a t i o n  

i 9 a r e  i d e n t i c a l  t o  t h o s e  used by Reichmuth The p r o j e c t i l e  a c c e l e r a t i o n ,  dur -  

i n g  t h e  impact  e v e n t ,  was measured w i t h  a c c e l e r o m e t e r s  and recorded  on an o s c i l -  

l o s c o p e .  A second o s c i l l o s c o p e  was used t o  r e c o r d  i n f o r m a t i o n  n e c e s s a r y  f o r  

c a l c u l a t i o n  o f  t h e  i n i t i a l  impact  v e l o c i t y .  

V e l o c i t y  D e t e c t o r  

The v e l o c i t y  d e t e c t o r  was composed o f  a n  o s c i l l o s c o p e  t r i g g e r i n g  

c i r c u i t  and a  s e t  o f  4 piano-wi re  p i n s  connec ted  i n  a  s e r i e s  p a r a l l e l  c i r c u i t .  

The p i n s  were  mounted on t h e  edge o f  a  g u i d e  r a i l  and a s  t h e  wagon moved down 

t h e  r a i l s  a n  o u t r i g g e r  from t h e  wagon made s u c c e s s i v e  c o n t a c t  w i t h  each p i n .  

These  c o n t a c t s  produced v o l t a g e  s t e p s  on t h e  o s c i l l o s c o p e  s c r e e n  which were 

r e c o r d e d  on P o l a r o i d  f i l m .  T h i s  r e c o r d  p e r m i t t e d  c a l c u l a t i o n  o f  t h e  v e l o c i t y  

o f  t h e  wagon. The p r o j e c t i l e  was r e l e a s e d  from t h e  jaws o f  t h e  t a b l e  d u r i n g  

t h i s  t ime  and f o r  a n g l e s  o f  impact g r e a t e r  t h a n  30 degrees  t h e  wagon v e l o c i t y  

c l o s e l y  approximates  t h e  p r o j e c t i l e  impact v e l o c i t y .  

Accelerometers  

Two t y p e  4-204, Conso l ida ted  Elect rodynamics  C o r p o r a t i o n ,  t r i a x i a l  

a c c e l e r o m e t e r s  were  u t i l i z e d  t o  measure p r o j e c t i l e  a c c e l e r a t i o n s .  The a c c e l -  

e romete r s  were  mounted i n  a  mast  which was i n t e r c h a n g e a b l e  between p r o j e c t i l e s .  

Each a c c e l e r o m e t e r  c o n s i s t e d  o f  a  f o u r - a c t i v e - a r m ,  s p r i n g - t y p e  unbonded s t r a i n  

gage e lement  and a  s e i s m i c  mass damped by t h e  s h e a r  a c t i o n  o f  f l u i d .  The a x i a l  

and r o t a t i o n a l  a x i s  f o r  each a c c e l e r o m e t e r  had a  maximum r a n g e  o f  p l u s  o r  

minus 250 g ' s .  The t r a n s v e r s e  a x i s  r a n g e ,  which was not  needed because  o f  

t h e  p l a n a r  mot ion o f  t h e  p r o j e c t i l e s ,  was p l u s  o r  minus LOO g ' s .  Each a x i s  



had a  f u l l  r ange  o u t p u t  o f  approximately  40 m i l l i v o l t s ,  a t  a  r a t e d  e x c i t a t i o n  

v o l t a g e  of 5 v o l t s  DC. The n a t u r a l  f r e q u e n c i e s  ranged from 1300 t o  1600 c p s ,  

AUXILIARY E  QUIPMENT 

The a u x i l i a r y  equipment c o n s i s t e d  of a  b a l a n c i n g  u n i t ,  f i l t e r  networks ,  

two o s c i l l o s c o p e s ,  a  g a s o l i n e  d r i v e n  g e n e r a t o r ,  and a  r e g u l a t e d  DC power supply.  

The b a l a n c i n g  u n i t  was used f o r  t h e  p o s i t i o n i n g  o f  each acce le romete r  t r a c e  on 

t h e  o s c i l l o s c o p e .  Symmetrical  " p a r a l l e l  T" f i l t e r  networks were  used t o  a t t e n -  

u a t e  h i g h  f requency s i g n a l s  which were approx imate ly  30 t imes  g r e a t e r  t h a n  t h e  

a c c e l e r a t i o n  f r e q u e n c i e s  encountered d u r i n g  t e s t i n g .  

The impact v e l o c i t y  measurements were  recorded  on a  t y p e  502A d u a l  

beam T e k t r o n i x  o s c i l l o s c o p e .  The acce le romete r  measurements were recorded  

on a  t y p e  565 d u a l  beam T e k t r o n i x  o s c i l l o s c o p e  hav ing  two t y p e  3A3 d u a l  t r a c e  

d i f f e r e n t i a l  v e r t i c a l  a m p l i f i e r s .  

Power f o r  t h e  sys tem was f u r n i s h e d  by a  one and one-half  KVA g e n e r a t o r .  

A H a r r i s o n  Labs Model 6204A e l e c t r o n i c a l l y  r e g u l a t e d  DC power supp ly  f u r n i s h e d  

power f o r  t h e  a c c e l e r o m e t e r s .  S i n c e  t h e  acce le romete r  v o l t a g e  i s  c r i t i c a l ,  i t  

was c o n t i n u o u s l y  moni tored w i t h  a  l a r g e  s c a l e  meter  by t h e  o p e r a t o r .  Power 

f o r  t h e  v e l o c i t y  and o s c i l l o s c o p e  t r i g g e r  c i r c u i t s  was f u r n i s h e d  by 6  v o l t  

l a n t e r n  b a t t e r i e s ,  

PROJECTILE CONFIGURATIONS 

A s  s t a t e d  e a r l i e r ,  no a t t empt  was made t o  model t h e  de format ion  char -  

a c t e r i s t i c s  of s p a c e c r a f t .  R ig id  p r o j e c t i l e s  were used i n  a l l  t e s t s .  The 

p r o j e c t i l e  geomet r ies  u t i l i z e d  d u r i n g  t h e  c o u r s e  of t h e  t e s t i n g  program con- 

s i s t e d  o f :  

(1) S p h e r i c a l  segment hav ing  a  10 i n .  s p h e r i c a l  r a d i u s ,  

( 2 )  C y l i n d r i c a l  segments having a  10 i n .  r a d i u s ,  



(3) Wedges w i t h  60 d e g r e e  and 120 degree  i n c l u d e d  a n g l e s ,  

(4) Cones w i t h  60 degree  apex a n g l e s .  

Three  b a s i c  r e a s o n s  e x i s t e d  f o r  t h e  s e l e c t i o n  o f  t h e s e  p r o j e c t i l e  con- 

f i g u r a t i o n s .  F i r s t  o f  a l l ,  t h e s e  geomet r i e s  c l o s e l y  approximate  t h e  shapes  o f  

t h e  i m p a c t i n g  s u r f a c e s  o f  t h e  Uni ted  S t a t e s  s p a c e  e x p l o r a t i o n  v e h i c l e s .  The 

s p h e r i c a l  segment r e sembles  t h e  Apol lo  h e a t  s h i e l d  and t h e  120 degree  wedge 

approximates  t h e  impac t ing  edge  o f  t h e  Gemini s p a c e c r a f t .  

These  p r o j e c t i l e s  a l s o  r e p r e s e n t e d  a  wide  r a n g e  o f  s u r f a c e  geomet r i e s  

which p rov ided  d a t a  c o n c e r n i n g  t h e  e f f e c t  o f  t h e  s t r i k i n g  s u r f a c e  shape  on t h e  

s o i l  b e h a v i o r .  

T h i s  i n v e s t i g a t i o n  had a  twofold purpose ,  i n  t h a t  i t  w a s  i n t e n d e d  t o  

ex tend  t h e  work o f  ~ e i c h m u t h ' ~  and a l s o  t o  c o r r e l a t e  w i t h  t h e  p r e v i o u s  impact 

s t u d i e s  t h a t  have been conducted a t  The U n i v e r s i t y  o f  Texas.  The c o r r e l a t i o n  

w i t h  p r e v i o u s  work and t h e  e x t e n s i o n  o f  Reichmuth 's  work n e c e s s i t a t e d  t h e  u s e  

o f  s i m i l a r  p r o j e c t i l e s  and t h e r e f o r e  t h e  shapes  l i s t e d  above were  u t i l i z e d .  

Reichmuth c o n s t r u c t e d  wedge and c y l i n d r i c a l  p r o j e c t i l e s  i n  t h r e e  s e p a r a t e  5 . 5  

i n ,  wide  s e c t i o n s .  These s e c t i o n s  cou ld  be  b o l t e d  t o g e t h e r  s o  t h a t  t h e y  form- 

ed 11 i n .  and 16.5  i n .  wide  p r o j e c t i l e s .  Reichmuth t e s t e d  w i t h  p r o j e c t i l e s  

5 .5  i n .  and 16 .5  i n .  wide  and from t h e  t e s t  d a t a  h e  d e r i v e d  e q u a t i o n s  t o  ex- 

p r e s s  t h e  edge e f f e c t s .  To supplement t h e  d a t a  o b t a i n e d  by Reichmuth, pro- 

j e c t i l e s  I1 i n .  wide  were  t e s t e d .  

Approximately 125 v e r t i c a l  impact  t e s t s  were  a l s o  conducted w i t h  two 

c o n i c a l  p r o j e c t i l e s .  The cone w e i g h t s  were  43.0  and 129.5  l b s .  

F i g u r e  5  i l l u s t r a t e s  t h e  p r o j e c t i l e  shapes  t h a t  were u t i l i z e d  i n  t h i s  

i n v e s t i g a t i o n .  Appendix B l i s t s  t h e  s i g n i f i c a n t  p r o j e c t i l e  p r o p e r t i e s .  
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CHAPTER IV 

TEST PROCEDURES AND DATA REDUCTION 

The t e s t i n g  program was conducted a t  t h e  f o l l o w i n g  f i e l d  s i t e s  which 

were  l o c a t e d  w i t h i n  t h e  c i t y  l i m i t s  o f  Aust in :  

(1) C a p i t o l  Aggregates  p r o p e r t y ,  

(2 )  A r t i f i c i a l l y  c o n s t r u c t e d  s o i l  bed a t  Balcones Research C e n t e r ,  

(3)  Clayey f l a t  a t  Balcones Research Cente r .  

The t e s t  equipment was t r a n s p o r t e d  t o  t h e  s i t e  w i t h  t h e  pickup t r u c k  and i t  

r e q u i r e d  approximately  one hour  t o  s e t  up t h e  t e s t  a p p a r a t u s .  Due t o  t h e  

l a r g e  number o f  t e s t s  a l l  p rocedures  f o r  t e s t i n g  and d a t a  r e d u c t i o n  were 

s t a n d a r d i z e d  t o  s a v e  t ime  and minimize human e r r o r s .  

TEST PROCEDURES 

A f t e r  a r r i v i n g  a t  t h e  test s i t e  t h e  t r u c k  was l e v e l e d  and t h e  gu ide  

r a i l s  were p l a c e d  a t  a  predetermined launch a n g l e .  The o s c i l l o s c o p e  t r a c e s  

were  t h e n  balanced t o  z e r o  and t h e  t e s t  bed made ready .  The measurements f o r  

v e l o c i t y  d e t e r m i n a t i o n  and o s c i l l o s c o p e  s e t t i n g s  were r e c o r d e d .  When neces-  

s a r y ,  t h e  t h r u s t  system was p r e s s u r i z e d  and t h e  p r o j e c t i l e  was t h e n  launched. 

Fo l lowing  impact ,  s o i l  measurements were made. Appendix C c o n t a i n s  d e s c r i p -  

t i o n s  o f  s o i l s  u t i l i z e d  i n  t h i s  and p rev ious  i n v e s t i g a t i o n s .  

S o i l  Bed P r e p a r a t i o n  

S t u d i e s  i n  t h e  f i e l d  o f  s o i l  mechanics have shown t h a t  t h e  t y p e  and 

c o n d i t i o n  o f  s o i l  s t r o n g l y  i n f l u e n c e  t h e  behav ior  o f  founda t ion  e lements  sub- 

j e c t e d  t o  bo th  s t a t i c  and dynamic load ing .  T h e r e f o r e ,  i t  i s  advantageous t o  

perform t e s t s  on a  wide r a n g e  o f  s o i l s .  I n  t h i s  i n v e s t i g a t i o n ,  t h r e e  types  

o f  sands  were used f o r  t a r g e t  m a t e r i a l s .  I n  a d d i t i o n ,  t h e  sands  were each 



prepared  a t  d e n s i t i e s  which corresponded t o  l o o s e  and dense  s t a t e s .  Tests were 

a l s o  performed on a c l a y  i n  a n  i n - s i t u  c o n d i t i o n ,  

Sands 

The C a p i t o l  Aggregates  t e s t  s i t e  was l o c a t e d  nea r  t h e  s h o r e  o f  a  s m a l l  

l a k e  t h a t  had formed i n  a  borrow p i t  a r e a .  The sand i s  known a s  Colorado 

River  Sand and c l a s s i f i e d  a s  we l l -g raded  a c c o r d i n g  t o  t h e  U n i f i e d  System. The 

l o o s e  s t a t e  o f  d e n s i t y  was formed by removing t h e  sand from t h e  immediate 

impact a r e a  and t h e n  c a r e f u l l y  r e p l a c i n g  i t  w i t h  s h o v e l s .  The reworked a r e a  

was 2 f t  by 3 f t  by 1 . 5  f t  i n  dep th .  The dense  s t a t e  was o b t a i n e d  by r e p l a c i n g  

t h e  sand i n  approx imate ly  4 i n ,  t h i c k  l a y e r s  which were  s u c c e s s i v e l y  tamped. 

These p rocedures  produced d e n s i t i e s  o f  approx imate ly  90 and 100 p c f .  S e v e r a l  

t e s t s  were a l s o  performed on t h e  s o i l  i n  a  s a t u r a t e d  s t a t e .  Th i s  s t a t e  was 

o b t a i n e d  by s e t t i n g  up t h e  r i g  near  t h e  w a t e r ' s  edge and t h e n  e x c a v a t i n g  t h e  

s o i l  above t h e  e x i s t i n g  w a t e r  t a b l e .  

Ottawa Sand and a  Colorado River  Sand were  used a s  t a r g e t  m a t e r i a l s  

a t  Balcones  Research C e n t e r .  The sand was p l a c e d  i n  a  3 f t  wide,  6 f t  long ,  

and 4 f t  deep p i t  which was l i n e d  w i t h  p l a s t i c .  The performace o f  t e s t s  on 

s a t u r a t e d  sand  n e c e s s i t a t e d  t h e  u s e  of  a  p i t  l i n i n g .  F i g u r e s  6 and 7 i l l u s -  

t r a t e  t h e  p rocedures  f o r  p r e p a r i n g  t h e  t e s t  bed.  The p r e v i o u s l y  d e s c r i b e d  

p rocedures  were  employed t o  o b t a i n  l o o s e  and dense  s t a t e s .  

Clay 

A s e r i e s  of  t e s t s  were  conducted on Del Rio Clay a t  Balcones Research 

C e n t e r .  S i n c e  t h e  s o i l  was t e s t e d  i n  p l a c e  i t  was n e c e s s a r y  t o  remove t h e  

e x i s t i n g  t o p  4 i n .  o f  overburden.  Each t ime a  t e s t  was completed t h e  a p p a r a t u s  

would be moved s e v e r a l  f e e t  t o  a  new t a r g e t  a r e a  f o r  t h e  nex t  t e s t .  E x t e n s i v e  

manicur ing was r e q u i r e d  t o  o b t a i n  a  l e v e l  impact a r e a .  



F i g . 6  P r e p a r i n g  S o i l  Bed i n  Dense S t a t e  a t  
Balcones  Research Center  

F i g .  7 L e v e l i n g  S o i l  S u r f a c e  While Conducting F i e l d  
T e s t s  on S a t u r a t e d  Colorado River  Sand 



The impact  v e l o c i t y  of  t h e  p r o j e c t i l e  was p rede te rmined  by s e t t i n g  t h e  

p r e s s u r e  l e v e l  i n  t h e  t h r u s t  sys tem.  I n  some s i t u a t i o n s  t h e  t h r u s t  sys tem 

was n o t  r e q u i r e d  and t h e  d e s i r e d  v e l o c i t y  was o b t a i n e d  by v a r y i n g  t h e  d rop  

d i s t a n c e  o f  t h e  wagon and p r o j e c t i l e .  

The impac t  v e l o c i t y  was c a l c u l a t e d  by two independent  methods, The 

f i r s t  method used t h e  i n f o r m a t i o n  o b t a i n e d  from t h e  v e l o c i t y  d e t e c t o r  r e c o r d  

and t h e  second  method r e q u i r e d  t h e  measurement o f  t h e  v e r t i c a l  d i s t a n c e  be- 

tween t h e  t r i g g e r  p i n  on t h e  v e l o c i t y  d e t e c t o r  and t h e  ground s u r f a c e .  The 

f i n a l  s t e p  was t o  r e c o r d  t h e  s e n s i t i v i t y  and i n i t i a l  p o s i t i o n  f o r  each a c c e l -  

erometer  t r a c e  a l o n g  w i t h  t h e  sweep t ime  f o r  each o s c i l l o s c o p e .  

Measurements A f t e r  Impact 

Fo l lowing  impac t ,  t h e  v e r t i c a l  p r o j e c t i l e  p e n e t r a t i o n  was measured 

a s  shown i n  F i g .  8. D e n s i t y  samples were  a l s o  t a k e n  w i t h  b r a s s  r i n g s  t h a t  

were  a p p r o x i m a t e l y  2 i n .  i n  d iamete r  and 1.3 i n .  wide ,  Ring w a l l  t h i c k n e s s e s  

were approx imate ly  0 , 0 3  i n c h e s .  F i g u r e  9 shows t h e  sampl ing method. 

DATA REDUCTION 

Data r e d u c t i o n  was c a r r i e d  o u t  c o n c u r r e n t l y  w i t h  f i e l d  t e s t i n g  s o  

m o d i f i c a t i o n s  i n  t e s t i n g  p rocedures  cou ld  b e  made i f  n e c e s s a r y .  The d a t a  

from t h e  v e l o c i t y  r e c o r d s ,  a c c e l e r a t i o n  r e c o r d s ,  and s o i l  l o g s  were punched 

on computer c a r d s  and reduced  t o  a  u s a b l e  form w i t h  two computer programs, 

The s o i l  d a t a  were  reduced by Program SOIL and t h e  remain ing  d a t a  were  reduced 

u s i n g  Program IMPACT. Program SOIL performed s t a n d a r d  m o i s t u r e  c o n t e n t  and 

d e n s i t y  c a l c u l a t i o n s .  A d i s c u s s i o n  and FORTRAN l i s t i n g  of  Program IMPACT h a s  

19 been g i v e n  by Reichmutb a 



F i g .  8 Measurement o f  F i n a l  Cone P e n e t r a t i o n  
Fol lowing V e r t i c a l  Impact T e s t  

F i g . 9  T r i m m i n g a R i n g D e n s i t y  Sample 



Manual Reduct ion 

The a c c e l e r a t i o n  and v e l o c i t y  r e c o r d s  came from t h e  f i e l d  i n  t h e  form 

of  3  by 4 i n .  P o l a r o i d  photos .  A Model 70 d r y  photo c o p i e r  made by t h e  3M Com- 

pany was used t o  make p o s i t i v e  image t r a n s p a r e n c i e s  o f  t h e  f i e l d  r e c o r d s .  An 

overhead p r o j e c t o r  was t h e n  used t o  e n l a r g e  t h e  image and p r o j e c t  i t  o n t o  graph 

paper where i t  was t r a c e d .  P o i n t s  were t a k e n  o f f  t h e  t r a c e d  a c c e l e r a t i o n  

r e c o r d  a t  e q u a l  t i m e  inc rements .  G e n e r a l l y  20 t o  30 p o i n t s  were r e q u i r e d  f o r  

a n  a c c u r a t e  s i m u l a t i o n  o f  t h e  a c c e l e r a t i o n - t i m e  c u r v e  i n  Program IMPACT. 

Computer C a l c u l a t i o n s  

Program IMPACT performed t h e  manipu la t ions  t h a t  were  necessa ry  t o  

d e s c r i b e  t h e  a c c e l e r a t i o n ,  v e l o c i t y ,  and displacement  o f  t h e  p r o j e c t i l e  a t  

t h e  chosen t ime  inc rements .  The program a l s o  con ta ined  a  s u b r o u t i n e  which 

p l o t t e d  t h e  v e r t i c a l  d isplacement  v e r s u s  h o r i z o n t a l  d i sp lacement  o f  t h e  pro-  

j e c t i l e  c e n t e r  o f  g r a v i t y  and t i p .  

Impact V e l o c i t y  De te rmina t ion  

The i n i t i a l  v e l o c i t y  o f  t h e  p r o j e c t i l e  a t  t h e  i n s t a n t  o f  impact w a s  

c a l c u l a t e d  by s e v e r a l  methods. The method o f  c a l c u l a t i o n  depended upon t h e  

a n g l e  of impact  and t h e  t y p e  of p r o j e c t i l e .  

F i g u r e s  1 0  and 11 show t y p i c a l  v e l o c i t y  d a t a  t a k e n  i n  t h e  f i e l d .  The 

f i r s t  method of  v e l o c i t y  c a l c u l a t i o n  i s  r e p r e s e n t e d  by 

where , 

P = Dis tance  between p i n s  1 and 4,  
d  

5 - 4  
= T r a v e l  t ime between p i n s  1 and 4  
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FIG. I 0  SKETCH OF T H E  VELOCITY DETECTOR SYSTEM 

FIG. 1 1  TYPICAL VELOCITY RECORD 



Equat ion 9 g i v e s  an  average v e l o c i t y  over  a 6 i n .  t r a c k  d i s t a n c e ;  

however, t h i s  approximat ion g e n e r a l l y  i n v o l v e s  l e s s  t h a n  5 p e r c e n t  e r r o r  f o r  

a n g l e s  o f  impact g r e a t e r  t h a n  30 degrees .  

The second method of  c a l c u l a t i o n  i s  g iven  by 

Ve12 = 
vd 

(Td + Tp) s i n  CY 

where,  

Vd = V e r t i c a l  d i s t a n c e  i n  F i g .  1 0 ,  

Td = O s c i l l o s c o p e  d e l a y  t ime ,  

T  = Photo t ime  i n  F i g .  12,  
P  

a = Impact a n g l e .  

The d e l a y  t i m e  i s  a  s e t t i n g  on t h e  o s c i l l o s c o p e  which de te rmines  t h e  t ime 

between t h e  t r i g g e r  and t h e  s t a r t  o f  t h e  sweep, It shou ld  be  noted t h a t  t h i s  

i s  a l s o  a n  a v e r a g e  v e l o c i t y .  G e n e r a l l y ,  t h e  agreement between Veil and 

Ve12 was w i t h i n  15  p e r c e n t  f o r  a n g l e s  o f  impact g r e a t e r  t h a n  30 degrees  and 

f o r  c y l i n d r i c a l ,  s p h e r i c a l ,  and wedge shaped p r o j e c t i l e s .  T h i s  agreement 

was c o n s i d e r e d  a c c e p t a b l e  and t h e  impact v e l o c i t y  was c a l c u l a t e d  by 

Veil + Vel 
v .  = 

2  
1 2  

where, 

Veil = V e l o c i t y  c a l c u l a t e d  by method 1, 

Ve12 = V e l o c i t y  c a l c u l a t e d  by method 2 .  

The a n g l e  o f  impact (a) was assumed t o  be t h e  same as  t h e  a n g l e  a t  which t h e  

gu ide  r a i l s  were  s e t .  High speed photographs  have shown t h a t  t h i s  assumption 

i n v o l v e s  n e g l i g i b l e  e r r o r  



FIG. 12 ACCELERATION RECORD 
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FIG. 13 EFFECT OF G R A V I W  ON THE PW0JEG"TILE FLIGHT 
WTH 



'When p r o j e c t i l e s  were launched a t  angles  be low 30 degrees the  acce l -  

e r a t i o n  of g r a v i t y  s i g n i f i c a n t l y  changed both the  magnitude and d i r e c t i o n  of 

the  v e l o c i t y  between r e l e a s e  and the  i n s t a n t  of impact. F igu re  13 i l l u s t r a t e s  

t he  e f f e c t  of g rav i ty  on t h e  f l i g h t  pa th  of the  p r o j e c t i l e .  The v e r t i c a l  

v e l o c i t y  a t  impact was ca l cu la t ed  by 

V = Eve1 + 2.0 (Ve12 - Veil) 1 s i n  a . 
v  1 (12) 

This  method assumes t h a t  t h e  v e r t i c a l  v e l o c i t y  of  t he  p r o j e c t i l e  i nc reases  

l i n e a r l y  from t h e  time of r e l e a s e  t o  the  i n s t a n t  of impact. Ve12 i s  an 

average v e l o c i t y  which r e f l e c t s  t he  e f f e c t  of  g rav i ty .  Veil i s  approximately 

t h e  v e l o c i t y  of t h e  p r o j e c t i l e  a t  t he  t ime of r e l e a s e .  The h o r i z o n t a l  v e l o c i t y  

was ca l cu la t ed  by 

V = (Vel ) cos a . 
H 1 (13) 

The impact ang le  i s  

I - 1 
Q = t a n  vV/vH . 

When the  conica l  p r o j e c t i l e s  were t e s t e d ,  v e l o c i t y  Veil and Ve12 

d id  not  agree  because Ve12 was ca l cu la t ed  us ing  the  photo time (T ) which 
P  

assumes t h e  a c c e l e r a t i o n  record begins a t  the  i n s t a n t  t he  p r o j e c t i l e  contacts  

t h e  s o i l ,  However, f o r  t he  f i r s t  few inches of cone p e n e t r a t i o n  the  s o i l  

r e a c t i o n  was not  l a r g e  enough t o  produce measurable d e f l e c t i o n s  on t h e  accel-  

e r a t i o n  record.  This caused t h e  photo time (Fig.  12) t o  be g r e a t e r  than i t  

a c t u a l l y  was, thus  producing an e r r o r  i n  the c a l c u l a t i o n  of Vel Therefore,  
2' 

Vel was used a s  t he  i n i t i a l  impact v e l o c i t y .  
1 



The a c c e l e r a t i o n  curves  were i n p u t  t o  Program IMPACT i n  t h e  form o f  

p o i n t s  a t  e q u a l  t ime i n t e r v a l s .  I t  was found by Reichmuth19 t h a t  t h e  b e s t  

approximat ion o f  t h e  a r e a  under t h e  curve  was o b t a i n e d  by u s i n g  t h e  t r a p e -  

z o i d a l  r u l e  f o r  t h e  f i r s t  increment o f  a r e a ,  Simpson 's  r u l e  f o r  t h e  sum o f  

t h e  f i r s t  two inc rements  o f  a r e a ,  and t h e  t h r e e - e i g h t h s  r u l e  f o r  t h e  fo l low-  

i n g  inc rements  o f  a r e a .  The f i r s t  i n t e g r a t i o n  o f  t h e  a c c e l e r a t i o n  c u r v e  

y i e l d e d  t h e  v e l o c i t y - t i m e  h i s t o r y  o f  t h e  p r o j e c t i l e .  The v e l o c i t y - t i m e  

r e l a t i o n s h i p  was t h e n  i n t e g r a t e d  t o  y i e l d  t h e  d i sp lacement - t ime  h i s t o r y .  

The a c c e l e r a t i o n  o f  g r a v i t y  was n e g l e c t e d  f o r  a l l  p r o j e c t i l e s  except  t h e  

cones.  I n  many of  t h e  cone t e s t s  t h e  a c c e l e r a t i o n s  were  n o t  l a r g e  enough t o  

pe rmi t  g r a v i t y  t o  be n e g l e c t e d .  



CHAPTER V 

TEST RESULTS AND ANALYSES 

The a u t h o r ' s  t e s t i n g  program was d i v i d e d  i n t o  t h r e e  phases .  The f i r s t  

phase  c o n s i s t e d  o f  o b t a i n i n g  a d d i t i o n a l  d a t a  f o r  t h e  e v a l u a t i o n  o f  edge e f f e c t s  

produced by p r o j e c t i l e s  which have f i n i t e  dimensions i n  a  d i r e c t i o n  perpend i -  

c u l a r  t o  t h e  p l a n e  o f  motion.  The second phase  invo lved  t h e  impac t ing  of 

p r o j e c t i l e s  a t  a n g l e s  o f  impact l e s s  t h a n  30 d e g r e e s .  These t e s t s  were pe r -  

formed t o  check t h e  accuracy  o f  Reichmuth's19 r e g r e s s i o n  e q u a t i o n s  i n  p re -  

d i c t i n g  s o i l  p r e s s u r e s  developed d u r i n g  low a n g l e  impact.  The t h i r d  and f i n a l  

phase  y i e l d e d  d a t a  concern ing  t h e  behavior  o f  v e r t i c a l  impact of cones on sands .  

EDGE EFFECTS 

The t e s t  a p p a r a t u s  and p r o j e c t i l e s  were  c o n s t r u c t e d  s o  t h a t  t h e  pro-  

j e c t i l e s ,  upon impact ,  t r a v e l e d  i n  a  p l a n e ,  Th is  p l a n a r  motion was v e r i f i e d  

by h i g h  speed f i l m  d a t a  and a l s o  by examinat ion o f  s o i l  i m p r i n t s .  S i n c e  t h e  

p r o j e c t i l e s  had f i n i t e  dimensions i n  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  

mot ion,  t h e  a c c e l e r a t i o n s  were a f f e c t e d  by t h i s  wid th .  It shou ld  be noted 

t h a t  t h e  w i d t h  o f  t h e  p r o j e c t i l e  i s  d e f i n e d  a s  t h e  l i n e a r  dimension i n  a  

d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  mot ion.  I f  smal l  s c a l e  p r o j e c t i l e  

t e s t  r e s u l t s  a r e  t o  be  used t o  p r e d i c t  t h e  b e h a v i ~ r  o f  s i m i l a r ,  but  l a r g e r  

p r o j e c t i l e s  i t  i s  advantageous t o  know t h e  magnitude o f  t h e  edge e f f e c t s .  

~ e i c h m u t h ' ~  used wedges and c y l i n d r i c a l  p r o j e c t i l e s ,  hav ing  wid ths  

o f  5 . 5  i n .  and 1 6 . 5  i n . ,  t o  s t u d y  edge e f f e c t s .  He developed t h e  e m p i r i c a l  

e q u a t i o n  



where,  

F = Measured f o r c e  pe r  inch  wid th ,  
m 

F  = P l a n e  s t r a i n  f o r c e  p e r  i n c h  w i d t h ,  
P  

K = Edge e f f e c t  c o n s t a n t ,  
e  

D = Width o f  impact s u r f a c e .  
P  

The edge e f f e c t  c o n s t a n t  was s o l v e d  f o r  by s u b s t i t u t i n g  each v a l u e  o f  D 
P 

i n t o  Eq. 15 ,  which y i e l d e d  

and 

D i v i s i o n  o f  Eq. 1 6  by Eq. 17 y i e l d s  

The r a t i o  o f  F 
m(5.5) 

t o  
Fm(16. 5) 

i s  equa l  t o  t h e  peak a c c e l e r a t i o n  r a t i o  

o f  t h e  5 , 5  i n .  wide p r o j e c t i l e  t o  t h e  1 6 . 5  i n .  wide p r o j e c t i l e .  Th i s  r a t i o  

was determined from f i e l d  t e s t s  and the reby  a  measure o f  
Ke 

was o b t a i n e d ,  

T h i s  method o f  s o l v i n g  f o r  K i n v o l v e s  t h e  assumption t h a t  t h e  edge e f f e c t s  
e  

a r e  c o n s t a n t  f o r  p r o j e c t i l e s  hav ing  wid ths  e q u a l  t o ,  o r  ' g r e a t e r  t h a n  5 . 5  i n c h e s .  

F i g u r e  1 4  shows t h e  e f f e c t  of t h e  p r o j e c t i l e  wid th  on measured impact f o r c e s  a s  

19 determined by Reichmuth This  f i g u r e  i n d i c a t e s  t h a t  t h e  edge e f f e c t  con- 

s t a n t  i s  h i g h l y  dependent upon whether t h e  t a r g e t  m a t e r i a l  i s  c l a y  o r  sand.  

Impact on c l a y  produced p r e s s u r e s  l a r g e r  t h a n  t h e  p lane  s t r a i n  p r e s s u r e ,  

w h i l e  impact on sands  produced t h e  o p p o s i t e  e f f e c t .  
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- 

WIDTH OF IMPACT SURFACE (Dp)(lNCHES) 
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FIG. 14 EFFECT OF PROJECTILE WIDTH ON MEASURED IMPACT FORCES 
(AFTER REiCHMLiTH) 



I n  t h e  d e r i v a t i o n  o f  Reichmuth 's  e q u a t i o n s ,  which account  f o r  edge 

e f f e c t s ,  i t  was n e c e s s a r y  t o  assume t h a t  t h e  edge e f f e c t s  were  c o n s t a n t  f o r  

wid ths  e q u a l  t o ,  o r  g r e a t e r  t h a n  5 .5  i n c h e s .  A t  t h e  p r e s e n t  t ime,  t h e r e  a r e  

no t h e o r e t i c a l  methods f o r  d e t e r m i n i n g  t h e  minimum w i d t h  above which t h e  edge 

e f f e c t s  remain c o n s t a n t .  T e s t s  w i t h  d o u b l e  wid th  p r o j e c t i l e s  (11.0 i n .  wide) 

were conducted t o  d e t e r m i n e  t h e  v a l i d i t y  o f  t h i s  assumpt ion.  

A s e r i e s  of  t e s t s  were  r u n  u s i n g  doub le  w i d t h  wedges and c y l i n d e r s .  

S i n c e  t h e s e  t e s t s  were t o  be compared t o  t h e  p r e v i o u s  s i n g l e  and t r i p l e  

w i d t h  p r o j e c t i l e  t e s t s  of  Reichmuth, ext reme c a r e  was t a k e n  t o  r e p r o d u c e  

s i m i l a r  t e s t i n g  c o n d i t i o n s .  T a b l e  No. 1 shows a  t a b u l a t i o n  o f  t h e  r e s u l t s  

o b t a i n e d  f o r  t h e  s i n g l e ,  doub le ,  and t r i p l e  wid th  t e s t s  on Del Rio Clay  (CH) 

and Ottawa Sand (SP). The code used f o r  i d e n t i f y i n g  t h e  t e s t s  i s  e x p l a i n e d  

i n  Appendix A. F i g u r e  15 i l l u s t r a t e s  t h e  r e s u l t s  from t h e  s i n g l e ,  doub le ,  

and t r i p l e  w i d t h  t e s t s  on s a t u r a t e d  C a p i t o l  Aggregates  Sand (SW). The r e -  

s u l t s  a r e  p r e s e n t e d  i n  t h e  form o f  peak a c c e l e r a t i o n s .  I f  d e v i a t i o n s  i n  

peak a c c e l e r a t i o n  v a l u e s  due t o  exper imenta l  e r r o r  a r e  n e g l e c t e d ,  t h e  v a r -  

i a t i o n  o f  peak a c c e l e r a t i o n s  w i t h i n  a  comparison t e s t  s e r i e s  i s  due t o  t h e  

change i n  p r o j e c t i l e  w i d t h s .  T a b l e  No. 2 l i s t s  peak a c c e l e r a t i o n  r a t i o s  

f o r  s i n g l e  and double  w i d t h  p r o j e c t i l e s .  These r a t i o  v a l u e s  were  t h e n  averaged 

and t h e  r e s u l t i n g  numer ica l  v a l u e s  p r e s e n t e d  i n  T a b l e  No. 3. 

The v a l u e s  from T a b l e  No. 3 were  s u b s t i t u t e d  i n t o  Eq .  19 .  



TABLE NO. 1 

TEST 
I D E N T I F I C A T I O N  

COMPARISONS OF RESULTS FOR TESTS USING SINGLE (5%" W I D E ) ,  
DOUBLE (11" WIDE)  AND TRIPLE ( 1 6 % "  WIDE) WIDTH PROJECTILES 

S O I L  TRACK VALUES AT PEAK VERT. ACCELERATION 
TYPE Y w VEL . H o r i z .  V e r t  . A n g u l a r  T i m e  

( p c f  % ( ~ P s )  ( g ' s )  ( g ' s )  ( g l s / f t )  (ms ec ) 



TABLE NO. 1 (CONT'D)  

T E S T  
I D E N T I F I C A T I O N  

S O I L  
TYPE Y w 

( P C £ )  % 

TRACK 
VEL . 

( £ P S I  

VALUES AT PEAK VERT.  ACCELERATION 
H o r i z .  V e r t .  A n g u l a r  T i m e  
(g ' s > ( g ' s )  ( g ' s l f t )  ( m s e c  > 

-- 



TEST 
IDENTIFICATION 

TRACK 
VEL . 

( f p s )  

VALUES AT PEAK VERT.  ACCELERATION 
H o r i z .  V e r t  . A n g u l a r  T i m e  

( g ' s )  ( g ' s )  ( g ' s l f t )  ( m s e c  > 
TYPE 



GYL I - 4 5 - Q - S W 2  

E l  - VERT. ACCELERATION 

- 0 - MORIZ. ACCELERATION 
C Y L 2  - 4 5 - 0 - S W 2  

A - VERT. X C E L E R A T I O N  

A - HORIZ.  ACCELERAION 

- C Y L 3  - 4 5 - 0 - S W 2  

- VERT. ACCELERATION 

@ - HORIZ.  ACCELERATION 

- 

- 

V E R T I C A L  

A C C E L E R A T I O N  

- / 

/ 

' / /  

TRACK VELOCITY (V ) ,  (FPS) 

FIG. 15 EFFECT OF F)FSOdECTILE WIDW ON ACCELERATION - 
CYLINDER TESTS QN SATURATED COLORADO RIVER SAND 



TABLE N O .  2 

RELATIVE ACCELERATION OF SINGLE AND DOUBLE WIDTH PROJECTILES 

Soi  1 Peak A c c e l e r a t i o n  Ra t io  No. of 
(S ing le  w i d t h l ~ o u b l e  Width) Comparisons 
Ver t  . Hor iz .  Angular 

Del Rio clay1 0 .93 1 .00  0.82 
(CHI 

Ottawa sand1 0 . 9 1  0 .93 3 
- 

(SP) 

C a p i t o l  Aggregates  0 .85  0.80 
sand" (SW) 

NOTE: 1 Values taken f r , ~ m  Table  No. 1 
2 Values t aken  from F i g .  15 
3 A c c e l e r a t i o n s  too smal l  f o r  v a l i d  comparison 

TABLE NO. 3 

AVERAGE RATIOS OF PEAK ACCELERATIONS 
FOR SINGLE AND DOUBLE WIDTH PROJECTILES 

Type S o i l  S i n g l e  WidthIDouble Width 

Clay 0 .92  

Sand 0.87 



T h i s  s u b s t i t u t i o n  y i e l d e d  edge e f f e c t  c o n s t a n t  v a l u e s  (Ke) o f  -1 .26  f o r  

sand and -0.82 f o r  c l a y .  A s  shown i n  F i g ,  1 4 ,  t h e  v a l u e s  o b t a i n e d  by 

Reichmuth were  -1 .41 f o r  sand and 1 .33  f o r  c l a y .  

There  is  some d e v i a t i o n  i n  t h e  c o n s t a n t s  f o r  sand;  however, t h e  r a t i o  

o f  Fm t o  F i s  r e l a t i v e l y  i n s e n s i t i v e  t o  changes i n  Ke and from t h i s  
P  

viewpoint  t h e  agreement i s  extremely good. The good agreement i n d i c a t e s  t h a t  

t h e  assumption o f  c o n s t a n t  edge e f f e c t s  f o r  p r o j e c t i l e s  hav ing  wid ths  equa l  

t o ,  o r  g r e a t e r  t h a n  5 .5  i n .  i s  v a l i d .  

The agreement f o r  t e s t s  on c l a y  was u n s a t i s f a c t o r y .  Reichmuth 's  

r e s u l t s ,  f o r  c l a y ,  i n d i c a t e  t h a t  a s  t h e  wid th  o f  t h e  p r o j e c t i l e  i n c r e a s e s  t h e  

f o r c e  pe r  i n c h  o f  wid th  d e c r e a s e s ,  w h i l e  t h e  r e s u l t s  from t h i s  i n v e s t i g a t i o n  

i n d i c a t e  t h e  o p p o s i t e  e f f e c t .  Two f a c t o r s  which may have c o n t r i b u t e d  t o  t h e  

d i s p a r i t y  i n  r e s u l t s  w i l l  now be d i s c u s s e d .  Examination o f  T a b l e  No. 2  shows 

t h a t  t h e  peak a n g u l a r  a c c e l e r a t i o n  v a l u e s  f o r  t h e  double  w i d t h  p r o j e c t i l e s  

a r e  on t h e  average  approximately  20 p e r c e n t  g r e a t e r  t h a n  s i n g l e  wid th  v a l u e s .  

S i n c e  t h e  p r o j e c t i l e  p e n e t r a t i o n s  i n  c l a y  were  r e l a t i v e l y  s m a l l  compared t o  

t h e  t e s t s  i n  sand,  i n  a l l  c a s e s  l e s s  t h a n  1 .0  i n . ,  t h e  a n g u l a r  a c c e l e r a t i o n  i s  

extremely s e n s i t i v e  t o  a n g l e  o f  impact .  A s  s t a t e d  p r e v i o u s l y ,  t h e  a n g l e  o f  

impact was predetermined by s e t t i n g  t h e  i n c l i n a t i o n  o f  t h e  gu ide  r a i l s ,  The 

r a i l s  were  composed of 2  by 2  i n .  box aluminum members which were  f a i r l y  f l e x -  

i b l e ,  t h u s  c a u s i n g  t h e  measured impact a n g l e  t o  be a  f u n c t i o n  o f  where i t  was 

measured a l o n g  t h e  r a i l s .  The p o i n t  o f  measurement o f  t h e  r a i l  i n c l i n a t i o n ,  

which was approx imate ly  two f e e t  above t h e  lower end of t h e  r a i l ,  may no t  

19 have been t h e  same a s  t h a t  used by Reichmuth 

The s o i l  c o n d i t i o n s  may have been s l i g h t l y  d i f f e r e n t  s i n c e  t h e  t e s t s  

were conducted w i t h  a  9  month i n t e r v a l ;  however, t h e  c o l l e c t e d  s o i l  d a t a  gave 

no i n d i c a t i o n  of t h i s  n a t u r e .  



The dynamic t e s t  d a t a  i n d i c a t e s  a l a r g e  d i f f e r e n c e  between t h e  edge 

e f f e c t s  f o r  t e s t s  on  sand and c l a y .  Th is  l a r g e  d i f f e r e n c e  h a s  a l s o  been no ted  

i n  s t a t i c  t e s t s .  

F i g u r e  16 i l l u s t r a t e s  p r e s s u r e  d i s t r i b u t i o n s  beneath  s t a t i c a l l y  loaded 

r i g i d  f o o t i n g s  on  c o h e s i o n l e s s  and cohes ive  s o i l s .  F i g u r e  16a d e p i c t s  a  c a s e  

i n  which t h e  f o o t i n g  h a s  undergone a  uniform d i sp lacement  and t h e  p r e s s u r e  

d i s t r i b u t i o n  a c r o s s  t h e  wid th  o f  t h e  f o o t i n g  i s  approx imate ly  p a r a b o l i c .  

~ a ~ l o r ~ ~  h a s  s t a t e d  t h a t  i f  t h e  average  p r e s s u r e  i s  r e l a t i v e l y  s m a l l ,  o r  i f  

t h e  f o o t i n g  width  i s  l a r g e ,  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  f l a t t e r  over  t h e  

c e n t r a l  p o r t i o n  o f  t h e  f o o t i n g  and i s  n e a r e r  e l l i p s o i d a l  t h a n  p a r a b o l i c ,  a s  

shown i n  F i g .  16b. The s t r e s s e s  a t  t h e  edges o f  a  f o o t i n g  r e s t i n g  on  co- 

h e s i o n l e s s  s o i l  a r e  z e r o  because t h e  s o i l  j u s t  o u t s i d e  t h e  f o o t i n g  edges i s  

n o t  under p r e s s u r e  and t h e r e f o r e  has  no s t r e n g t h .  I f  t h e  f o o t i n g  h a s  an  

i n f i n i t e  l e n g t h  ( p l a n e  s t r a i n  c a s e ) ,  t h e  u l t i m a t e  average  c o n t a c t  p r e s s u r e  

t h a t  can be developed i s  approximately  20 p e r c e n t  g r e a t e r  t h a n  t h e  u l t i m a t e  

average  p r e s s u r e  f o r  a  s q u a r e  f o o t i n g  hav ing  t h e  same wid th  a s  t h e  i n f i n i t e l y  

l o n g  f o o t i n g .  It shou ld  be  noted t h a t  t h e  wid th  o f  t h e  f o o t i n g  i s  always t h e  

l e a s t  p l a n  dimension a c c o r d i n g  t o  conven t iona l  nomencla ture .  T h i s  nomencla- 

t u r e  has  n o t  been adopted f o r  t h e  dynamic t e s t s .  The width  o f  t h e  p r o j e c t i l e  

i s  r e f e r r e d  t o  a s  t h e  l i n e a r  dimension i n  a  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  

p l a n e  o f  motion.  

F i g u r e  17 shows t h e  f a i l u r e  p a t t e r n  f o r  a  s t r i p  f o o t i n g  ( f o o t i n g  o f  

i n f i n i t e  l e n g t h ) .  Bear ing  f a i l u r e  of a  s t r i p  f o o t i n g  i n v o l v e s  movement o f  

t h e  s o i l  i n  two d i r e c t i o n s ,  wi th  t h e  displacement  of t h e  s o i l  i n  t h e  Z 

d i r e c t i o n  be ing  z e r o .  F i g u r e  18 i l l u s t r a t e s  a t h r e e  dimensional  f a i l u r e  mode 

i n  sand ,  upon impact o f  a  5 . 5  i n ,  wide p r o j e c t i l e ,  Although t h e  sand i s  



FIG. 16 PRESSURE DISTRIBUTION BENEATH STATICALLY LOADED 
RIGID FOOTlPlGS. ( a ) COHESIONLESS SOIL; NARROW FOOTlNG,(b) 
COHESIONLESS SOIL: WIDE FOOTING, ( c )  COHESIVE SOIL 



FIG. I7 FAILURE PATTERN BENEATH AN INFINITELY LONG, STATICALLY 
LOADED STRIP FOOTING 

FIG. 18 EXAMPLE OF THREE DIMENSIONAL FAILURE MODE IN 
PARTIALLY SATURATED OTTAWA SAND. IMPACT O F A  
I20 DEGREE WEDGE A W 4 5  DEGREES (PHOTO AFTER 
REICHMUTH 



p a r t i a l l y  s a t u r a t e d ,  a  l a r g e  amount o f  s o i l  i s  e j e c t e d  away from t h e  impact 

a r e a .  A s e r i e s  of f a i l u r e  p l a n e  ou tc ropp ings  a r e  v i s i b l e ;  i n d i c a t i n g  t h a t  

p o s s i b l y  t h e  s o i l  which remains i n  t h e  impact a r e a  behaves i n  a  manner s i m i l a r  

t o  t h a t  i n  s t a t i c  sys tems,  

The s t r e s s  d i s t r i b u t i o n  beneath  a  r i g i d  f o o t i n g  on a  c o h e s i v e  s o i l  

i s  shown i n  F i g .  16c ,  The dashed l i n e  i n d i c a t e s  t h e  p r e s s u r e  d i s t r i b u t i o n ,  

shown by t h e o r y  o f  e l a s t i c i t y ,  f o r  a n  e l a s t i c  m a t e r i a l  o f  i n f i n i t e  s t r e n g t h .  

S i n c e  i t  i s  n o t  p o s s i b l e  t o  have a  m a t e r i a l  o f  i n f i n i t e  s t r e n g t h  t h e  a c t u a l  

d i s t r i b u t i o n  i s  i n d i c a t e d  by t h e  heavy l i n e .  The h igh  s t r e s s e s  a t  t h e  edge 

o f  t h e  f o o t i n g  a r e  caused by t h e  l a r g e  s h e a r i n g  f o r c e  which i s  developed by 

r e l a t i v e  movement between t h e  s o i l  under t h e  edge o f  t h e  f o o t i n g  and t h e  s o i l  

j u s t  o u t s i d e  t h e  edge.  Along t h e  p e r i m e t e r  o f  a  r i g i d  f o o t i n g  on sand t h e s e  

same s h e a r i n g  s t r a i n s  e x i s t  bu t  due t o  t h e  l a c k  of r i g i d i t y  i n  sand s t r e s s e s  

a r e  n o t  developed.  The u l t i m a t e  average s t r e s s  developed beneath  a  s q u a r e  

f o o t i n g  on  c l a y  i s  approx imate ly  30 p e r c e n t  g r e a t e r  t h a n  t h e  u l t i m a t e  average  

s t r e s s  benea th  a  s t r i p  f o o t i n g  on c l a y .  

Summary of Edge E f f e c t s  

It h a s  been shown t h a t  t h e  edge e f f e c t s ,  under s t a t i c  l o a d i n g  condi-  

t i o n s ,  a r e  o f  a n  o p p o s i t e  n a t u r e  f o r  sands  and c l a y s .  For  a  c o n s t a n t  width  

f o o t i n g  r e s t i n g  on  sand,  an  i n c r e a s e  i n  f o o t i n g  l e n g t h  w i l l  produce an i n -  

c r e a s e  i n  t h e  u l t i m a t e  average  c o n t a c t  p r e s s u r e  beneath  t h e  f o o t i n g .  For 

f o o t i n g s  on c l a y  t h e  c o n t a c t  p r e s s u r e  d e c r e a s e s  w i t h  an  i n c r e a s e  i n  l e n g t h .  

Thus, t h e  edge e f f e c t  c o n s t a n t  f o r  s t a t i c  l o a d i n g  c o n d i t i o n s  would be p o s i t i v e  

f o r  c l a y s  and n e g a t i v e  f o r  sands .  ~ e i c h m u t h ~ s ~ ~  impact t e s t  r e s u l t s  ( s i n g l e  

and t r i p l e  wid th  p r o j e c t i l e s )  i n d i c a t e d  a  s i m i l a r  t y p e  of behav ior ,  However, 

t h e  double  w i d t h  p r o j e c t i l e  t e s t s  o f  t h e  au thor  i n d i c a t e d  n e g a t i v e  edge e f f e c t  

v a l u e s  f o r  both  sands  and c l a y s .  I t  i s  b e l i e v e d  t h a t  t h e  au thor  may no t  have 



been a b l e  t o  r e p r o d u c e  t h e  t e s t i n g  t echn iques  o f  Reichmuth, which were  espe-  

c i a l l y  c r i t i c a l  f o r  t e s t s  on c l a y .  S i n c e  Reichmuth 's  s i n g l e  and t r i p l e  wid th  

t e s t s  were  performed under s i m i l a r  t e s t  c o n d i t i o n s ,  i t  was assumed t h a t  t h e  

s i n g l e  and t r i p l e  w i d t h  c l a y  t e s t  r e s u l t s  i n d i c a t e  t h e  t r u e  s o i l  behav io r .  

A s  p r e v i o u s l y  s t a t e d  on p. 48 ,  t h e  agreement f o r  t e s t s  on sand was 

good. T h i s  agreement t e n d s  t o  s u b s t a n t i a t e  Reichmuth 's  assumpt ion t h a t  t h e  

edge e f f e c t s  a r e  approx imate ly  c o n s t a n t  f o r  p r o j e c t i l e  wid ths  equa l  t o ,  o r  

g r e a t e r  t h a n  5.5 i n c h e s .  

LOW ANGLE IMPACT 

A s e r i e s  o f  t e s t s  were  conducted t o  de te rmine  how w e l l  t h e  e q u a t i o n s  

g e n e r a t e d  by ~ e i c h m u t h ' ~  p r e d i c t  s o i l  p r e s s u r e s  f o r  impact  a n g l e s  l e s s  t h a n  

30 d e g r e e s .  These  e q u a t i o n s  were g e n e r a t e d  by a p p l y i n g  r e g r e s s i o n  t y p e  a n a l -  

y s e s  t o  exper imenta l  d a t a  t h a t  were  o b t a i n e d  from t h e  impact  o f  wedges, c y l i n -  

d e r s ,  and s p h e r e s ,  a t  a n g l e s  of impact r a n g i n g  between 90 and 30 d e g r e e s .  

Wedge 

Reichmuth assumed t h a t  t h e  s o i l  p r e s s u r e s  g e n e r a t e d  d u r i n g  impact  cou ld  

be r e p r e s e n t e d  by e q u a t i o n s  which invo lved  t h e  p r o d u c t  o f  t e s t  v a r i a b l e s  r a i s e d  

t o  e x p o n e n t i a l  powers. He developed t h e  f o l l o w i n g  e q u a t i o n s ;  which r e p r e s e n t  

b e s t  f i t s ,  by t h e  l e a s t  s q u a r e s  method, o f  t h e  exper imenta l  wedge d a t a .  

The v a r i a b l e s  a p p e a r i n g  i n  t h e s e  e q u a t i o n s  a r e  d e f i n e d  a s  f o l l o w s :  

( F  ) = P l a n e  s t r a i n  normal p r e s s u r e  on t h e  l o a d i n g  f a c e  of  
wedge ( I b / i n , )  , 



(Fp)T = P l a n e  s t r a i n  t a .ngen t ia l  p r e s s u r e  on  t h e  l e a d i n g  f a c e  
o f  wedge ( L b l i n .  ) , 

v@ = R o t a t i o n a l  v e l o c i t y  ( r a d i a n s / s e c )  , 

VV = V e r t i c a l  v e l o c i t y  o f  wedge t i p  ( f p s ) ,  

VH = H o r i z o n t a l  v e l o c i t y  o f  wedge t i p  ( f p s )  , 

Y = S o i l  d e n s i t y  ( p c f ) ,  

D = V e r t i c a l  p e n e t r a t i o n  ( i n . ) ,  
t 

$ = Face  a n g l e  ( a n g l e  between l e a d i n g  f a c e  of wedge and 
h o r i z o n t a l  s o i l  s u r f a c e ) ,  ( d e g r e e s ) .  

The s i g n  conven t ions  used i n  t h i s  i n v e s t i g a t i o n  a r e  g iven  i n  Appendix A. 

Equa t ions  20 and 21 were  d e r i v e d  from d a t a  t h a t  were t a k e n  s o l e l y  from 

t h e  r i s i n g  and peak p o r t i o n s  of t h e  a c c e l e r a t i o n - t i m e  c u r v e s .  Another l i m i t a -  

t i o n  i s  t h a t  d a t a  were used from t e s t s  i n  which o n l y  one f a c e  o f  t h e  wedge was 

i n  c o n t a c t  w i t h  t h e  s o i l .  It was assumed t h a t  f o r  a n g l e s  o f  impact below 60 

degrees  t h e  back f a c e  o f  t h e  wedge was n o t  i n  c o n t a c t  w i t h  t h e  s o i l .  I n  de- 

r i v i n g  t h e  e q u a t i o n s  i t  was n e c e s s a r y  t o  u s e  d a t a  from t e s t s  which had a  

s i n g l e  f a c e  i n  c o n t a c t  w i t h  t h e  s o i l  s i n c e  a  maximum o f  t h r e e  unknowns can 

be un ique ly  s o l v e d  f o r  u s i n g  t h e  t h r e e  e q u a t i o n s  o f  e q u i l i b r i u m .  The t h r e e  

unknowns were  t h e  r e s u l t a n t  normal f o r c e  (FN),  r e s u l t a n t  t a n g e n t i a l  f o r c e  

(FT) ,  and t h e  d i s t a n c e  FN a c t s  from t h e  wedge t i p  (D) . F i g u r e  19 shows 

t h e  nomencla ture  f o r  wedges loaded  on t h e  l e a d i n g  f a c e .  The p l a n e  s t r a i n  

p r e s s u r e s  were  t h e n  c a l c u l a t e d  u s i n g  

and 



ROTATIONAL VEL. (V8)(+) 

RESULTANT TANGENTIAL 
(FT)( +) 

\( DISTANCE(D) FN ACT! 

FORCE 

FORCE 

FROM TIP 

FIG. 19 NOMENCLATURE FOR WEDGE LOADED ON LEADING FACE 
(AFTER REICHMUTH) 



Values of -1.4L and l , 3 3  were used f o r  t h e  edge effect.  cons tan t  (K,) for  

sand and c l a y ,  r e s p e c t i v e l y ,  

The r e l i a b i l i t y  a t  which Eqs, 20 and 21 p red ic t  t h e  s o i l  p ressures  

on the  l ead ing  f a c e  of t h e  wedges, a t  angles  of impact below 30 degrees,  was 

determined by s u b s t i t u t i o n  of t he  low angle  impact t e s t  d a t a .  This s u b s t i -  

t u t i o n  y i e lded  ca l cu la t ed  s o i l  p ressures  which were compared with t h e  measured 

va lues .  Mean and s tandard  dev ia t ion  va lues  f o r  the  impact t e s t s  performed 

during t h i s  i n v e s t i g a t i o n  and from Reichmuth's work a r e  l i s t e d  i n  Table No. 4. 

Examination o f  t h i s  t a b l e  shows t h a t  t he  mean normal and t a n g e n t i a l  p ressures  

f o r  t h e  wedge t e s t s ,  a t  impact angles  below 30 degrees,  a r e  much lower than 

the  higher  angle  t e s t s .  The s tandard  dev ia t ion  values f o r  t h e  low angle  t e s t s  

a r e  approximately 60 percent  of t he  high angle  t e s t s ;  however, s tandard  devia- 

t i o n  va lues  by themselves do not i n d i c a t e  how well  t h e  r eg re s s ion  equat ions 

f i t  t he  d a t a .  A r e l a t i v e  i n d i c a t i o n  of how wel l  the  equat ions f i t  t h e  da t a  

can be obta ined  by comparing t h e  mean and s tandard dev ia t ion  values of  the  

low and h igh  angle  t e s t s .  The t a b l e  i n d i c a t e s  t h a t  t h e  r eg re s s ion  equat ions 

do not  f i t  t h e  low angle  wedge da t a  nea r ly  a s  we l l  as  they do the  high angle 

t e s t s .  

Another measure of t h e  a p p l i c a b i l i t y  of these  equat ions t o  low angle  

impact i s  t h e  percent  dev ia t ion  between t h e  predic ted  and measured pressures .  

Percent  dev ia t ions  f o r  a l l  of the low angle wedge r e s u l t s  a r e  given i n  Appendix 

D on pp.166 through 167. I n  only 8  out  of t he  81  cases  l i s t e d  f o r  t a n g e n t i a l  

p ressures  a r e  t h e  dev ia t ions  l e s s  than  100 percent  and i n  over h a l f  t he  com- 

par i sons  the  dev ia t ions  a r e  g r e a t e r  than 300 percent .  I n  every in s t ance  t h e  

r eg re s s ion  equat ions over-est imated t h e  t angen t i a l  p re s su re s .  Reichmuth has 

l i s t e d  108 cases  i n  which only 3 cases  have devia t ions  exceeding 100 percent .  

I t  i s  i n t e r e s t i n g  to  note t h a t  the  major i ty  of the  low angle t e s t s  with wedges 



TABLE NO. 4 

SOIL PRESSURE PREDICTION FOR LOW ANGLE IMPACT TESTS 

MODEL DEPENDENT S TANDARD STANDARD MEAN 
TYPE VARIABLE DEVIATION DEVIATION 

a 2 30 Degrees* CY < 30 Degrees CY 2 30 Degrees 

(Fp ) N  
71.6 l b l i n .  40.4 l b / i n .  135.3 l b l i n .  

Wedge 

( ' p ) ~  
4 1 . 3  l b l i n .  24.5 l b l i n .  122.1  l b l i n .  

( ' p ) ~  70.1  l b / i n .  26.4  l b l i n .  129.0 l b l i n .  
Cyl inder  

(Fp)v 
234.7 l b l i n .  65 .1  l b / i n .  518.1  l b / i n .  

'H 
264.7 l b  

Sphere 

'V 
1066.8 l b  

;\ a = Impact Angle 

Summation o f  Measured Values 
Mean = 

Number of Values 

MEAN 

a/ < 30 Degrees 

S tandard  Devia t ion  = 
C(Measured Value - C a l c u l a t e d  value)"  

No. of Values 



hav ing  120 d e g r e e  i n c l u d e d  ang les  (WLOl and WE1021 develop t a n g e n t i a l  p r e s s u r e s  

which a r e  n e g a t i v e .  Thus,  i n d i c a t i n g  t h a t  t h e  major p o r t i o n  o f  s o i l  i n  con- 

t a c t  w i t h  t h e  l e a d i n g  f a c e  i s  f lowing  i n  a  downward d i r e c t i o n .  F i g u r e  20 il- 

l u s t r a t e s  t h e  d i f f e r e n c e  i n  t h e  s o i l  f low f o r  h i g h  and low impact a n g l e s .  

Reichmuth h a s  p o s t u l a t e d  t h a t  i n  every  c a s e  t h e r e  i s  s o i l  f low i n  bo th  an  up- 

ward and downward d i r e c t i o n ,  w i t h  a  s t a g n a t i o n  r e g i o n  s e p a r a t i n g  t h e  flow d i -  

r e c t i o n s .  Th i s  phenomenon h a s  been d e s c r i b e d  by wagner30 and Korvin-Kroukovsky 
10 

i n  connec t ion  wi th  hydrop lane  impact .  

Unl ike  t h e  t a n g e n t i a l  p r e s s u r e  p r e d i c t i o n s ,  Eq. 20 y i e l d s  normal p r e s -  

s u r e s  which a r e  much l e s s  t h a n  t h e  measured v a l u e s .  The average  d e v i a t i o n  was 

approx imate ly  85 p e r c e n t .  Out o f  t h e  108 c a s e s  l i s t e d  by Reichmuth approx- 

i m a t e l y  two- th i rds  of t h e s e  c a s e s  had d e v i a t i o n s  l e s s  t h a n  50 p e r c e n t .  

The p reced ing  p r e s e n t a t i o n  of wedge r e s u l t s  has  shown t h a t  t h e  r e g r e s -  

s i o n  e q u a t i o n s  do n o t  p r e d i c t  t a n g e n t i a l  and normal p r e s s u r e s  f o r  impact ang les  

below 30 degrees  n e a r l y  a s  w e l l  a s  f o r  impact a n g l e s  r a n g i n g  between 30 and 60 

degrees .  A p o s s i b l e  r e a s o n  f o r  t h e  disagreement  may be o b t a i n e d  by examining 

Eqs. 20 and 21. The magnitude o f  t h e  exponent on each independent  v a r i a b l e  

i n d i c a t e s  t h e  r e l a t i v e  importance o f  each v a r i a b l e .  I n  each e q u a t i o n ,  t h e  

f a c e  a n g l e  ($) i s  t h e  more impor tan t  v a r i a b l e .  A s  p r e v i o u s l y  d i s c u s s e d ,  

t h e  lower t h e  a n g l e  o f  impact t h e  l a r g e r  t h e  tendency i s  f o r  t h e  s o i l  t o  f low 

i n  a  downward d i r e c t i o n .  Th is  downward flow no t  o n l y  a f f e c t s  t h e  magnitude 

o f  t h e  t a n g e n t i a l  p r e s s u r e ,  b u t  a l s o  t h e  normal p r e s s u r e ,  The normal p r e s s u r e s  

a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f a c e  a n g l e ,  w h i l e  t h e  t a n g e n t i a l  p r e s s u r e s  

a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f a c e  ang le .  The r e g r e s s i o n  e q u a t i o n s  y i e l d  

an  o v e r - e s t i m a t e  o f  t h e  t a n g e n t i a l  p r e s s u r e s  and an under -es t imate  o f  t h e  

normal p r e s s u r e s ,  which seems t o  i n d i c a t e  t h a t  t h e  e q u a t i o n s  do no t  f u l l y  ac -  

count  f o r  t h e  s o i l  f low p a t t e r n  a t  a n g l e s  o f  impact below 30 d e g r e e s ,  
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R e g r e s s i o n  e q u a t i o n s  were a l s o  developed t o  p r e d i c t  t h e  r e s u l t a n t  h o r i -  

z o n t a l  and v e r t i c a l  p l a n e  s t r a i n  p r e s s u r e s  a t  t h e  mass c e n t e r  of  t h e  p r o j e c -  

t i l e s  h a v i n g  c y l i n d r i c a l  impac t ing  s u r f a c e s 1 9 .  The a n g l e  o f  impact ranged 

between 30 and 90 d e g r e e s .  The e q u a t i o n s  a r e :  

and 

The v a r i a b l e s  a r e  d e f i n e d  a s  f o l l o w s :  

(Fp)H = P l a n e  s t r a i n  h o r i z o n t a l  p r e s s u r e  a t  t h e  p r o j e c t i l e  c e n t e r  
o f  g r a v i t y  ( l b l i n .  ) , 

(F ) = P l a n e  s t r a i n  v e r t i c a l  p r e s s u r e  a t  t h e  p r o j e c t i l e  c e n t e r  of 
g r a v i t y  ( l b l i n . )  , 

D = V e r t i c a l  p e n e t r a t i o n  ( i n . ) ,  
t 

VH = H o r i z o n t a l  v e l o c i t y  a t  t h e  c e n t e r  o f  g r a v i t y  ( f p s ) ,  

Vv = V e r t i c a l  v e l o c i t y  a t  t h e  c e n t e r  o f  g r a v i t y  ( f p s ) ,  

V e  = R o t a t i o n a l  v e l o c i t y  ( r p s )  , 

y = S o i l  d e n s i t y  ( p c f ) .  

A comparison between t h e  r e l i a b i l i t y  o f  Eqs. 24 and 25 t o  p r e d i c t  h o r i z o n t a l  

and v e r t i c a l  p r e s s u r e s  f o r  low and h i g h  a n g l e  impact t e s t s  o f  c y l i n d r i c a l  p ro -  

j e c t i l e s  i s  g i v e n  i n  T a b l e  No. 4. S tandard  d e v i a t i o n s  f o r  t h e  h i g h  a n g l e  

( a  > 30 d e g r e e s )  impact t e s t s  were  approx imate ly  55 and 45 p e r c e n t  o f  t h e  

mean v a l u e s  f o r  t h e  h o r i z o n t a l  and v e r t i c a l  p r e s s u r e s ,  r e s p e c t f u l l y .  The 

low a n g l e  (CY < 30 d e g r e e s )  t e s t  d a t a  y i e l d e d  s t a n d a r d  d e v i a t i o n s  of  approx- 

i m a t e l y  75 and 90 p e r c e n t  of  t h e  h o r i z o n t a l  and v e r t i c a l  mean p r e s s u r e  v a l u e s .  

T h i s  comparison shows t h a t  t h e  e q u a t i o n s  p r e d i c t  p r e s s u r e s  f o r  t h e  h i g h  

a n g l e  t e s t s  w i t h  a  g r e a t e r  degree  of  accuracy  



P e r c e n t  d e v i a t i o n  v a l u e s  f o r  t h e  low a n g l e  t e s t  r e s u l t s  a r e  l i s t e d  i n  

Appendix D on pp, 175 and 1 7 6 ,  Over 40 p e r c e n t  o f  t h e  c a s e s  have d e v i a t i o n s  

l e s s  t h a n  50 p e r c e n t .  An i n t e r e s t i n g  c o r r e l a t i o n  was o b t a i n e d  by comparing 

t h e  s o i l  d e n s i t i e s ,  l i s t e d  on pp. 172 through 1 7 4 ,  w i t h  t h e  d e v i a t i o n  v a l u e s .  

It was found t h a t  f o r  impact t e s t s  on s o i l  i n  a dense  s t a t e  ( f o r  t h e  sands  

u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n  d e n s i t i e s  o f  99 pcf  o r  g r e a t e r  may be  cons idered  

dense)  t h e  d e v i a t i o n  v a l u e s  were  i n  n e a r l y  a l l  c a s e s  much l e s s  than  s i m i l a r  

t e s t s  on t h e  sands  i n  l o o s e r  s t a t e s .  A f t e r  d i s c o v e r i n g  t h i s  c o r r e l a t i o n ,  

Reichmuth's  exper imenta l  d a t a  were  s t u d i e d  i n  more d e t a i l  and i t  was found 

t h a t  i n  over  90 p e r c e n t  o f  t h e  s e t s  o f  d a t a ,  u t i l i z e d  i n  deve lop ing  t h e  p re -  

d i c t i o n  e q u a t i o n s ,  t h e  d e n s i t i e s  were g r e a t e r  t h a n  100 p c f .  

Although t h e  d e v i a t i o n s  a r e  q u i t e  l a r g e  i n  many i n s t a n c e s  f o r  low 

a n g l e  impact t e s t s  on sands  i n  a  l o o s e  s t a t e ,  t h e  e q u a t i o n s  do p r e d i c t  h o r i -  

z o n t a l  and v e r t i c a l  s o i l  p r e s s u r e s  w i t h  a  r e a s o n a b l e  degree  o f  accuracy f o r  

t e s t s  on sands  i n  dense  s t a t e s ,  The equa t ions  t e n d  t o  o v e r - e s t i m a t e  t h e  

p r e s s u r e s  by approx imate ly  300 p e r c e n t  f o r  low a n g l e  impact t e s t s  on l o o s e  sand. 

Sphere  

A r e g r e s s i o n  a n a l y s i s  was performed on t h e  d a t a  which were d e r i v e d  

from h i g h  a n g l e  ( a  2 30 degrees )  impact t e s t s 1 9 .  The e q u a t i o n s  o b t a i n e d  a r e  

and 

where,  

FH = H o r i z o n t a l  f o r c e  a t  t h e  c e n t e r  of g r a v i t y  ( i b )  , 

FV = V e r t i c a l  f o r c e  a t  t h e  c e n t e r  o f  g r a v i t y  ( l b ) .  



D e f i n i t i o n s  o f  t h e  remaining v a r i a b l e s  have been g iven  on p .  60.  It shou ld  

be no ted  t h a t  no a t t e m p t  was made t o  account f o r  ed.ge e f f e c t s .  

Examination of Tab le  No. 4 shows t h a t  t h e  h o r i z o n t a l  and v e r t i c a l  

f o r c e s  a r e  p r e d i c t e d  much b e t t e r  f o r  t h e  h i g h  a n g l e  s p h e r e  t e s t s .  The p e r c e n t  

d e v i a t i o n  v a l u e s ,  l i s t e d  on pp,  181  and 1 8 2 ,  were found t o  be much lower f o r  

t h e  t e s t s  on sand i n  a  dense  s t a t e ,  Once a g a i n ,  t h e  d a t a  from which t h e  

e q u a t i o n s  were  developed were  examined and i t  was found t h a t  over  90 p e r -  

c e n t  of t h e  d a t a  s e t s  were  t a k e n  from t e s t s  on s o i l s  hav ing  d e n s i t i e s  g r e a t e r  

t h a n  100 p c f .  I n  every  i n s t a n c e  w i t h  t h e  excep t ion  o f  one,  t h e  e q u a t i o n s  over -  

e s t i m a t e d  t h e  measured f o r c e s .  Based on t h e  d e v i a t i o n  v a l u e s ,  i t  i s  p o s s i b l e  

t o  s t a t e  t h a t  t h e  equa t ions  p r e d i c t  w i t h  a  r e a s o n a b l e  degree  o f  accuracy  t h e  

f o r c e s  produced by low a n g l e  impact  o f  t h e  s p h e r i c a l  p r o j e c t i l e  on sand i n  a  

dense  s t a t e .  

General  D i s c u s s i o n  o f  Regress ion  Equa t ions  

The p rev ious  r e s u l t s  have provided a  comparison o f  how w e l l  t h e  

r e g r e s s i o n  e q u a t i o n s  p r e d i c t  s o i l  p r e s s u r e s  and f o r c e s  on wedges, c y l i n d e r s ,  

and s p h e r e s ,  when launched a t  a n g l e s  below 30 d e g r e e s ,  a s  opposed t o  t h e  p re -  

d i c t i o n  accuracy  f o r  t h e  same p r o j e c t i l e s  when launched a t  a n g l e s  above 30 

d e g r e e s .  The r e s u l t s  c l e a r l y  show t h a t  i n  many c a s e s  t h e  p r e d i c t i o n  accuracy  

o f  t h e  e q u a t i o n s  f o r  t h e  low a n g l e  t e s t s  i s  n o t  c o n s i s t e n t  w i t h  t h a t  o b t a i n e d  

f o r  t h e  h i g h  a n g l e  t e s t s .  However, i n  c a s e s  where t h e  c y l i n d e r s  and spheres  

were  dropped on dense  sands  t h e  agreement was f a i r .  

The p rev ious  a n a l y s e s  demons t ra te  t h e  need f o r  c a u t i o n  t o  be e x e r c i s e d  

i n  a p p l y i n g  t h e  e q u a t i o n s  t o  s i t u a t i o n s  which d i f f e r  from t h o s e  u t i l i z e d  i n  

deve lop ing  t h e  e q u a t i o n s .  Perhaps ,  t h e  most s i g n i f i c a n t  i n f o r m a t i o n  o b t a i n e d  

from t h e  e q u a t i o n s  i s  an  i n d i c a t i o n  o f  t h e  r e l a t i v e  importance o f  each inde-  

pendent v a r i a b l e .  



CONE IMPACT 

The t h i r d  and f i n a l  phase  o f  t h e  f i e l d  t e s t i n g  program c o n s i s t e d  o f  

o b t a i n i n g  d a t a  from t h e  v e r t i c a l  impact of cones on sand .  The scope of f i e l d  

t e s t i n g  i s  i l l u s t r a t e d  by t h e  o r g a n i z a t i o n a l  c h a r t  i n  F ig .  21. The c h a r t  

shows t h a t  two t y p e s  o f  sands  were  u t i l i z e d  a s  t a r g e t  m a t e r i a l s .  These sands  

were p laced  i n  a  t e s t  p i t  a t  t h r e e  d i f f e r e n t  s t a t e s  o f  d e n s i t y  and m o i s t u r e  

c o n t e n t ,  which r e p r e s e n t  l i m i t i n g  c o n d i t i o n s  f o r  n a t u r a l l y  o c c u r r i n g  sands .  

Although two w e i g h t s  o f  cones were  u t i l i z e d ,  t h e i r  s o i l - c o n t a c t  geomet r ic  pro-  

p e r t i e s  were s i m i l a r .  D e t a i l s  concerning t h e  cone p r o p e r t i e s  and t a r g e t  

m a t e r i a l  p r e p a r a t i o n  a r e  g iven  i n  Chapters  3 and 4 ,  r e s p e c t i v e l y .  

The purpose  f o r  t h e  cone t e s t s  was twofold .  These t e s t s  provided 

t h e  d a t a  n e c e s s a r y  f o r  e s t a b l i s h i n g  a  model law f o r  t h e  impact of r i g i d  bod ies  

on sands .  The s i m i l i t u d e  a n a l y s i s  of t h e  d a t a  was performed by Awoshika and 

1 
Cox and a  b r i e f  summary o f  t h e i r  f i n d i n g s  has  been p r e s e n t e d  i n  Chapter 2. 

I n  a d d i t i o n ,  d a t a  concern ing  t h e  behavior  o f  sands  at  l i m i t i n g  s t a t e s  o f  

d e n s i t y  under v e r t i c a l  impact l o a d i n g  have been o b t a i n e d .  The p r e s e n t a t i o n  

and i m p l i c a t i o n s  of t h i s  d a t a  a r e  t h e  pr imary purposes  of t h i s  s e c t i o n .  

Peak A c c e l e r a t i o n s  

I n  d e s i g n i n g  s p a c e  e x p l o r a t i o n  equipment, a  pr imary f a c t o r  t o  be con- 

s i d e r e d  i s  t h e  peak a c c e l e r a t i o n  developed d u r i n g  impact.  A  s e r i e s  o f  t e s t s  

were  performed, v a r y i n g  t h e  impact v e l o c i t y ,  on each s o i l  a t  t h r e e  s t a t e s  o f  

d e n s i t y .  It was found t h a t  i f  t h e  peak a c c e l e r a t i o n  f o r  a  g iven d e n s i t y  s t a t e  

i s  p l o t t e d  a g a i n s t  t h e  i n i t i a l  impact v e l o c i t y ,  t h e  p o i n t s  p l o t  approx imate ly  

as  a  s t r a i g h t  l i n e .  Th i s  i n d i c a t e s  t h a t  t h e  peak a c c e l e r a t i o n  exper ienced dur -  

i n g  impact i s  a l i n e a r  f u n c t i o n  of t h e  i n i t i a l  impact v e l o c i t y .  Graphs o f  





peak a c c e l e r a t i o n  v e r s u s  impact v e l o c i t y  f o r  t h e  cone t e s t s  on O t t a w a  Sand 

a r e  shown i n  F i g s ,  2 2  through 24 ,  These p l o t s  a l s o  show t h a t  t h e  accelera.-  

t i o n s  a r e  somewhat h i g h e r  f o r  t h e  l i g h t  cone (43.0 l b )  t e s t s .  

S c a t t e r  i n  t h e  d a t a  may mainly  be a t t r i b u t e d  t o  v a r i a t i o n s  i n  s o i l  

c o n d i t i o n s ,  d r i f t  o f  t h e  acce le romete r  t r a c e s ,  and n o n l i n e a r i t y  i n  t h e  ac- 

c e l e r o m e t e r s .  It was n o t  p o s s i b l e  t o  reproduce  t h e  same i n i t i a l  s o i l  con- 

d i t i o n s  f o r  each  t e s t s .  It should be no ted  t h a t  t h e  v a l u e s  l i s t e d  f o r  s o i l  

d e n s i t y  (Y)  and m o i s t u r e  c o n t e n t  (w) i n  F i g s .  22 through 24 a r e  average  

v a l u e s .  The i n d i v i d u a l  v a l u e s  a long  w i t h  o t h e r  p e r t i n e n t  i n f o r m a t i o n  a r e  

l i s t e d  i n  Appendix E ,  D r i f t  o f  t h e  acce le romete r  t r a c e s  d u r i n g  t h e  t ime of  

impact proved t o  be q u i t e  s i g n i f i c a n t  i n  many c a s e s .  The p h y s i c a l  c o n d i t i o n s  

o f  t h e  impact sys tem r e q u i r e  t h e  cone t o  be  d e c e l e r a t e d  u n t i l  i t  comes t o  r e s t .  

However, i t  was found upon complete i n t e g r a t i o n  o f  t h e  a c c e l e r a t i o n - t i m e  curve  

t h e  v e l o c i t y  o f  t h e  cone was n o t  ze ro  a s  t h e  laws o f  motion r e q u i r e .  I n  every  

t e s t  t h e  a r e a  under t h e  a c c e l e r a t i o n  c u r v e  was no t  l a r g e  enough t o  reduce  t h e  

downward cone v e l o c i t y  t o  z e r o .  A d e t a i l e d  d i s c u s s i o n  of t h e  s o u r c e s  and mag- 

n i t u d e s  of e r r o r  i n  t h e  acce le romete r  d a t a  i s  g iven  i n  Appendix F, 

I n  a n  a t t e m p t  t o  de te rmine  t h e  s o u r c e ,  o r  sources  o f  e r r o r ,  each s t e p  

i n  t h e  t e s t i n g  program and d a t a  r e d u c t i o n  scheme was examined and c a r e f u l l y  

checked. Two main s o u r c e s  o f  e r r o r  were  found t o  e x i s t .  The most s e r i o u s  

error was due t o  an  upward s h i f t i n g  o f  t h e  b a s e  l i n e  f o r  t h e  acce le romete r  

t r a c e  d u r i n g  t h e  impact e v e n t .  This  e r r o r  became l e s s  s i g n i f i c a n t  a s  t h e  

magnitude o f  t h e  a c c e l e r a t i o n s  i n c r e a s e d  and t h e  t e s t  d u r a t i o n  s h o r t e n e d .  

Thus, t h e  t e s t s  a f f e c t e d  most by d r i f t  o f  t h e  b a s e  l i n e  were  t h o s e  on t a r g e t  

m a t e r i a l s  i n  a  l o o s e  s t a t e .  The t e s t s  on s a t u r a t e d  sands d i d  no t  e x h i b i t  s i g n s  

of d r i f t ;  however,  t h e  a r e a  under t h e  a c c e l e r a t i o n  curve was s t i l l  n o t  l a r g e  
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enough t o  b r i n g  t h e  c a l c u l a t e d  v e l o c i t y  o f  t h e  cone t o  ze ro .  Impact t e s t s  

were performed under c o n t r o l l e d  c o n d i t i o n s  i n  t h e  l a b o r a t o r y  t o  de te rmine  &he 

second s o u r c e  o f  e r r o r .  I t  was concluded from t h e s e  t e s t s  t h a t  t h e  a c c e l e r o -  

mete r s  c o n s i s t e n t l y  y i e l d e d  a c c e l e r a t i o n s  which were on t h e  average 15 p e r c e n t  

below t h e  t r u e  v a l u e s .  

C o r r e c t i o n  f a c t o r s  were a p p l i e d  t o  t h e  measured a c c e l e r a t i o n  d a t a  f o r  

t h e  purpose  o f  f o r c i n g  t h e  f i n a l  c a l c u l a t e d  v e l o c i t y  t o  z e r o ,  Average c o r r e c -  

t i o n  f a c t o r  v a l u e s  (CORFA) f o r  each s e r i e s  o f  t e s t s  a r e  l i s t e d  i n  T a b l e  No. 5.  

I n d i v i d u a l  t e s t  v a l u e s  o f  CORFA a r e  l i s t e d  i n  Appendix E.  A d e t a i l e d  d i s c u s -  

s i o n  o f  t h e  a p p l i c a t i o n  o f  c o r r e c t i o n  f a c t o r s  t o  t h e  measured a c c e l e r a t i o n  d a t a  

i s  g iven  i n  Appendix R. 

Graphs o f  peak a c c e l e r a t i o n  v e r s u s  impact v e l o c i t y  f o r  t e s t s  on  Colo- 

rado  River  Sand a r e  g iven  i n  F i g s ,  25 through 27 .  Once a g a i n  t h e  heavy cone 

a c c e l e r a t i o n s  are somewhat l e s s  t h a n  t h e  l i g h t  cone v a l u e s .  The a c c e l e r a t i o n s  

from t h e  t e s t  on l o o s e ,  d r y  Colorado River  Sand a r e  approximately  t h e  same f o r  

each cone; however, t h e  sand was i n  a  d e n s e r  s t a t e  f o r  t h e  heavy cone t e s t s  

and t h i s  caused h i g h e r  a c c e l e r a t i o n s ,  When t h e  d i f f e r e n c e s  i n  d e n s i t y  a r e  con- 

s i d e r e d  i t  i s  e v i d e n t  t h a t  t h e  heavy cone a c c e l e r a t i o n s  a r e  lower t h a n  t h e  

l i g h t  cone v a l u e s .  It a l s o  shou ld  be  no ted  t h a t  i t  was p o s s i b l e  t o  pass  a  

s t r a i g h t  l i n e  through t h e  l i g h t  cone r e s u l t s ,  w i t h  a  r e a s o n a b l e  degree  o f  

accuracy ,  which i n t e r s e c t e d  t h e  o r i g i n ,  As can be s e e n  from t h e  g raphs ,  i t  

was no t  p o s s i b l e  t o  r e p r e s e n t  t h e  heavy cone r e s u l t s  w i t h  a  s i n g l e  s t r a i g h t  

l i n e  which passed  through t h e  o r i g i n  and,  t h e r e f o r e ,  a  dashed curved s e c t i o n  

h a s  been drawn f o r  t h e  e a r l y  p o r t i o n  o f  t h e  curve .  

F o r c e - P e n e t r a t i o n  C h a r a c t e r i s t i c s  

Some o f  t h e  most s i g n i f i c a n t  p i e c e s  o f  i n f o r m a t i o n  t h a t  can be o b t a i n e d  

from impact t e s t s  a r e  t h e  f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  t a r g e t  



TABLE N O .  5 

LISTING OF AVERAGE S O I L  DENSITIES AND CORRECTION FACTORS 

S o i l  Type 

Dry, Loose Ottawa Sand 

Dry,  Dense Ottawa Sand 

S a t u r a t e d  Ottawa Sand 

Dry, Loose Colorado River  
Sand 

Dry, Dense Colorado River  
Sand 

S a t u r a t e d  Colorado River  
Sand 

Cone 
Type 

L i g h t  

Heavy 

L i g h t  

Heavy 

L i g h t  

Heavy 

L i g h t  

Heavy 

Ligh t  

Heavy 

Ligh t  

Heavy 

S o i l  
Y W 

( p c f )  (%I - 

C o r r e c t i o n  
F a c t o r  

(CORFA) 
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m a t e r i a l .  Once t h i s  i n f o r m a t i o n  i s  known, i t  i s  p o s s i b l e  through t h e  use of 

numer ica l  t e c h n i q u e s  t o  d e t e r m i n e  t h e  dynamic behav io r  o f  t h e  p r o j e c t i l e  d u r -  

i n g  impac t ,  F i e l d  t e s t s  have  t h e  d i s a d v a n r a g e  o f  b e i n g  c o s t l y  and t h e  r e s u l t s  

canno t  g e n e r a l l y  be  d i r e c t l y  a p p l i e d  t o  sys tems which i n v o l v e  d i f f e r e n t  condi-  

t i o n s .  S t a t i c  s o l u t i o n s  f o r  many problems i n  s o i l  mechanics have been o b t a i n e d  

by d e v e l o p i n g  t h e o r i e s  f o r  f a i l u r e  mechanisms. The a p p l i c a t i o n  o f  t h e s e  t h e o r i e s  

i n v o l v e s  t h e  l a b o r a t o r y  d e t e r m i n a t i o n  o f  b a s i c  s o i l  p r o p e r t i e s .  One of  t h e  

major l i m i t a t i o n s  i s  t h a t  t h e s e  t h e o r i e s  p r e d i c t  o n l y  t h e  c o n d i t i o n s  a t  f a i l u r e .  

A  g r e a t  d e a l  o f  e f f o r t  h a s  been p u t  f o r t h  i n  a t t e m p t i n g  t o  a p p l y  s t a t i c  

f a i l u r e  mechanisms t o  dynamic problems. S t a t i c  l a b o r a t o r y  equipment h a s  been 

modi f i ed  t o  p e r m i t  t h e  d e t e r m i n a t i o n  of  b a s i c  s o i l  p r o p e r t i e s  under dynamic 

l o a d i n g  c o n d i t i o n s .  I n  c o n n e c t i o n  w i t h  impact  problems, t h i s  approach h a s  met 

w i t h  l i t t l e  s u c c e s s .  The p r e s e n t  s t a t e  o f  knowledge does  n o t  p e r m i t  t h e  p r e -  

d i c t i o n  o f  peak f o r c e s  developed d u r i n g  impac t ,  l e t  a l o n e  t h e  p r e d i c t i o n  of  

deve loped  s o i l  f o r c e s  f o r  s p e c i f i e d  amounts o f  p e n e t r a t i o n .  

Although t h e  p r e d i c t i o n  o f  f o r c e - p e n e t r a t i o n  curves  f o r  s o i l  under 

impact  l o a d i n g  i s  no t  p o s s i b l e  a t  t h e  p r e s e n t  t i m e ,  a  g r e a t  d e a l  of  q u a l i t a -  

t i v e  i n f o r m a t i o n  can  be o b t a i n e d  from t h e  examina t ion  o f  e x p e r i m e n t a l  c u r v e s .  

F i g u r e s  28 th rough  31  i l l u s t r a t e  t y p i c a l  shapes  of  t h e  f o r c e - p e n e t r a t i o n  

c u r v e s  d e r i v e d  from t h e  cone t e s t s  on sands  a t  v a r i o u s  s t a t e s  o f  d e n s i t y  and 

w a t e r  c o n t e n t ,  The g raphs  i l l u s t r a t e  t h e  l a r g e  i n f l u e n c e  t h e  s t a t e  of  sand 

h a s  upon t h e  dynamic f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s .  

For  e a s e  o f  d i s c u s s i o n  F i g .  28 w i l l  be used t o  exempl i fy  t h e  dynamic 

f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s ,  The e a r l y  p o r t i o n  o f  t h e  curves  a r e  con- 

cave  upward and a s  t h e  cone p e n e t r a t i o n  i n c r e a s e s  t h e  c u r v a t u r e  t e n d s  t o  r e v e r s e ;  

however, a  major p o r t i o n  o f  t h e  r i s e  s e c t i o n  o f  t h e  c u r v e  i s  n e a r l y  l i n e a r .  

The curves  a l s o  i l l u s t r a t e  t h e  s m a l l  amount o f  e l a s t i c  rebound which took p l a c e .  
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A s  t h e  d e n s i t y  o f  t h e  s o i l  i n c r e a s e s  t h e  s l o p e  of  t h e  r i s e  p o r t i o n  of  the curves  

i n c r e a s e s  r a p i d l y  and t h e  curves  become more s p i k e d .  The curves  cou ld  be a p -  

proximated q u i t e  c l o s e l y  by a  r i g h t  t r i a n g l e .  

It can  be no ted  from F i g s .  28 and 29 t h a t  f o r  a  g i v e n  s t a t e  o f  d e n s i t y ,  

t h e  peak s o i l  f o r c e s  a r e  approx imate ly  doubled when t h e  impact v e l o c i t y  i s  

approx imate ly  doub led .  The curves  show t h a t  dense  sand i n  a  s a t u r a t e d  s t a t e  

o f f e r s  t h e  g r e a t e s t  r e s i s t a n c e  t o  p e n e t r a t i o n .  

F i g u r e s  32 and 3 3  show t h e  f looded  t e s t  p i t  p r i o r  t o  and d u r i n g  impact .  

F i g u r e  33 i l l u s t r a t e s  t h e  e j e c t i o n  of  a  w a t e r  s p r a y  from t h e  immediate impact 

a r e a .  Sand was e j e c t e d  i n  a  s i m i l a r  manner when t e s t e d  i n  a  d r y  s t a t e .  I m -  

m e d i a t e l y  f o l l o w i n g  impact a  r a d i a l  movement o f  wa te r  was noted by a n  a p p a r e n t  

change i n  c o l o r  o f  t h e  sand mass. T h i s  movement c l e a r l y  showed t h a t  a  s i g n i -  

f i c a n t  amount o f  pore  w a t e r  p r e s s u r e  had developed d u r i n g  t h e  impact e v e n t .  

F i g u r e  34 i l l u s t r a t e s  t h e  l i g h t e r  c o l o r e d  a r e a  which su r rounded  t h e  cone a f t e r  

a l l  excess  p o r e  w a t e r  p r e s s u r e s  had been d i s s i p a t e d .  

The s t a t e  of  d e n s i t y  has  l a r g e  i n f l u e n c e  on how s a t u r a t e d  sands  be- 

have under r a p i d  l o a d i n g s .  I f  t h e  sand i s  i n  a  l o o s e ,  s a t u r a t e d  s t a t e  a  shock 

t y p e  o f  l o a d i n g  w i l l  r e d u c e  t h e  developed s o i l  f o r c e s  t o  a lmost  ze ro ,  T h i s  

28 
phenomenon i s  r e f e r r e d  t o  a s  spontaneous  l i q u e f a c t i o n  . It  i s  caused by a  

c o l l a p s e  o f  t h e  s o i l  s t r u c t u r e  t h a t  i s  a s s o c i a t e d  w i t h  a  sudden i n c r e a s e  i n  

p o r e  w a t e r  p r e s s u r e .  The s o i l  g r a i n s  and p o r e  water  behave a s  a  c o n c e n t r a t e d  

s u s p e n s i o n .  A s  soon a s  t h e  pore  p r e s s u r e s  have d i s s i p a t e d  t h e  sand p a s s e s  

back t o  a  s t a t e  o f  sed iment .  Th i s  behav io r  does not  occur  i n  dense  s a t u r a t e d  

sands  because  t h e  sand s t r u c t u r e  does n o t  c o l l a p s e ,  

A s  s t a t e d  p r e v i o u s l y  i n  Chapter  4 ,  t h e  f i n a l  cone p e n e t r a t i o n  was 

recorded  f o l l o w i n g  each impact t e s t .  These measured va.lues were then  com- 

pa red  w i t h  t h e  c a l c u l a t e d  v a l u e s ,  which were o b t a i n e d  by doub le  i n t e g r a t i o n  



F i g .  33 Impact o f  Heavy Cone on 
S a t u r a t e d  Colorado River  
Sand 

F i g . 3 2  View of Tes t  Bed Area a t  Time of  Cone 
T e s t s  on S a t u r a t e d  Colorado River  Sand 



F i g . 3 4  View of  F i n a l  R e s t i n g  P o s i t i o n  o f  
Heavy Cone - S a t u r a t e d  Colorado 
River  Sand 

F i g .  35 View of F i n a l  R e s t i n g  P o s i t i o n  o f  
Heavy Cone - Dry, Dense Colorado 
River  Sand 



of  t h e  c o r r e c t e d  a c c e l e r a t i o n - t i m e  curves .  Tab le  Nos. 24 through 35 ,  i n  

Appendix E ,  l i s t  t h e s e  v a l u e s  f o r  each t e s t .  The comparisons show t h a t  

g e n e r a l l y  t h e  c a l c u l a t e d  v a l u e s  a r e  l e s s  t h a n  t h e  measured v a l u e s .  These 

d i s c r e p a n c i e s  a r e  b e l i e v e d  t o  have r e s u l t e d  from t h e  d i f f i c u l t y  a s s o c i a t e d  

w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  beginning p o i n t  on t h e  a c c e l e r a t i o n - t i m e  

t r a c e .  The shape  o f  t h e  cone was such t h a t  ex t remely  s m a l l  amounts o f  s o i l  

r e s i s t a n c e  were developed d u r i n g  t h e  f i r s t  few i n c h e s  of p e n e t r a t i o n ,  c a u s i n g  

t h e  a c c e l e r a t i o n - t i m e  t r a c e  t o  d e v i a t e d  g r a d u a l l y  from t h e  b a s e  l i n e .  F i g u r e  

35 shows t h e  f i n a l  r e s t i n g  p o s i t i o n  o f  a  heavy cone on dense ,  d r y  Colorado 

River  Sand. 

When t h e  f i n a l  measured p e n e t r a t i o n  was p l o t t e d  a g a i n s t  t h e  i n i t i a l  

impact v e l o c i t y  i t  was found t h a t  f o r  t h e  t e s t s  on dense ,  s a t u r a t e d  sand 

t h e  p e n e t r a t i o n  l i n e a r l y  i n c r e a s e d  w i t h  impact v e l o c i t y .  The d a t a  from t h e  

t e s t s  on l o o s e ,  d r y  sands  and dense ,  d r y  sands  show t h a t  t h e  v a r i a t i o n  o f  

p e n e t r a t i o n  i s  a l s o  approx imate ly  l i n e a r  f o r  impact v e l o c i t i e s  r a n g i n g  be- 

tween 10 and 25 f p s ,  a s  shown i n  F i g .  36 through 38. However, when t h e s e  

s t r a i g h t  l i n e s  were  extended back toward t h e  o r i g i n  t h e  i n d i c a t e d  p e n e t r a t i o n s  

were  v a s t l y  d i f f e r e n t  from those  measured a t  ze ro  impact v e l o c i t y .  T h e r e f o r e ,  

dashed curves  have been i n s e r t e d  between t h e  z e r o  and 10 f p s  v e l o c i t y  range t o  

i n d i c a t e  t h e  p robab le  r e l a t i o n s h i p s .  

Comparison o f  t h e  curves  ( F i g s .  36 and 37) o b t a i n e d  from t h e  t e s t s  on 

Ottawa and Colorado River  Sand, i n  bo th  dense  and s a t u r a t e d  s t a t e s ,  r e a d i l y  

shows t h a t  t h e  curves  have s u r p r i s i n g l y  s i m i l a r  shapes  and magnitudes.  F ig -  

u r e  38 shows t h a t  t h e  p e n e t r a t i o n  v a l u e s  a r e  somewhat l e s s  f o r  t h e  t e s t s  on 

l o o s e ,  d r y  Colorado River  Sand. However, t h e  average l o o s e  d e n s i t y  of t h e  

Colorado River  Sand was s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  average  Ottawa Sand 
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d e n s i t y .  I t  a l s o  should b e  noted t h a t  i n  each of  t h e  heavy cone impact t e s t s  

t h e  p e n e t r a t i o n s  were l a r g e r  t h a n  t h e  1 2  i n .  h e i g h t  of t h e  cone.  

Peak F o r c e  P r e d i c t i o n  

The a c c e l e r a t i o n  p l o t s  shown i n  F i g s .  22 through 27, i l l u s t r a t e  an 

approximate  l i n e a r  r e l a t i o n s h i p  between peak a c c e l e r a t i o n  and impact v e l o c i t y .  

T h i s  r e l a t i o n s h i p  s u g g e s t s  t h a t  a  r e l a t i v e l y  s imple  e q u a t i o n  may be developed 

f o r  t h e  p r e d i c t i o n  o f  peak s o i l  f o r c e s ,  P l o t s  o f  peak f o r c e  v e r s u s  i n i t i a l  

momentum f o r  each of t h e  s o i l  s t a t e s  and cone types  a r e  shown i n  F i g s .  39 and 

40. Each t e s t  s e r i e s  h a s  been r e p r e s e n t e d  by a s t r a i g h t  l i n e ,  which i n  most 

c a s e s  passed  through t h e  o r i g i n .  I f  t h e  peak a c c e l e r a t i o n  v a l u e s  f o r  t h e  

l i g h t  and heavy cones had matched, one  s t r a i g h t  l i n e  could  have been used t o  

r e p r e s e n t  each s t a t e  o f  s o i l  d e n s i t y .  

The l i g h t  cone a c c e l e r a t i o n s  from t h e  t e s t s  on dense  and s a t u r a t e d  

sands  a r e  somewhat h i g h e r  t h a n  t h e  heavy cone a c c e l e r a t i o n s  under s i m i l a r  

s o i l  c o n d i t i o n s .  The o p p o s i t e  c a s e  i s  t r u e  f o r  t h e  t e s t s  on l o o s e  sand .  

The work o f  Poor e t  a l l 6  i n d i c a t e s  t h a t  a s  t h e  r a t i o  of p r o j e c t i l e  weight  t o  

p r o j e c t i l e  s u r f a c e  a r e a  i n c r e a s e s ,  t h e  peak a c c e l e r a t i o n  d e c r e a s e s .  Th i s  i s  

e a s i l y  v i s u a l i z e d  i f  one imagines t h e  dropping o f  two p r o j e c t i l e s  from a  con- 

s t a n t  h e i g h t .  The p r o j e c t i l e  we igh t s  a r e  equal  and t h e  s u r f a c e  a r e a s  a r e  i n  

t h e  r a t i o  of 1 0  t o  1. It i s  obvious t h a t  t h e  p r o j e c t i l e  w i t h  t h e  l a r g e r  a r e a  

w i l l  p e n e t r a t e  l e s s  and,  t h e r e f o r e ,  t h e  t ime  r e q u i r e d  t o  r e d u c e  i t s  v e l o c i t y  

t o  z e r o  i s  a l s o  l e s s .  S i n c e  each p r o j e c t i l e  has  t h e  same impact v e l o c i t y  

t h e  a c c e l e r a t i o n  exper ienced by t h e  p r o j e c t i l e  w i t h  l a r g e r  a r e a  m u s t  be g r e a t e r  

i f  t h e  impact event  i s  o f  s h o r t e r  d u r a t i o n ,  The cone t e s t s  on l o o s e  sand seem 

t o  c o n t r a d i c t  t h i s  argument; however, i t  was noted d u r i n g  t h e s e  t e s t s  t h a t  t h e  

s o i l  d e n s i t y  i n c r e a s e d  wi th  dep th .  The heavy cones which p e n e t r a t e d  deeper 
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i n t o  t h e  sand bed were a c t u a l l y  p e n e t r a t i n g  i n t o  a dense r  m a t e r i a l  which o f -  

f e r e d  more r e s i s t a n c e ,  I t  shou ld  be noted t h a t  t h e  recorded  d e n s i t y  measure- 

ments l i s t e d  i n  t h i s  c h a p t e r  o n l y  r e f l e c t  t h e  s o i l  d e n s i t y  near  t h e  s o i l  bed 

s u r f a c e ,  a l t h o u g h ,  d e n s i t y  measurements w i t h  d e p t h  were  r e c o r d e d  from t ime  t o  

t ime .  I t  was obse rved  t h a t  a  s i g n i f i c a n t  v a r i a t i o n  i n  d e n s i t y  o n l y  o c c u r r e d  

d u r i n g  t e s t i n g  on l o o s e  s a n d s .  The d e n s i t y  o f  t h e  s o i l  was found t o  be ap- 

p r o x i m a t e l y  5 pc f  g r e a t e r  a t  a d e p t h  of  one  f o o t  below t h e  s u r f a c e  of  t h e  

u n d i s t u r b e d  s o i l .  

The f o l l o w i n g  e q u a t i o n  i s  proposed f o r  p r e d i c t i n g  t h e  peak s o i l  f o r c e s  

produced by t h e  v e r t i c a l  impact  o f  a  r i g h t  c i r c u l a r  cone:  

= K 
Fpeak cone Y Mv 

where 

Fpeak 
= Peak s o i l  f o r c e  ( l b ) ,  

K = Empi r ica l  c o e f f i c i e n t  which r e l a t e s  t h e  peak s o i l  f o r c e  
cone 

t o  t h e  p r o d u c t  o f  s o i l  d e n s i t y  and i n i t i a l  momentum, 
Y MV ( f t 3 / l b - s e c )  , 

Y = S o i l  d e n s i t y  ( p c f ) ,  

M = Mass of  cone ( lb - secz  / f t ) ,  

V = I n i t i a l  impact  v e l o c i t y  ( f p s ) .  

Values  f o r  K were  o b t a i n e d  by d i v i d i n g  t h e  s l o p e s  o f  t h e  s t r a i g h t  l i n e s  
cone  

i n  F i g s ,  39 and 40 by t h e  a p p r o p r i a t e  s o i l  d e n s i t i e s .  
Kcone 

v a l u e s  a r e  l i s t e d  

i n  T a b l e  No, 6 .  The comparison o f  K v a l u e s  shows t h a t  a  v a l u e  o f  ap- 
cone 

p rox imate ly  0.30 a p p l i e s  f o r  t h e  t e s t s  on l o o s e  sand and a  v a l u e  of approx imate ly  

0 .45  i s  a p p r o p r i a t e  f o r  t h e  t e s t s  on dense  and s a t u r a t e d  s a n d s .  These v a l u e s  

o n l y  a p p l y  f o r  v e r t i c a l  impact  of cones w i t h  60 d e g r e e  apex a n g l e s ,  I t  a l s o  

shou ld  be  emphasized t h a t  K i s  n o t  o n l y  a  f u n c t i o n  o f  t h e  cone geometry,  
cone 

b u t  a l s o  t h e  mass.  Th.e v a l u e s  of  K w i l l  i n c r e a s e  a s  t h e  cone apex a n g l e  
cone 



TABLE NO.  6 

COMPARISON OF COEFFICIENTS (Kcone ) WHICH RELATE PEAK SOIL 

FORCE TO PR-ODUCT OF SOIL DENSITY AND INITIAL MOMENTUM 

S o i l  
Type 

Loose Ottawa Sand 

Dense Ottawa Sand 

S a t u r a t e d  Ottawa Sand 

Loose Ottawa Sand 

Dense Ottawa Sand 

S a t u r a t e d  Ottawa Sand 

S o i l  
Dens i ty  

Y 
(PC£)  

Mois tu re  
Content 

W 

(%> 

Cone 
Type K cone 

0.26 
L i g h t  

0 .47 
(43.0  l b )  

0.53 

0 . 3 3  
Heavy 

0 . 3 8  
(129.5 l b )  

0 .37  

Loose 
Colorado R i v e r  Sand 94 .4  2 . 1  0.32 

L igh t  
Dense 

Colorado River  Sand 105.0 1.2 0 .48 
(43.0 l b )  

S a t u r a t e d  
Colorado River  Sand 133.3 1 7 . 5  0 .45 

Loose 
Colorado R i v e r  Sand 97.6 1 . 3  

Dense 
Colorado R i v e r  Sand 106.3  1 .9  

S a t u r a t e d  
Colorado River  Sand 132.6 17 .6  

0 -44" 
Heavy 

0.52;'; 
(129.5 l b )  

Fp ealc 
= K 

cone Y MV 

*In e v e r y  i n s t a n c e ,  except  f o r  t h e s e  t h r e e ,  t h e  
Kcone 

va lues  r e p r e s e n t  

s l o p e s  of s t r a i g h t  l i n e s  which pass  through t h e  o r i g i n .  I n  t h e s e  c a s e s  
t h e  l i n e s  d i d  n o t  pass  through t h e  o r i g i n .  (See F i g .  40) 



i n c r e a s e s ,  An i n c r e a s e  i n  cone mass will t end  t o  c a u s e  a  d e c r e a s e  i n  K 
cone 

v a l u e s .  

F i n a l  P e n e t r a t i o n  P r e d i c t i o n  

The purpose  o f  t h i s  s e c t i o n  i s  t o  p r e s e n t  a  r a t i o n a l  method f o r  p r e -  

d i c t i n g  f i n a l  cone p e n e t r a t i o n s .  An e x p r e s s i o n  f o r  f i n a l  p e n e t r a t i o n  i s  

d e r i v e d  from work-energy p r i n c i p l e s .  T h i s  t y p e  of  approach r e q u i r e d  t h e  u s e  

o f  a  s o i l  f o r c e - p e n e t r a t i o n  curve .  The s o i l  r e sponse  was c h a r a c t e r i z e d  by a  

r i g h t  t r i a n g l e ,  hav ing  a n  a l t i t u d e  equa l  t o  t h e  v a l u e  p r e d i c t e d  by Eq. 28. 

It may b e  s t a t e d  from work-energy p r i n c i p l e s  t h a t  t h e  work done on a  

body i s  e q u i v a l e n t  t o  t h e  change i n  k i n e t i c  and p o t e n t i a l  energy of  t h e  body. 

Equa t ion  29 r e p r e s e n t s  t h e  a p p l i c a t i o n  o f  t h i s  p r i n c i p l e .  

Work Done = AKinetic Energy + A P o t e n t i a l  Energy 

The v a r i a b l e s  a p p e a r i n g  i n  Eq. 29 a r e  d e f i n e d  a s  f o l l o w s :  

Z = F i n a l  p e n e t r a t i o n ,  
f  

M = Mass o f  cone ,  

V = I n i t i a l  impact  v e l o c i t y ,  

g  = A c c e l e r a t i o n  o f  g r a v i t y ,  

Fpeak 
= P e a k s o i l  f o r c e w h i c h  i s  a s s u m e d t o o c c u r  a t  . 

zf 

S u b s t i t u t i o n  o f  Eq. 28 i n t o  Eq. 29 and s o l v i n g  f o r  Zf y i e l d s  

A comparison of  t h e  p e n e t r a t i o n s  c a l c u l a t e d  u s i n g  E q .  30 and those  

measured i s  shown i n  T a b l e  No, 7 .  A s  can b e  s e e n  from t h e  t a b l e ,  p e n e t r a t i o n s  



TABLE NO. 7 

S o i l  
TYP e  

Loose Ottawa Sand 

COMPARISON OF MEASURED AND CALCULATED CONE PENETRATIONS 

S o i l  Mois tu re  Cone 
Densi ty  Content  Type 

Y W 
(PC£)  (%I 

- 

Dense Ottawa Sand 104.2 

S a t u r a t e d  Ottawa Sand 133.0 

Loose Ottawa Sand 

Ligh t  
1 .4  Cone 

(43.0 l b )  

Heavy 
Dense Ottawa Sand 104 . O  0 . 8  Cone 

(129.5 l b )  

S a t u r a t e d  Ottawa Sand 133.7 1 6 . 9  

Measured - C a l c u l a t e d  * P e r c e n t  ERROR = Measured 
) 100 

Impact 
V e l o c i t y  

Measured C a l c u l a t e d  P e r c e n t  
P e n e t r a t i o n  P e n e t r a t i o n  E r r o r  

( i n .  ) ( i n .  ) (%> ;t 



TABLE NO. 7 (CONT'D) 

S o i l  
Type 

Loose Colorado 
River  Sand 

Dense Colorado 
River  Sand 

S a t u r a t e d  Colorado 
River  Sand 

S o i  1 Mois tu re  
Dens i ty  Content 

Y W 

(pcf (%I 

Cone Impact 
Type V e l o c i t y  

L i g h t  10 
Cone 2 0 

(43.0 l b )  30 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

(in. ) 

P e r c e n t  
!Error 



were ca1cuLated f o r  impact v e l o c i t i e s  o f  10,  20 and 30 fps, The measured 

p e n e t r a t i o n s  c o r r e s p o n d i n g  t o  t h e s e  impact v e l o c i t i e s  were t a k e n  from t h e  

curves  shown i n  F i g s .  36 through 38. The p e r c e n t  e r r o r  column r e f l e c t s  t h e  

a c c u r a c y  o f  p r e d i c t i o n .  The approximate  a v e r a g e  e r r o r s  f o r  10 ,  20,  and 30 

f p s  impact  v e l o c i t i e s  a r e  45,  15,  and 5 p e r c e n t ,  r e s p e c t i v e l y .  Undoubtedly,  

t h e  i d e a l i z a t i o n  o f  t h e  s o i l  f o r c e - p e n e t r a t i o n  c u r v e  h a s  i n t r o d u c e d  e r r o r ;  

however, f o r  impact  v e l o c i t i e s  above 20 f p s  t h e  e r r o r  i s  more a c c e p t a b l e .  

Examinat ion of  Eq. 30 shows t h a t  a s  t h e  impact  v e l o c i t y  i n c r e a s e s  

t h e  2g term becomes l e s s  s i g n i f i c a n t .  For s i t u a t i o n s  i n  which t h i s  term may 

b e  n e g l e c t e d ,  t h e  f i n a l  p e n e t r a t i o n  becomes a  l i n e a r  f u n c t i o n  of  t h e  impact  

v e l o c i t y .  The f i n a l  p e n e t r a t i o n  v e r s u s  impact v e l o c i t y  graphs  i n  F i g s .  36 

through 38 s u b s t a n t i a t e  l i n e a r  t e n d e n c i e s  f o r  impac t  v e l o c i t i e s  between 10 

and 30 f p s .  

Young34 h a s  found t h a t  f o r  deep p e n e t r a t i n g  p r o j e c t i l e s ,  which have 

impact  v e l o c i t i e s  g r e a t e r  t h a n  200 f p s ,  t h e  p e n e t r a t i o n  d e p t h  v a r i e s  l i n e a r l y  

w i t h  t h e  impact  v e l o c i t y .  For  v e l o c i t i e s  between 100 and 200 f p s ,  h e  h a s  

s t a t e d  t h a t  t h e  p e n e t r a t i o n  d e p t h  v a r i e s  a s  t h e  n a t u r a l  l o g a r i t h m  o f  t h e  s q u a r e  

o f  t h e  impact v e l o c i t y .  Although Young has  proposed a  l o g a r i t h m i c  r e l a t i o n -  

s h i p  between p e n e t r a t i o n  and v e l o c i t y ,  h e  h a s  p r e s e n t e d  some d a t a  which i n d i -  

c a t e  a  l i n e a r  v a r i a t i o n  f o r  v e l o c i t i e s  below 200 f p s .  

Water Impact 

A l i m i t e d  number of  wa te r  impact t e s t s  were  performed i n  o r d e r  t o  p ro -  

v i d e  a  comparison between peak a c c e l e r a t i o n s  exper ienced  d u r i n g  w a t e r  and s o i l  

impac t .  I n f o r m a t i o n  o f  t h i s  n a t u r e  i s  ex t remely  u s e f u l  s i n c e  a  number o f  p ro -  

t o t y p e  t e s t s  on w a t e r  h a v e  been conducted by N A S A ' ~ ,  McDonnell A i r c r a f t  Corpor-  

11 1 3  
a t i o n  , and North  American A v i a t i o n ,  I n c .  The p r o t o t y p e s  t e s t e d  were  f u l l  



s c a l e  b o i l e r  p l a t e  models o f  Mercury and Gemini c a p s u l e s ,  A number of  

p r o t o t y p e  t e s t s  o n  s o i l  have a l s o  been performed by t h e s e  same o r g a n i z a t i o n s .  

~ e i c h m u t h "  h a s  d i s c u s s e d  t h e s e  t e s t s  and concluded t h a t  t h e  r a t i o s  o f  peak 

a c c e l e r a t i o n s  on s o i l  t o  t h o s e  on w a t e r  g e n e r a l l y  r a n g e  between 3 and 10 .  Un- 

f o r t u n a t e l y ,  d e t a i l e d  i n f o r m a t i o n  concern ing  t h e  t a r g e t  m a t e r i a l  and geometry 

o f  t h e  p e n e t r a t i n g  p o r t i o n  o f  t h e  p r o t o t y p e s  i s  n o t  a v a i l a b l e ,  T h e r e f o r e ,  a  

l a r g e  d e g r e e  o f  u n c e r t a i n t y  i s  i n v o l v e d  w i t h  t h e  u s e  o f  t h e s e  r e s u l t s  f o r  

c o r r e l a t i o n  purposes .  

The b a s i c  purpose  f o r  t h e  cone impact t e s t s  on wa te r  was t o  p r o v i d e  

i n f o r m a t i o n  t h a t  could  be c o r r e l a t e d  w i t h  t h e  p r e v i o u s l y  d i s c u s s e d  impact  

t e s t s  on sand .  T a b l e  No. 8 l i s t s  t h e  peak a c c e l e r a t i o n s  developed d u r i n g  

w a t e r  impact .  T a b l e  No. 9  l i s t s  t h e  r a t i o  v a l u e s  f o r  t h e  s o i l  t o  w a t e r  

peak a c c e l e r a t i o n s .  The r a t i o s  r a n g e  from 4 , 3  t o  12 .5 .  I t  shou ld  be  no ted  

t h a t  a  r a t i o  v a l u e  h a s  a l s o  been g i v e n  f o r  sandy c l a y .  These  d a t a  were  ob- 

16  
t a i n e d  from t h e  work o f  Poor , i n  which cones were  u t i l i z e d  hav ing  t h e  same 

geometry a s  t h e  cones used i n  t h i s  i n v e s t i g a t i o n .  However, i t  was n e c e s s a r y  

t o  i n t e r p o l a t e  between t h e  curves  g i v e n  i n  F i g .  42 o n  p .100,  s i n c e  t h e  peak 

a c c e l e r a t i o n  is a f u n c t i o n  of t h e  impact v e l o c i t y .  

The c l o s e  agreement between t h e  r a n g e  o f  cone r a t i o  v a l u e s  i n  T a b l e  

No. 9  and t h e  p r o t o t y p e  v a l u e s ,  a s  d i s c u s s e d  by ~ e i c h m u t h ' ~ ,  s u g g e s t s  t h a t  i t  

may be p o s s i b l e  t o  g r o s s l y  approximate  t h e  peak f o r c e s  exper ienced  by p r o t o -  

t y p e  c a p s u l e s  when impac t ing  on s o i l ,  T h i s  cou ld  be  done by e i t h e r  perform- 

i n g  wa te r  impact t e s t s  w i t h  t h e  p r o t o t y p e  o r  by u s i n g  e x i s t i n g  d a t a  and t h e n  

m u l t i p l y  t h e s e  r e s u l t s  by t h e  a p p r o p r i a t e  r a t i o  v a l u e s  l i s t e d  i n  Tab le  No, 9 .  



TABLE NO. 8 

T e s t  No. 

TABULATION OF PEAK ACCELERATIONS FOR 
LIGHT CONE IMPACT TESTS ON WATER 

Impact V e l o c i t y  Peak A c c e l e r a t i o n  
( f p s )  ( g ' s )  

2 3 . 5  4 . 3  
23 .6  3 . 8  
23 .8  3 . 7  
2 3 . 3  4 . 4  

Avg Impact V e l o c i t y  = 23 .6  f p s  
Avg Peak A c c e l e r a t i o n  = 4 . 1  g ' s  

TABLE NO. 9 

SUMMARY OF THE RATIOS OF THE PEAK ACCELERATION VALUES 
FOR IMPACT ON SOIL TO THE VALUES FOR WATEK IMPACT 

Type of  S o i l  Impact 
V e l o c i t y  

( f p s )  

Peak Accel  f o r  
Impact on S o i l  

( g ' s )  

R a t i o  of Peak Accel  f o r  S o i l  
t o  

Avg Peak Accel  f o r  Water 

S a t u r a t e d  
Ottawa Sand 

Dense, Dry 
Ottawa Sand 

Loose,  Dry 
Ottawa Sand 

S a t u r a t e d  
Colorado River  Sand 

Dense, Dry 
Colorado River  Sand 

Loose,  Dry 
Colorado River  Sand 

Sandy Clay 



CHAPTER VI 

ANALYSES O F  PREVIOUS V E R T I C A L  IMPACT DATA 

I n  Chapter V i t  was shown t h a t  t h e  peak acce l e ra t ions  experienced by 

a  cone upon v e r t i c a l  impact va r i ed  l i n e a r l y  with t h e  i n i t i a l  impact v e l o c i t y .  

Using t h i s  information t h e  peak s o i l  fo rce  was represented  by 

Fp eak 
= K Y M V  . 

The va lues  of s o i l  dens i ty  (Y), mass of t he  p r o j e c t i l e  (M), and 

impact v e l o c i t y  (V) , can e a s i l y  be est imated o r  measured. However, t h e  

va lue  of K depends upon t h e  type s o i l ,  the  geometry of  t h e  impacting sur-  

f ace ,  and a l s o  the  weight-area r a t i o  of the  p r o j e c t i l e ,  Values of K f o r  

two weights of cone and two types of sands ,  a t  var ious  s t a t e s  of dens i ty  and 

moisture con ten t ,  a r e  l i s t e d  i n  Table No. 6 on p, 90,  

The u s e  of t hese  K values i s  l imi t ed ,  i n  t h a t  they only apply f o r  

p r o j e c t i l e s  which impact on cohesionless  s o i l s  and have the  same geometry 

and weight range a s  t h e  cones u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  For tuna te ly ,  

we l l  documented impact d a t a  a r e  a v a i l a b l e  from the  work of Poor16, Reichmuth 

19 
e t  a1  , Womack and and Reese e t  a l l 8 .  The da t a  encompass a  wide 

range of s o i l  condi t ions ,  and p r o j e c t i l e  shapes and s i z e s .  The primary 

purpose of t h i s  chapter  i s  t o  present  va lues  of K ,  which were derived from 

t h e  aforementioned impact da t a .  It should be noted t h a t  t h i s  chapter  dea ls  

on ly  with v e r t i c a l  impact cases .  Each of t h e  s o i l s  l i s t e d  i n  t h i s  chapter  

i s  descr ibed  i n  Appendix C .  

PROJECTILE TESTS ON SANDY CLAY BY POOR 

Poor e t  a l l 6  performed a s e r i e s  of drop t e s t s  i n  which they u t i l i z e d  

p r o j e c t i l e s  having con ica l ,  s p h e r i c a l ,  and f l a t  impacting su r f aces .  Each 



p r o j e c t i l e  shape  was t e s t e d  a t  f o u r  impact v e l o c i t i e s ,  i n  a  20 t o  30 f p s  r ange ,  

and hav ing  w e i g h t s  o f  8 ,  1 6 ,  64,  and 128 I b s ,  

S o i l  Condi t ions  

The s o i l  was an  o v e r c o n s o l i d a t e d  sandy c l a y  o f  low p l a s t i c i t y  which 

e x i s t s  i n  a  t e r r a c e  o f  t h e  Colorado River  a t  t h e  A u s t i n  Country Club. The 

t e s t  a r e a  was f looded  p r i o r  t o  t e s t i n g ,  i n  an  a t t e m p t  t o  o b t a i n  a  uniform 

m o i s t u r e  c o n t e n t  t o  a  dep th  o f  3  f t .  Poor l i s t s  m o i s t u r e  c o n t e n t  v a l u e s ,  

which t end  t o  be f a i r l y  uniform; however, i t  i s  n o t  known whether  t h e  s o i l  

was s a t u r a t e d  a t  t h e  t ime  of  t e s t i n g .  S i n c e  no s o i l  d e n s i t i e s  were l i s t e d ,  

i t  was n e c e s s a r y  t o  make a n  assumption concern ing  t h e  degree  o f  s a t u r a t i o n .  

Based on d i s c u s s i o n s  w i t h  a  t e c h n i c i a n  who was p r e s e n t  d u r i n g  t h e  f i e l d  

t e s t s  t h e  s o i l  was assumed t o  be 90 p e r c e n t  s a t u r a t e d .  Based on  t h i s  assump- 

t i o n ,  t h e  average  s o i l  d e n s i t y  was 129 .3  p c f .  The average  m o i s t u r e  c o n t e n t  

was 16 .7  p e r c e n t .  

K Values 

A p l o t  o f  peak a c c e l e r a t i o n  v e r s u s  impact v e l o c i t y  f o r  each weight  o f  

cone i s  shown i n  F i g .  41. I t  should be no ted  t h a t  t h e  cones used by Poor a l l  

had 60 d e g r e e  apex a n g l e s .  The a c c e l e r a t i o n s  a r e  approximately  l i n e a r  func- 

t i o n s  o f  t h e  impact  v e l o c i t y ,  which i s  s i m i l a r  t o  t h e  cone t e s t  r e s u l t s  on 

sands  r e p o r t e d  i n  Chapter  V .  For a  g iven  p r o j e c t i l e  geometry, impact v e l o c i t y ,  

and s o i l  c o n d i t i o n ,  t h e  peak a c c e l e r a t i o n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  weight  

o f  t h e  p r o j e c t i l e .  F i g u r e  42 shows t h a t  f o r  l a r g e  i n c r e a s e s  o f  p r o j e c t i l e  

weight  (16 t o  1 r a t i o ) ,  t h e  peak a c c e l e r a t i o n  i s  decreased  by approximately  

80 p e r c e n t .  

F i g u r e s  43  through 45 show p l o t s  o f  peak s o i l  f o r c e  v e r s u s  i n i t i a l  

momentum f o r  cone,  s p h e r i c a l  segment, and f l a t ,  c i r c u l a r  p l a t e  t e s t s .  S o i l  



0 - 8 LB CONE 

A - I 6  LB CONE 
- 64LB CONE 

@ - 128LB CONE 

I M PACT V ELOCITY , (Fe 
FIG. 41 PEAK ACCELERATION VERSUS IMPACT VELOCITY  
FOR CONE TESTS ON SANDY CLAY 
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0 - 8 LB CONE 

A - 1 6  LB CONE 

-64  LB CONE 
V - 128 LB CONE 

INITIAL MOMENTUM, ( LB-SEC ) 

FIG.43 PEAK FORCE VERSUS iN lT lAL  MOMENTUM FOR 
CONE TESTS ON SANDY C L A Y  



8.66 IN. DIA SPHERICAL SEGMENT / 
17.32 IN. DIA SPHERICAL SEGMENT 

El - 64 LB 

INITIAL MOMENTUM, (LB-SEC) 
FIG. 44 PEAK FORCE VERSUS iPJiTlAL MOMENTUM FOR 

SPHERICAL SEGMENT TESTS ON SANDY CLAY 



10 IN. DIA PLATE 

0 - 8 L B  

h- I6 LB 

2 0  IN. DIA PLANE 

El -64 LB 

V -128 LB 

FIG.45 PEAK FORCE VERSUS I N I T I A L  MOMENTUM FOR 
FLAT, CIRCULAR P L A T E  TESTS ON SANDY CLAY 



d e n s i t i e s  and m o i s t u r e  c o n t e n t s  f o r  each o f  t h e  cone t e s t s  a r e  p r e s e n t e d  i n  

T a b l e  No. 10 .  P o o r ' s  t e s t  d a t a  i n d i c a t e  t h a t  t h e  v a l u e s  l i s t e d  i n  t h i s  Tab le  

a r e  a l s o  r e p r e s e n t a t i v e  o f  t h e  s o i l  c o n d i t i o n s  f o r  t h e  s p h e r e  and p l a t e  t e s t s .  

Using t h e  average  s o i l  d e n s i t y  l i s t e d  i n  T a b l e  No. 10 and t h e  s o i l  f o r c e -  

momentum p l o t s  i n  F i g s .  43  through 45, K v a l u e s  were c a l c u l a t e d  for  each 

p r o j e c t i l e .  These K v a l u e s  a r e  l i s t e d  i n  T a b l e  No, 11, Poor a l s o  performed 

a  l i m i t e d  number of drop t e s t s  on d r y ,  dense  Colorado River  Sand. Values o f  

K f o r  t h e s e  t e s t s  a r e  a l s o  l i s t e d  i n  Tab le  No. 11, Examination o f  t h e  t a b l e  

shows t h a t  t h e  8  and 1 6  l b  p r o j e c t i l e s  and t h e  64 and 128 l b  p r o j e c t i l e s  have 

each been r e p r e s e n t e d  by a  s i n g l e  K v a l u e .  The K v a l u e s  f o r  equal  weight  

p r o j e c t i l e  t end  t o  i n c r e a s e  a s  t h e  p r o j e c t i l e  s u r f a c e s  become more b l u n t .  The 

K /K column prov ides  a  comparison o f  how t h e  geometry of t h e  p r o j e c t i l e  
cone 

e f f e c t s  t h e  K v a l u e s ,  The K v a l u e s  f o r  d r y  sand a r e  much more s e n s i t i v e  

t o  geometry changes,  t h a n  a r e  t h e  v a l u e s  f o r  n e a r l y  s a t u r a t e d  c l a y .  Th is  

o c c u r r e n c e  i s  t o  be expec ted  s i n c e  c o h e s i o n l e s s  m a t e r i a l s  d e r i v e  s t r e n g t h  

from conf inement .  The cone a l lows  t h e  s o i l  t o  f low f r e e l y  a l o n g  i t s  s u r f a c e ;  

whereas ,  t h e  f l a t  p l a t e  c o n f i n e s  t h e  sand and consequen t ly  much h i g h e r  i m -  

p a c t  f o r c e s  a r e  produced. It shou ld  be no ted  t h a t  t h e  8 .66 and 17.32 i n .  

d i a .  s p h e r i c a l  segments had  s p h e r i c a l  d iamete r s  o f  10 and 20 i n , ,  r e spec-  

t i v e l y ,  The segment d i a m e t e r s  have been l i s t e d  i n  T a b l e  No. 11 t o  remain con- 

s i s t e n t  w i t h  P o o r ' s  nomencla ture .  

Measured S o i l  P e n e t r a t i o n s  

F i n a l  measured s o i l  p e n e t r a t i o n s  f o r  each t y p e  o f  p r o j e c t i l e  a r e  

shown i n  F i g s .  46 through 48. The cone t e s t  r e s u l t s  ( F i g .  46) show a marked 

degree  of l i n e a r i t y  between impact v e l o c i t y  and f i n a l  p e n e t r a t i o n .  The cone 

p e n e t r a t i o n s  a t  zero  impact v e l o c i t y  were t aken  from t h e  l o a d - p e n e t r a t i o n  



TABLE N O .  10 

SOIL PROPERTIES FOR CONE TESTS ON SANDY C L A Y  

T e s t  No. S o i l  Densi ty  
Y 

(PC£)  

Mois tu re  Content 
W 

(70) 

Average Mois ture  Content = 16 .7% 

Average S o i l  Densi ty  = 129.3 pcf 

>?Test No. 7  v a l u e s  were n o t  used i n  c a l c u l a t i n g  t h e  average 
v a l u e s ,  s i n c e  i t  i s  b e l i e v e d  they a r e  i n  e r r o r .  



TABLE NO. 11 

COMPARISON OF K VALUES FOR CONES, SPHERICAL 
SEGMENTS AND FLAT, CIRCULAR PLATES 

Mois tu re  
Content 

W 

( 2 )  

P r o j e c t i l e  
Type 

P r o j e c t i l e  
Weight 

K 
Value 

S o i  1 S o i l  
Type Densi ty  

Y 
( pc f )  

Cone 

Cone 

8.66 i n .  
Dia S p h e r i c a l  Seg Sandy 

Clay 17.32 i n .  
Dia S p h e r i c a l  Seg 

10 i n .  
Dia.  P l a t e  

20 i n .  
Dia. P l a t e  

0 .0  
(Air Dry) 

Cone 

8.66 i n .  
0 .0  Dia S p h e r i c a l  Seg 8 

Colorado 
River  
Sand 10 i n .  

Dia .  P l a t e  



CONE TESTS 
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/ /  
I/ 

IMPACT VELOCITY, (FPS) t=- 
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-4 

F16.46 MEASURED PENETRATION VERSUS IMPACT VELOCITY FOR CONE TESTS ON 
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c u r v e  i n  F i g ,  49,  The s o l i d  p o r t i o n  o f  t h e  c u r v e  was o b t a i n e d  from a f i e l d  

4 
l o a d - t e s t  performed by Ghazzaly and Cox . The t e s t  was performed a t  t h e  i m -  

p a c t  s i t e  u t i l i z e d  by Poor u s i n g  a  cone w i t h  a  60 d e g r e e  apex a n g l e .  

It i s  o f  i n t e r e s t  t o  n o t e  t h e  c l o s e  agreement between t h e  magnitudes 

o f  t h e  p e n e t r a t i o n s  o b t a i n e d  from t h e  cone t e s t s  on sandy c l a y  and t h e  cone 

t e s t s  on dense ,  s a t u r a t e d  sands  (pp,  83-84). 
The Kcone 

v a l u e s  f o r  sandy 

c l a y  and dense ,  s a t u r a t e d  sand a r e  a l s o  s i m i l a r  i n  magnitude.  Examinat ion 

o f  t h e  g e n e r a l  s h a p e  o f  t h e  s o i l  f o r c e - p e n e t r a t i o n  c u r v e s  shows t h a t  t h e y  

a r e  s i m i l a r .  These  s i m i l a r i t i e s  s u g g e s t  t h a t  p o s s i b l y  t h e  behav io r  o f  d e n s e ,  

s a t u r a t e d  sand  under  impact l o a d i n g  may n o t  be s i g n i f i c a n t l y  d i f f e r e n t  from 

t h a t  o f  n e a r l y  s a t u r a t e d  c l a y .  

Dynamic-Sta t ic  F o r c e  R a t i o s  

Data were  a v a i l a b l e  t h a t  p e r m i t t e d  a  comparison s t u d y  o f  s o i l  f o r c e s  

developed d u r i n g  dynamic and s t a t i c  l o a d i n g  o f  sandy  c l a y ,  T a b l e  No. 12 l i s t s  

1 6  t e s t s  i n  which t h e  peak s o i l  f o r c e s ,  developed upon impact o f  v a r i o u s  we igh t  

cones ,  a r e  compared w i t h  measured s t a t i c  s o i l  f o r c e s .  The s t a t i c  v a l u e s  were  

t a k e n  from t h e  c u r v e  i n  F i g .  49 ,  a t  p e n e t r a t i o n s  which were  equa l  t o  t h e  pene- 

t r a t i o n s  t h a t  co r responded  t o  t h e  peak dynamic s o i l  f o r c e s .  Column 8 shows 

t h a t  t h e  r a t i o  o f  t h e  peak dynamic f o r c e  t o  t h e  s t a t i c  f o r c e  ranges  from ap- 

p rox imate ly  1 . 6  f o r  t h e  8  l b  cone,  t o  0 . 7 5  f o r  t h e  128 l b  cone.  It seems 

h i g h l y  improbable  t h a t  t h e  dynamic f o r c e s  a r e  ever  l e s s  t h a n  t h e  s t a t i c  f o r c e s  

s i n c e  t h e  s t r e n g t h  of  c l a y  i n c r e a s e s  a s  t h e  r a t e  o f  l o a d i n g  i n c r e a s e s ,  

S e v e r a l  f a c t o r s  may be  r e s p o n s i b l e  f o r  r a t i o  v a l u e s  l e s s  t h a n  one.  

F i r s t  of  a l l ,  t h e  s t a t i c  f o r c e - p e n e t r a t i o n  c u r v e  was o b t a i n e d  from a  s i n g l e  

f i e l d  t e s t  which may n o t  be r e p r e s e n t a t i v e  o f  t h e  s o i l  over  t h e  e n t i r e  impact  

s i t e ,  Also ,  i t  was n e c e s s a r y  t o  e x t r a p o l a t e  a  l a r g e  p o r t i o n  of  the  f o r c e -  



TABLE NO.  12 

COMPARISON OF DYNAMIC AND STATIC CONE TEST RESULTS FOR SANDY CLAY 

1 2  
Test Cone 
No. W t  . 

( l b )  
- - 

1 8  8  
19  8  
2  0 8  
2  1 8  
2  2  16 
2  3  16  
2  4  16 
2  5  16 
1 64 
2  64 
3  64 
4  64 
6 12 8  
7 128 
8  12 8  
9  128 

3 
Impac t  

Vel  . 

( f p s )  

19 .66  
24 .07  
2 7 . 8 0  
31 .08  
19 .66  
24 .07  
2  7 .80  
31 .08  
19 .66  
24 .07  
27 .80  
30 .82  
19 .66  
24 .07  
2  7 .80  
30 .82  

4  
V e l .  a t  Peak  

A c c e l .  

( f p s )  

5 
Col 4 1  
Col  3  

(%> 

6  
Dynamic 

F o r c e  

( l b )  

7  
S t a t i c  
F o r c e  

( l b )  

8  
Col 6 1  
Col  7  

(%I 

9 
P e n e t r a t i o n  

a t  
Peak  A c c e l .  

( i n .  ) 

1 0  
Maximum 

P e n e t r a t i o n  

( i n .  ) 

1 P 
Co1 9 1  
Col 10 

( X >  

9 3 . 5  
8 8 . 0  
9 4 . 0  
9 3 . 5  
9 3 . 5  
92 . o  
9 1 . 5  
9 2 . 5  
9 5 , 8  
9 0 . 4  
92 .5  
92 - 2  
9 8 . 5  
9 5 . 4  
8 7 . 3  
8 9 . 7  



p e n e t r a t i o n  c u r v e  i n  o r d e r  t o  p rov ide  s t r e n g t h  comparisons a t  p e n e t r a t i o n s  

g r e a t e r  than  2,7 i n c h e s .  O r d i n a r i l y ,  such a  l a r g e  e x t r a p o l a t i o n  i s  n o t  j u s t i -  

f i e d ;  however, f o r  cone p e n e t r a t i o n s  above 1 . 8  i n .  t h e  s o i l  s t r e s s  based on 

t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  cone a t  t h e  ground s u r f a c e  remained e s s e n t i a l l y  

c o n s t a n t .  T h e r e f o r e ,  t h e  assumpt ion was made t h a t  a  c o n s t a n t  s o i l  s t r e s s  was 

developed f o r  p e n e t r a t i o n s  g r e a t e r  t h a n  2 . 7  i n c h e s .  

T a b l e  N o .  12  a l s o  shows t h a t  t h e  peak s o i l  f o r c e s  o c c u r r e d  when t h e  

cone had a  downward v e l o c i t y  o f  approx imate ly  40 p e r c e n t  o f  t h e  i n i t i a l  i m -  

p a c t  v e l o c i t y  (column No. 5 ) .  

The p e n e t r a t i o n  cor respond ing  t o  peak dynamic f o r c e  was, on t h e  a v e r -  

a g e ,  approx imate ly  90 p e r c e n t  of  t h e  maximum p e n e t r a t i o n .  

PROJECTILE TESTS ON SAND AND CLAY BY REICHMUTH 

Reichmuth e t  a l l 9  performed s e v e r a l  v e r t i c a l  impact t e s t s  u s i n g  a  10 

i n .  r a d i u s  c y l i n d r i c a l  segment and two 10 i n .  r a d i u s  s p h e r i c a l  segments,  The 

c y l i n d r i c a l  segment was 5 . 5  i n .  wide and weighed 50 .2  l b s .  The s p h e r i c a l  seg-  

ments had w e i g h t s  of 4 1 . 3  and 94,O l b s ,  The impact v e l o c i t i e s  ranged from 10 

t o  30 f p s .  The t a r g e t  m a t e r i a l s  were;  d ry  and s a t u r a t e d  Ottawa Sand, d r y  

Colorado R i v e r  Sand,  and Del Rio Clay.  

The K v a l u e s  o b t a i n e d  from t h e s e  t e s t s  a r e  l i s t e d  i n  Tab le  No. 1 3 ,  

A comparison of measured and c a l c u l a t e d  p e n e t r a t i o n s  h a s  a l s o  been p r e s e n t e d .  

The c a l c u l a t e d  v a l u e s  were  o b t a i n e d  from t h e  d o u b l e  i n t e g r a t i o n  of  t h e  a c c e l -  

e r a t i o n - t i m e  t r a c e .  I n  g e n e r a l ,  t h e  c a l c u l a t e d  and measured v a l u e s  a g r e e  

q u i t e  w e l l .  Average K v a l u e s  f o r  each t y p e  o f  s o i l  a r e  g iven  i n  T a b l e  No. 14. 

I t  was p r e v i o u s l y  noted on p ,  89 t h a t  t h e  K v a l u e s  f o r  t e s t s  on 
cone 

d r y ,  dense  sand and s a t u r a t e d ,  dense  sand were  approx imate ly  t h e  same, The 

K v a l u e s  f o r  s i m i l a r  s t a t e s  of  Ottawa and Colorado River  Sand were a l s o  
cone 



TABLE NO. 13 

COMPARISON OF Kcylinder  AND Ksphere  VALUES FROM TESTS ON 

OTTAWA SAND, COLORADO RIVER SAND, AND DEL R I O  CLAY 

T e s t  Impact S o i l  Mois tu re  Peak P r o j e c t i l e  Measured Calc . K 
I d e n t i f i c a t i o n  V e l o c i t y  Dens i ty  Content Force  Weight Pene t . Value Penet  . 

Y W 

( f p s )  (PC£)  (%) (Lb (Lb ) ( i n .  ) ( i n .  ) ( ~ t ~  / ~ b - ~ e c )  

OS = Ottawa Sand; CA = C a p i t o l  Aggregates ;  BS = Del Rio Clay 



TABLE NO. 14 

S o i l  Type 

Ottawa 
Sand 

S a t u r a t e d  
Ottawa 
Sand 

Colorado 
River  
Sand 

De 1 
Rio 
Clay 

COMPARISON OF AVERAGE Kcylinder  and K sphere  

VALUES FROM TESTS ON OTTAWA SAND, COLORADO R I V E R  
SAND, AND DEL R I O  CLAY 

Avg 
S o i l  Den. 

Y 
(pcf 

Avg M o i s t .  P r o j e c t i l e  P r o j e c t i l e  K 
Content  Type Weight Value 

3.6 Cyl inder  50.2 0.89 
10 i n .  Radius 

(CYL1) 

Sphere  
10  i n .  Radius 

4 1 . 3  



found t o  be of s i m i l a r  magnitude,  Examination of T a b l e  No. 14 shows t h e  same 

t r e n d  h o l d s  t r u e  f o r  s p h e r i c a l l y  shaped p r o j e c t i l e s .  

The K s p h e r e  
v a l u e s  (Tab le  No. 14) f o r  t h e  l i g h t  s p h e r e  t e s t s  on 

s a t u r a t e d  Ottawa Sand and dense  Colorado River  Sand a r e  approximately  t h r e e  

t imes  g r e a t e r  t h a n  t h e  K v a l u e s  (Table  No. 6, p. 90) o b t a i n e d  from 
cone 

t e s t s  on s i m i l a r  s t a t e s  o f  Ottawa and Colorado River  Sand. It should be  

no ted  t h a t  t h e  i n f l u e n c e  of t h e  p r o j e c t i l e  shape  can o n l y  be determined f o r  

c a s e s  where t h e  s o i l  c o n d i t i o n s  a r e  s i m i l a r  and t h e  p r o j e c t i l e  we igh t s  a r e  

approx imate ly  t h e  same. 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  a  
Ksphere  

v a l u e  of 0 .78  was o b t a i n e d  

f o r  t h e  heavy s p h e r e  (94 l b )  t e s t s  on Del Rio Clay and a  
Ksphere 

v a l u e  o f  

0 .77 (Table  No. 11) was o b t a i n e d  from t h e  64 and 128 l b  s p h e r e  t e s t s  on  

sandy c l a y .  The comparison i s  v a l i d  s i n c e  t h e  p r o j e c t i l e s  have approx i -  

mate ly  t h e  same weigh t ,  However, t h e  t a r g e t  m a t e r i a l s  a r e  s i g n i f i c a n t l y  

d i f f e r e n t  i n  composi t ion.  The cohes ion  v a l u e s  f o r  each o f  t h e  s o i l s  a r e  

approx imate ly  t h e  same, bu t  t h e  ang le  o f  i n t e r n a l  f r i c t i o n  f o r  t h e  sandy 

c l a y  i s  s i g n i f i c a n t l y  h i g h e r ,  From a  s t a t i c  s t r e n g t h  p o i n t  o f  view, t h e  

sandy c l a y  i s  t h e  s t r o n g e r  of two and t h e r e f o r e  shou ld  o f f e r  more r e s i s t a n c e  

t o  p e n e t r a t i o n .  

PENETROMETER TESTS ON SAND AND CLAY BY WOMACK 

33 
Womack developed a  penetrometer  f o r  t h e  purpose  o f  e v a l u a t i n g  t h e  

impact c h a r a c t e r i s t i c s  of s o i l s .  The penetrometer  weighed 5,38 l b s  and 

had a  f l a t ,  c i r c u l a r  f o o t  approximately  one s q u a r e  i n c h  i n  a r e a .  Ottawa 

Sand and Be1 Rio Clay a r e  among some of t h e  s o i l s  t e s t e d  by Womack. T h e  i m -  

p a c t  v e l o c i t y  was mainta ined approximately  c o n s t a n t  a t  15 f p s ,  



The f o r c e - p e n e t r a t i o n  curves  from t h e  penetrometer  t e s t s  e x h i b i t e d  a  

r a p i d  r i s e  i n  f o r c e  a s  t h e  pene t romete r  f o o t  c o n t a c t e d  t h e  s o i l  s u r f a c e .  The 

r a p i d  r i s e  was fo l lowed  by a  sudden d e c r e a s e  t o  a  r e l a t i v e l y  c o n s t a n t  f o r c e  

l e v e l .  Womack c o n s i d e r e d  t h e  s p i k e  p o r t i o n  o f  t h e  c u r v e  a s  n o t  be ing  s i g n i -  

f i c a n t  t o  t h e  f o r c e - p e n e t r a t i o n  c h a r a c t e r i s t i c s  of t h e  t a r g e t  m a t e r i a l .  H i s  

p r imary  r e a s o n  f o r  a r r i v i n g  a t  t h i s  c o n c l u s i o n  was t h a t  a f t e r  examining com- 

p a r i s o n  t e s t  d a t a  h e  found t h a t  t h e  s p i k e  f o r c e  l e v e l s  were  no t  c o n s i s t e n t  

w i t h  one  a n o t h e r .  He c o n s i d e r e d  t h e  average  p e n e t r a t i o n  f o r c e  which was 

p r e s e n t  d u r i n g  more t h a n  90 p e r c e n t  o f  t h e  p e n e t r a t i o n  d e p t h  t o  b e  t h e  s i g -  

n i f i c a n t  f o r c e  l e v e l .  

The v i t a l  c h a r a c t e r i s t i c s  o f  t h e  f o r c e - p e n e t r a t i o n  c u r v e s  produced 

by impact of  t h e  pene t romete r  on v a r i o u s  s t a t e s  o f  s o i l  a r e  shown i n  Tab le  

No. 1 5 .  It w i l l  be noted t h a t  a  peak f o r c e  and average  p e n e t r a t i o n  f o r c e  

column have been i n c l u d e d  w i t h i n  t h e  t a b l e ,  

The t a b l e  shows t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  i n  bo th  t h e  

peak and a v e r a g e  f o r c e  p e n e t r a t i o n  v a l u e s  which were r e c o r d e d  f o r  s i m i l a r  

impact  c o n d i t i o n s  on s e p a r a t e  days o f  t e s t i n g .  Th i s  d i s p a r i t y  becomes r e a d i l y  

e v i d e n t  when t h e  f o r c e  l e v e l s  from t h e  t e s t s  on t h e  d a t e s  10-9 ,  11-10, and 

11-11 a r e  compared, 

The c h a r a c t e r i s t i c  s p i k e  p o r t i o n  o f  t h e  curve  was n o t  p r e s e n t  i n  t h e  

t e s t s  on Del Rio  Clay nor i n  s e v e r a l  o f  t h e  t e s t s  on s a t u r a t e d  Ottawa Sand. 

I n  g e n e r a l ,  t h e r e  was a  tendency f o r  t h e  r a t i o  o f  t h e  peak f o r c e  t o  average  

p e n e t r a t i n g  f o r c e  t o  d e c r e a s e  a s  t h e  m o i s t u r e  c o n t e n t  o f  t h e  sand i n c r e a s e d .  

v a l u e s  were  c a l c u l a t e d  u s i n g  both t h e  peak f o r c e  and t h e  average  

p e n e t r a t i o n  f o r c e .  These v a l u e s  a r e  l i s t e d  i n  Tab le  No. 16.  Average K 
p l a t e  

v a l u e s  f o r  each s o i l  c o n d i t i o n  a r e  l i s t e d  i n  T a b l e  No, 1 7 ,  The peak 

K p l a t e  
v a l u e s  f o r  dense ,  s a t u r a t e d  Ottawa Sand a r e  approx imate ly  SO p e r c e n t  



TABLE NO. 15 

Test  
Ident  . 

Impact 
Veloci ty 

TABULATION OF FORCE-PENETRATION CHARACTERISTICS 
FROM PENETROMETER TESTS 

S o i l  
Dens i t y 

Y 
(PC£) 

Moist .  
Content 

W 

(%I 

Peak 
Force 

Avg . 
Pene t . 
Force 

Pene t . Penet . 
a t  a t  

Peak Force Avg. Force 

( i n .  ) ( i n .  ) 

Tota l  
Pene t . 
( i n .  ) 

Rise 
Time 

(msec > 

9cThese t e s t s  did not  have a sp ike  por t ion ;  OS = Ottawa Sand; BS = Del Rio Clay 



TABLE NO.  16 

LISTING OF kplate VALUES FOR PENETROMETER TESTS 

Irnpac t 
S o i l  Type V e l o c i t y  

Dry 14.90 
0 t tawa 15.66 

Sand 15.40 

P a r t i a l l y  
S a t u r a t e d  

15.63 

Ottawa Sand 
15.58 

S a t u r a t e d  
0 t tawa 

Sand 

S o i l  
Dens i ty  

Y 
(PC£) 

Mois tu re  
Content 

W 

(%I 

15.69 112 . O  32 .0  
Del Rio Clay 15.46 117.0  31 . O  

Peak Res idua l  

K p l a t e  K p l a t e  



TABLE NO. 17 

L I S T I N G  OF AVERAGE Kpla t e  VALUES FOR PENETROMETER TESTS 

Average Average Mois ture  Average Average 
S o i l  Type S o i l  Dens i ty  Content Peak R e s i d u a l  

Y w K p l a t e  K g l a t e  

(PC f )  (%I ( F t 3 / ~ b - s e c )  (Ft /T.,b-sec) 

Dry Ottawa 105.9 
Sand 

P a r t i a l l y  
S a t u r a t e d  109.4 
Ottawa Sand 

S a t u r a t e d  126.1  
Ottawa Sand 

Del Rio Clay 114.5 31.5  1 .00  - - 



t h e  v a l u e s  o b t a i n e d  from t h e  t e s t s  on  dense ,  d r y  Ottawa Sand,  w h i l e  examina t ion  

o f  t h e  r e s i d u a l  R v a l u e s  shows t h a t  t h e  dense ,  s a t u r a t e d  sand v a l u e s  a r e  
p l a t e  

approx imate ly  50 p e r c e n t  g r e a t e r  t h a n  t h e  dense ,  d r y  sand v a l u e s .  The p r e v i o u s  

t e s t s  w i t h  l a r g e r  p r o j e c t i l e s  have shown t h a t  t h e  K v a l u e s  f o r  sands  i n  d r y  

and s a t u r a t e d  dense  s t a t e s  a r e  approx imate ly  t h e  same. 

The above comparison shows t h a t  t h e  t r e n d s  i n  t h e  pene t romete r  d a t a  

a r e  s i g n i f i c a n t l y  d i f f e r e n t  from t h o s e  observed d u r i n g  impact o f  l a r g e r  p r o -  

j e c t i l e s ,  P o s s i b l y  a  b e t t e r  d e s i g n  f o r  a  pene t romete r  would be t o  d e c r e a s e  

t h e  w e i g h t - c o n t a c t  a r e a  r a t i o  t o  a  v a l u e  which would cor respond  more c l o s e l y  

t o  t h o s e  o f  p r o j e c t i l e s  which undergo r e l a t i v e l y  smal l  p e n e t r a t i o n s .  T h i s  

d e c r e a s e d  w e i g h t - a r e a  r a t i o  would c a u s e  t h e  penetrometer  t o  behave mainly  a s  

a  body impac t ing  on t h e  s o i l  s u r f a c e ,  r a t h e r  t h a n  a  body which impacts  and 

t h e n  p e n e t r a t e s  a r e l a t i v e l y  l a r g e  d i s t a n c e  beneath  t h e  s o i l  s u r f a c e ,  

Womack a l s o  u t i l i z e d  a  c roc tor" t y p e  pene t romete r  f o r  measuring t h e  

s t a t i c  s o i l  r e s i s t a n c e ,  H i s  r e s u l t s  show t h a t  t h e  d y n a m i c - s t a t i c  f o r c e  r a t i o  

i s  approx imate ly  2 - 2 5  f o r  Del Rio Clay.  T h i s  r a t i o  was o b t a i n e d  by d i v i d i n g  

t h e  dynamic f o r c e  by t h e  s t a t i c  f o r c e  t h a t  corresponded t o  t h e  p e n e t r a t i o n  

v a l u e  a t  t h e  t i m e  of peak dynamic f o r c e  development.  When t h e  same t y p e  o f  

r a t i o  c a l c u l a t i o n  method was a p p l i e d  t o  t h e  sand t e s t  r e s u l t s ,  i t  was found 

t h a t  t h e  r a t i o  v a l u e s  were i n  many c a s e s  over  l O O ,  However, t h e  r a t i o  v a l u e s  

v a r i e d  w i d e l y  from t e s t  t o  t e s t  and no c o n s i s t e n t  t r e n d s  were no ted ,  

PROJECTILE TEST ON SILT BY REESE 

Reese  e t  a l l 8  performed a  s e r i e s  of l a b o r a t o r y  impact t e s t s  i n  which 

he  u t i l i z e d  s p h e r i c a l  segments,  The segments had s p h e r i c a l  r a d i i  of 3 and 

6 i n ,  and w e i g h t s  which ranged from 0 , 8 9 5  t o  11.32 l b s ,  The impact v e l o c i t i e s  

were v a r i e d  between 6 and 17 f p s ,  A s e r i e s  o f  8 drop t e s t s  were a l s o  con- 

duc ted  u s i n g  a  o n e - q u a r t e r  s c a l e  Apollo model, 



S o i l  Condi t ions  

The t a r g e t  m a t e r i a l  was composed o f  a  sandy s i l t  c o n t a i n i n g  a smal l  

p e r c e n t a g e  of  c l a y .  The s o i l  was compacted i n  l a y e r s  t o  a n  approximate  den- 

s i t y  o f  125 p c f .  The m o i s t u r e  c o n t e n t  was main ta ined  e s s e n t i a l l y  a t  10 pe r -  

c e n t .  The s o i l  c o n t a i n e r s  were  approx imate ly  2  f t  i n  d i a m e t e r  and 1 f t  deep.  

The q u a r t e r - s c a l e  model t e s t s  were  performed i n  a  t e s t  bed l o c a t e d  o u t s i d e  

t h e  l a b o r a t o r y .  A 6  S t  s q u a r e  by 2  f t  deep t e s t  bed was u t i l i z e d  f o r  t h e  

t a r g e t  a r e a .  T a r g e t  a r e a  p r e p a r a t i o n  methods were c l o s e l y  c o n t r o l l e d  t o  

i n s u r e  t h a t  t h e  s o i l  d e n s i t y  and m o i s t u r e  c o n t e n t  corresponded c l o s e l y  t o  

t h a t  o f  t h e  l a b o r a t o r y  t e s t  beds ,  

K s p h e r e  
Values  

P l o t s  o f  peak a c c e l e r a t i o n  v e r s u s  impact v e l o c i t y  f o r  each o f  t h e  

s p h e r i c a l  segment d rop  t e s t s  a r e  shown i n  F i g s .  50 and 51.  These  p l o t s  

show t h a t  f o r  a  g i v e n  p r o j e c t i l e  t y p e ,  t h e  peak a c c e l e r a t i o n  i s  l i n e a r l y  

r e l a t e d  t o  t h e  impact  v e l o c i t y .  The f i g u r e s  a l s o  i l l u s t r a t e  t h e  e f f e c t  of  

p r o j e c t i l e  we igh t  upon peak a c c e l e r a t i o n s .  F i g u r e s  52 and 5 3  i l l u s t r a t e  t h e  

r e l a t i v e  range  o f  peak s o i l  f o r c e s  developed d u r i n g  impact .  Using t h e s e  f i g -  

u r e s  and t h e  a v e r a g e  s o i l  p r o p e r t i e s  l i s t e d  i n  T a b l e  No. 1 8 ,  Ksphere  v a l u e s  

were  c a l c u l a t e d  and l i s t e d  i n  T a b l e  No. 19 .  &t i s  i n t e r e s t i n g  t o  n o t e  t h e  

c l o s e  agreement between t h e  K v a l u e s  o b t a i n e d  from t h e  2 . 8 3  and 4 .96 l b  

p r o j e c t i l e  t e s t s ,  T h i s  c l o s e  agreement i s  accompanied by n e a r l y  equa l  weight-  

s p h e r i c a l  r a d i u s  r a t i o s ,  which i n d i c a t e s  t h a t  t h i s  t y p e  o f  r a t i o  might be use-  

f u l  i n  e s t i m a t i n g  a p p r o p r i a t e  Ksphere  
v a l u e s .  F i g u r e  54 shows t h e  v a r i a t i o n  

i n  K v a l u e s  a s  t h e  w e i g h t - r a d i u s  r a t i o  changes ,  
s p h e r e  
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FIG. 51 PEAK ACCELERATION VERSUS IMPACT VELOCITY 
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S p h e r i c a l  
Rad ius  

( i n .  ) 

S p h e r i c a l  
Rad ius  

( i n .  ) 

AVERAGE SOIL PROPERTIES FOR TESTS ON MONTOPOEIS SILT 

Weight  

( l b )  

S o i l  
D e n s i t y  

Y 
(pcf  

TABLE NO. 19  

LISTING OF Ksphere VALUES FOR TESTS ON MONTOPOLIS SILT 

M o i s t u r e  
Con ten t  

W 

(a 

Weight  
( l b )  

Weight / 
S p h e r i c a l  Rad ius  

( l b l i n . )  





S t a t i c  f o r c e - p e n e t r a t i o n  curves  were given  f o r  each o f  t h e  p r o j e c t i l e s ,  

T h i s  d a t a  p e r m i t t e d  t h e  c a l c u l a t i o n  of  d y n a m i c - s t a t i c  f o r c e  r a t i o s .  T a b l e  

No. 20 shows t h a t  t h e  r a t i o  v a l u e s  range  from approx imate ly  150 t o  600 p e r c e n t ,  

w i t h  t h e  average  b e i n g  275 p e r c e n t .  I t  shou ld  be no ted  t h a t  t h e  s t a t i c  f o r c e  

v a l u e s  cor respond  t o  p e n e t r a t i o n s  t h a t  were e q u a l  t o  t h e  p e n e t r a t i o n s  a t  which 

t h e  peak dynamic s o i l  f o r c e s  o c c u r r e d ,  

SUMMARY OF K VAT.,rnS 

T h i s  c h a p t e r  h a s  b a s i c a l l y  been concerned w i t h  t h e  p r e s e n t a t i o n  and 

comparison o f  K v a l u e s  t h a t  were developed from a  wide r a n g e  o f  p r o j e c t i l e  

and s o i l  c o n d i t i o n s .  I t  has  p r e v i o u s l y  been no ted  t h a t  t h e  K v a l u e s  a r e  

main ly  a  f u n c t i o n  o f  t h e  t a r g e t  m a t e r i a l ,  p r o j e c t i l e  geometry,  and t h e  p r o j e c -  

t i l e  weight .  T h i s  dependence o f  K n e c e s s i t a t e s  t h e  u s e  of  ext reme c a r e  i n  

e s t i m a t i n g  K v a l u e s  f o r  p r o j e c t i l e  and s o i l  c o n d i t i o n s  d i f f e r i n g  from t h o s e  

l i s t e d  i n  t h i s  c h a p t e r ,  However, i t  i s  f e l t  t h a t  enough d a t a  a r e  a v a i l a b l e  

t o  p e r m i t  t h e  e s t i m a t i o n  o f  K v a l u e s  w i t h  a  r e a s o n a b l e  d e g r e e  o f  accuracy .  

The t e s t  r e s u l t s  have shown t h a t  t h e  most unfavora.ble p r o j e c t i l e  shape ,  

from a  maximum f o r c e  v i e w p o i n t ,  i s  one  which h a s  a  f l a t  s t r i k i n g  s u r f a c e ,  

C o n i c a l  p r o j e c t i l e s  were  found t o  be t h e  most f a v o r a b l e .  The r a t i o  o f  K p l a t e  

Kcone 
was 3 , 5 9  f o r  t e s t s  on sandy c l a y  and 15-80 f o r  t e s t s  on d r y  

Colorado River  Sand (Tab le  No. 11, p.  106) .  The p r o j e c t i l e  geometry h a s  a 

much l a r g e r  i n f l u e n c e  on t h e  f o r c e s  developed i n  sand ,  because  sands  d e r i v e  

t h e i r  r i g i d i t y  from conf inement ;  whereas ,  t h e  r e s i s t a n c e  o f  c l a y  t o  p e n e t r a -  

t i o n  i s  d e r i v e d  from cohes ion  between wa te r  and s o i l  p a r t i c l e s .  When sands  

a r e  c o n t a c t e d  by a f l a t  s t r i k i n g  s u r f a c e  t h e  p a r t i c l e s  a r e  conf ined  by t h e  

p r o j e c t i l e  i t s e l f  and a r e  f o r c e d  t o  move mainly  downward and i n  a  t r a n s v e r s e  

d i r e c t i o n  t o  t h e  p r o j e c t i l e  p a t h ,  



TABLE NO. 20  

Spherical 
Radius 
(in. > 

Weight 
( l b )  

COMPARISONS OF RATIO OF PEAK DYNAMIC FORCE 
TO STATIC FORCE FOR TESTS ON MONTOPOLIS SILT 

Impact 
Velocity 
(fpsl 

Penetration 
(in. ) 

Dynamic 
Force 

( l b )  

Static 
Force 

( l b )  

2  8 
3  2  
5  0  
50 
5  5  
6 1 
6 1 
78 
84 
7  8 
72 
9  7  
9  7  

164 
2  3 1  
2  74 
297 
297 
333 
3  70 

2875 
2875 
2225 
2225 
2875 
1575 
1775 
3500 

Col  5 lC01 6 
(a 



The impact t e s t s  on sand have shown t h a t  t h e  maximum s o i l  forces a r e  

developed when t h e  sand i s  i n  a  r e l a t i v e l y  dense  s a t u r a t e d  s t a t e ,  However, a 

s i n g l e  
Kcone 

v a l u e  of  approx imate ly  0 . 4 5  a p p l i e s  f o r  both  t h e  dense ,  d r y  

and s a t u r a t e d  s t a t e s  (Table  No, 6 ,  p. 90) .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  

t h e  6 4  l b  cone t h e  K  v a l u e  was 0 .43  f o r  t h e  t e s t s  o n  sandy c l a y .  Th i s  K 

v a l u e  would be  somewhat g r e a t e r  i f  i t  were a d j u s t e d  t o  cor respond  t o  a 43 l b  

cone;  however, the Kcone 
v a l u e s  would s t i l l  c l o s e l y  a g r e e .  T h i s  s u g g e s t s  

t h a t  a s i n g l e  K  v a l u e  can  be used f o r  t h e  two s t a t e s  o f  sand and f o r  
cone 

c l a y s  h a v i n g  approx imate ly  t h e  same p r o p e r t i e s  a s  t h e  sandy c l a y  u t i l i z e d  i n  

16 
P o o r ' s  i n v e s t i g a t i o n .  

The p r o j e c t i l e  t e s t s  w i t h  t h e  94 l b ,  10 i n .  r a d i u s  s p h e r e  y i e l d e d  

K s p h e r e  
v a l u e s  o f  approx imate ly  1 - 0  f o r  d r y  and s a t u r a t e d  sands  i n  dense  

s t a t e s  (Tab le  No, 14 ,  p ,  110) , Whereas, K ~ p h e r e  v a l u e s  f o r  t h e  64 and 128 l b  

(average  o f  96 l b s ) ,  10 i n ,  r a d i u s  s p h e r e s  i n  sandy c l a y  were approx imate ly  

0 .8  (Tab le  No. 11, p.  101) .  The h i g h e r  Ksphere v a l u e  f o r  t h e  sand t e s t s  

may p o s s i b l y  have been caused  by t h e  c o n f i n i n g  e f f e c t  o f  t h e  p r o j e c t i l e  shape.  



CHAPTER V 1 1  

DYNAMIC AND STATIC SOIL  BEHAVIOR 

During t h e  p a s t  20 y e a r s  a  l a r g e  amount o f  r e s e a r c h  has  been o r i e n t e d  

toward t h e  d e t e r m i n a t i o n  o f  s t r a i n  r a t e  e f f e c t s  upon s o i l  s h e a r  s t r e n g t h  p a r a -  

mete r s .  The behav ior  o f  f o o t i n g s  s u b j e c t e d  t o  impulse  load ings  h a s  a l s o  r e -  

c e i v e d  a  c o n s i d e r a b l e  amount o f  a t t e n t i o n .  The purpose  o f  t h i s  c h a p t e r  i s  t o  

d i s c u s s  bo th  o f  t h e s e  t o p i c s  a s  t h e y  r e l a t e  t o  p r o j e c t i l e  impact .  

Th i s  c h a p t e r  a l s o  c o n t a i n s  a  method f o r  p r e d i c t i n g  peak f o r c e s  developed 

d u r i n g  impact o n  c l a y  s o i l s .  

RATE OF STRAIN EFFECTS ON COHESION AND ANGLE OF INTERNAL FRICTION 

A number o f  i n v e s t i g a t o r s  have performed l a b o r a t o r y  s t u d i e s  i n  which 

t h e y  i n v e s t i g a t e d  t h e  e f f e c t  of r a t e  o f  l o a d i n g  upon t h e  b a s i c  s o i l  s t r e n g t h  

parameters  o f  cohes ion  and a n g l e  o f  i n t e r n a l  f r i c t i o n .  

2  
Casagrande and Shannon were among t h e  f i r s t  t o  perform a  comprehensive 

i n v e s t i g a t i o n  on  t h e  dynamic s t r e n g t h  p r o p e r t i e s  of c l a y  and sand. Compression 

t e s t s  were conducted on bo th  unconfined and conf ined  samples of c l a y  i n  which 

t h e  t ime t o  f a i l u r e  ranged from 10 min. t o  0 .02  seconds .  F i v e  c l a y  s o i l s  hav- 

i n g  wide ly  v a r y i n g  e n g i n e e r i n g  p r o p e r t i e s  were  u t i l i z e d  i n  t h e  t e s t i n g  program, 

The r e s u l t s  i n d i c a t e d  t h a t  t h e  f a s t  t e s t s  ( t i m e  t o  f a i l u r e  0 .02  s e c )  e x h i b i -  

t e d  s t r e n g t h s  from 1 . 5  t o  2  t imes t h e  cor responding  s t a t i c  s t r e n g t h s  ( t i m e  t o  

f a i l u r e  10 min),  Vacuum t r i a x i a l  compression t e s t s  were performed on a  d r y ,  

dense  sand. The dynamic s t r e n g t h  ( 0 , 0 2  sec)  was approximately  10 p e r c e n t  

g r e a t e r  t h a n  t h e  10 min s t a t i c  t e s t s .  

31 
Whitman has  r e p o r t e d  d y n a m i c - s t a t i c  s t r e n g t h  r a t i o s  of approx imate ly  

1 . 5  t o  2 f o r  v a r i o u s  t y p e s  of c l a y ,  These r a t i o s  a r e  i n  agreement w i t h  t h o s e  

o f  Casagrande and Shannon, even though some o f  Whitman's t e s t s  were performed 



a t  h i g h e r  r a t e s  of Loading ( t i m e  t o  f a i l u r e  0 , 0 0 2  s e c ) ,  Tests were also 

performed on samples o f  uniform Ottawa Sand and a  we l l -g raded  sand.  The sands 

were  t e s t e d  i n  d r y ,  m o i s t ,  and s a t u r a t e d  s t a t e s .  The d r y  and mois t  sands  ex- 

h i b i t e d  i n c r e a s e s  i n  s t r e n g t h  of 10 t o  1 5  p e r c e n t .  The r e s u l t s  o f  tests on 

s a t u r a t e d  samples were i n c o n c l u s i v e .  

Schimming and saxe2' t e s t e d  c l a y s  and sands  i n  a  d i r e c t  s h e a r  t y p e  

o f  a p p a r a t u s .  G e n e r a l l y ,  t h e  dynamic c l a y  s t r e n g t h  r a t i o s  ranged between 1 . 5  

and 2 .0;  however, v a l u e s  a s  h igh  a s  4  were no ted ,  The t ime t o  f a i l u r e  was i n  

t h e  0-5 m i l l i s e c o n d  range .  F a i l u r e  envelopes  ( s h e a r  s t r e s s  v e r s u s  normal 

s t r e s s )  were determined from dynamic and s t a t i c  s h e a r  t e s t s  on s o i l s  possess -  

i n g  cohes ion  and i n t e r n a l  f r i c t i o n ,  These p l o t s  i n d i c a t e d  t h a t  t h e  pr imary 

d i f f e r e n c e  between t h e  dynamic and s t a t i c  envelopes  was t h e  v a l u e  of t h e  co- 

h e s i o n ,  The dynamic cohes ion  v a l u e s  were approximately  t w i c e  t h e  s t a t i c  v a l -  

u e s ,  w h i l e  t h e  i n t e r n a l  f r i c t i o n  v a l u e s  remained e s s e n t i a l l y  t h e  same. 

Olson and paro la14  have s t u d i e d  t h e  i n f l u e n c e  o f  t h e  t ime  t o  f a i l u r e  

on  t h e  compress ive  s t r e n g t h  o f  c l a y ,  The c l a y  was compacted a t  v a r i o u s  

m o i s t u r e  c o n t e n t s  r a n g i n g  from 6 . 5  p e r c e n t ,  r e l a t i v e l y  d r y ,  t o  18 p e r c e n t  

which r e p r e s e n t s  complete s a t u r a t i o n .  The samples were t e s t e d  a t  c o n f i n i n g  

p r e s s u r e s  o f  100 and 1000 p s i ,  The dynamic s t r e n g t h s  ( t ime  t o  f a i l u r e  o f  

0.006 sec )  ranged from 1 . 2  t o  1 . 6  t imes  t h e  cor responding  s t r e n g t h s  a t  t imes 

t o  f a i l u r e  o f  60 seconds .  It shou ld  be no ted  t h a t  t h e  u s e  o f  t e s t s  h a v i n g  

t imes t o  f a i l u r e  of 60 s e c  a s  a  r e f e r e n c e  f o r  s t r e n g t h  i n c r e a s e s  was a r b i -  

t r a r y .  Higher s t r e n g t h  r a t i o s  would have been o b t a i n e d ,  i f  t e s t s  hav ing  g r e a t -  

e r  t ime t o  f a i l u r e  v a l u e s  had been u t i l i z e d ,  The v a r i a t i o n  o f  m o i s t u r e  c o n t e n t  

and c o n f i n i n g  p r e s s u r e  d i d  n o t  y i e l d  any c l e a r  e f f e c t  upon t h e  s t r e n g t h  i n -  

c r e a s e  a s  t h e  t ime  t o  f a i l u r e  d e c r e a s e d .  



The i n v e s t i g a t i o n s  d i s c u s s e d  above have shown t h e  dynamic compvessive 

s t r e n g t h s  of  c l a y  t o  g e n e r a l l y  be l , 5  t o  2 t imes  t h e  cor respond ing  s t a t i c  

s t r e n g t h s ,  The dynamic compress ive  s t r e n g t h  o f  sands  a s  d i s c u s s e d  above was 

found t o  b e  approx imate ly  10 p e r c e n t  g r e a t e r  t h a n  t h e  c o r r e s p o n d i n g  s t a t i c  

s t r e n g t h ,  It s h o u l d  be  n o t e d  t h a t  t h e  dynamic r e s u l t s  on sand  and c l a y  were 

o b t a i n e d  from t e s t s  i n  which t h e  t ime  t o  f a i l u r e  was i n  t h e  r a n g e  of  0 , 0 0 2  

t o  1 s e c .  While t h e  s t a t i c  v a l u e s  r e s u l t e d  from t e s t  d u r a t i o n s  of 40 s e c  

and g r e a t e r .  

LATERAL INERTIA EFFECT 

Research a t  Massachuse t t s  I n s t i t u t e  of  Technology31 h a s  shown t h a t  

a s  t h e  t ime  t o  f a i l u r e  d e c r e a s e s  below 0 .002  s e c  two f a c t o r s  s i g n i f i c a n t l y  

i n f l u e n c e  t h e  r e s u l t s ,  The f i r s t  i s  a  wave p r o p o g a t i o n  phenomena, which p r o -  

duce  non-uniform s t r e s s e s ,  The second f a c t o r  i s  r e f e r r e d  t o  a s  " l a t e r a l  i n -  

e r t i a  e f f e c t " .  A s  a  s o i l  sample i s  compressed,  l a t e r a l  s t r a i n s  must t a k e  

p l a c e  b e f o r e  f a i l u r e  can  o c c u r .  I n  r a p i d  t e s t s  i n e r t i a  d e l a y s  t h e  development 

o f  l a t e r a l  s t r a i n s  which p e r m i t s  t h e  s o i l  t o  deve lop ,  f o r  a n  ex t remely  s h o r t  

p e r i o d  o f  t ime ,  s t r e s s e s  which g r e a t l y  exceed t h e  t r u e  peak r e s i s t a n c e ,  

Some impact  t e s t s  were  performed a t  Massachuse t t s  I n s t i t u t e  o f  Tech- 

nology3' i n  which s h o r t - d u r a t i o n  l o a d s  were a p p l i e d  t o  a  2 i n .  d i a ,  3 2  i n .  

l o n g  h o r i z o n t a l  column o f  s a n d ,  The l o a d s  were  a p p l i e d  by a  50 l b  ram which 

was c a p a b l e  o f  b e i n g  g iven  a  s t r i k i n g  v e l o c i t y  o f  approx imate ly  8 f p s ,  The 

s t r e s s - t i m e  h i s t o r y  a t  t h e  impact end o f  t h e  sample was c h a r a c t e r i z e d  by a  

s t e e p  r i s e  i n  s t r e s s  and t h e n  a r a p i d  d e c r e a s e  t o  a c o n s t a n t  s t r e s s  l e v e l ,  

P r e s s u r e  t r a n s d u c e r s  a t  t h e  r e a c t i o n  end i n d i c a t e d  a  maximum s t r e s s  which 

was approx imate ly  e q u a l  t o  t h e  c o n s t a n t  s t r e s s  l e v e l  a t  t h e  impact end,  The 



development o f  t h e  s p i k e  p o r t i o n  of  t h e  s t r e s s - t i m e  curve  i s  a t t r i b u t e d  t o  13- 

t e r a l  i n e r t i a l  e f f e c t s  and t h e  a c t u a l  s t r e s s  which i s  propogated through t h e  

sample i s  measured a t  t h e  r e a c t i o n  end. A  d e t a i l e d  d i s c u s s i o n  and e x p l a n a t i o n  

3  2  
o f  t h e  l a t e r a l  i n e r t i a  e f f e c t  h a s  been g i v e n  by Whitman 

33 
Pene t romete r  t e s t s  o n  sands  by Womack and Cox were  c h a r a c t e r i z e d  by 

a  c u r v e  s i m i l a r  t o  t h a t  o b t a i n e d  a t  t h e  impact  end o f  t h e  s a n d  column, It 

seems h i g h l y  p o s s i b l e  t h a t  t h e  l a t e r a l  i n e r t i a  e f f e c t  concept  e x p l a i n s  t h e  

s p i k e  p o r t i o n  o f  t h e  pene t romete r  c u r v e s .  Womack's t e s t s  a l s o  showed t h a t  

t h e  r a t i o  o f  s p i k e  f o r c e  t o  t h e  ensu ing  a v e r a g e  f o r c e  i n  t h e  p l a t e a u  was much 

l e s s  f o r  s a t u r a t e d  sands  and n o n - e x i s t e n t  f o r  c l a y .  The absence  of  t h e  s p i k e  

f o r c e  f o r  impact  o n  c l a y  may be due t o  t h e  v i s c o u s  n a t u r e  o f  c l a y  a s  opposed 

t o  t h e  d i s c r e t e  p a r t i c l e  behavior  o f  d r y  sands .  S a t u r a t e d  s a n d s ,  under r a p i d  

l o a d i n g ,  a l s o  t e n d  t o  behave somewhat l i k e  a  d e n s e  v i s c o u s  f l u i d  and t h i s  may 

e x p l a i n  t h e  d e c r e a s e  i n  t h e  s p i k e  f o r c e  v a l u e  (Tab le  No, 15 p ,  1181,  

METHOD FOR PREDICTING PEAK IMPACT FORCES ON CLAY 

The cone t e s t s  on sandy c l a y ,  y i e l d e d  d y n a m i c - s t a t i c  f o r c e  r a t i o s  

r a n g i n g  between 0 , 7 5  and 1 . 6 ;  whereas ,  a n  average  r a t i o  of  2 , 7 5  was o b t a i n e d  

18 
f o r  t h e  s p h e r i c a l  segment t e s t s  on Montopol is  S i l t  The l i m i t e d  number o f  

33 
pene t romete r  t e s t s  y i e l d e d  an average  v a l u e  o f  2.25.  The sandy c l a y  and 

Montopol is  S i l t  have approx imate ly  t h e  same s t a t i c  s t r e n g t h  p r o p e r t i e s  

3  3  
( c  fir 700 p s f ,  @ w 30 d e g r e e s ) ,  w h i l e  Del Rio Clay h a s  a  cohes ion  v a l u e  o f  

approx imate ly  700 p s f  and an average a n g l e  of i n t e r n a l  f r i c t i o n  o f  4 d e g r e e s .  

The magnitude o f  t h e  d y n a m i c - s t a t i c  f o r c e  r a t i o s  co r respond  c l o s e l y  

t o  t h e  cohes ion  r a t i o  v a l u e s  o b t a i n e d  from dynamic and s t a t i c  l a b o r a t o r y  s h e a r  

t e s t s .  The c l o s e  agreement s u g g e s t s  t h a t  impact  f o r c e s  may p o s s i b l y  be 

e s t i m a t e d  by a p p l y i n g  t h e  c o n v e n t i o n a l  ~ e r z a ~ h i ~ ~  t h e o r y  of b e a r i n g  c a p a c i t y ,  



Equa t ion  3 2  e x p r e s s e s  t h e  s t a t i c  u l t i m a t e  b e a r i n g  c a p a c i t y  o f  a c i r c u l a r  f o o t -  

i n g  on t h e  s u r f a c e  of a  p u r e l y  cohes ive  s o i l  (@ = 0)  , 

Where , 

F u l t  
= U l t i m a t e  b e a r i n g  c a p a c i t y ,  

R  = Radius  o f  f o o t i n g ,  

c  = Cohesion.  

An e s t i m a t e  of t h e  peak dynamic f o r c e  exper ienced  d u r i n g  impact can  be o b t a i n e d  

by u s i n g  Eq.  32 i n  which t h e  cohes ion  parameter  ( c )  has  been determined from 

dynamic compression t e s t s .  

S i n c e  a p p a r a t u s  n e c e s s a r y  f o r  t h e  d e t e r m i n a t i o n  o f  dynamic cohes ive  

s t r e n g t h s  o f  s o i l s  i s  no t  r e a d i l y  a v a i l a b l e ,  a  more p r a c t i c a l  approach would 

be t o  de te rmine  t h e  s t a t i c  v a l u e  of t h e  cohes ion  paramete r .  T h i s  v a l u e  could  

t h e n  be m u l t i p l i e d  by a  f a c t o r  o f  2 ,  o r  s o ,  t o  y i e l d  an  approximat ion o f  t h e  

dynamic v a l u e .  It should be noted t h a t  Eq.  32 i s  v a l i d  o n l y  f o r  p u r e l y  cohes- 

i v e  s o i l s  and t h e r e f o r e  cannot  be a p p l i e d  t o  s o i l s  which e x h i b i t  an a n g l e  of 

i n t e r n a l  f r i c t i o n .  However, e q u a t i o n s  f o r  t h e  p r e d i c t i o n  o f  t h e  u l t i m a t e  bear-  

i n g  c a p a c i t y  o f  s o i l s  e x h i b i t i n g  both  c  and @ have been d e r i v e d  by Terzaghi  
2 6 

Summary of Peak Impact Force  P r e d i c t i o n  Method 

The above method i s  v e r y  approximate  and a  g r e a t  d e a l  o f  judgment should 

b e  e x e r c i s e d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  v a l u e s ,  It shou ld  be recognized  t h a t  

E q .  3 2  i s  v a l i d  on ly  f o r  a  c i r c u l z r  f o o t i n g  where t h e  c o n t a c t  a r e a  does n o t  v a r y  

d u r i n g  p e n e t r a t i o n .  It shou ld  a l : o  be kep t  i n  mind t h a t  t h e  d y n a m i c - s t a t i c  

f o r c e  r a t i o s  f o r  t h e  impact t e s t s  were developed on t h e  b a s i s  o f  comparison o f  

f o r c e s  a t  equa l  p e n e t r a t i o n s ,  The use  o f  Eq. 3 2  assumes t h a t  t he  p e n e t r a t i o n  



necessa ry  f o r  t h e  development o f  t h e  u l t l m a t e  b e a r i n g  c a p a c i t y  has been 

ach ieved ,  which may o r  may n o t  be t h e  c a s e ,  

P r o j e c t i l e s  such as cones and s p h e r i c a l  segments have i n c r e a s i n g  con- 

t a c t  a r e a s  a s  t h e  dep th  o f  p e n e t r a t i o n  i n c r e a s e s .  When cones and segments 

o f  spheres  a r e  loaded  s t a t i c a l l y  t h e  f o r c e - p e n e t r a t i o n  curve  does n o t  have a n  

u l t i m a t e  f o r c e  v a l u e ,  r a t h e r  t h e  f o r c e  c o n t i n u e s  t o  i n c r e a s e  a s  t h e  c o n t a c t  

a r e a  i n c r e a s e s .  T h e r e f o r e ,  i t  i s  necessa ry  t o  be  a b l e  t o  p r e d i c t  t h e  pene- 

t r a t i o n  of t h e s e  p r o j e c t i l e s  under impact c o n d i t i o n s  b e f o r e  an  a p p r o p r i a t e  

4 
s t a t i c  f o r c e  c a n  be e s t i m a t e d .  I l i y a  and Iteese8 and Ghazzaly and Cox have 

p r e s e n t e d  methods whereby s t a t i c  f o r c e - p e n e t r a t i o n  curves  f o r  cones and spher -  

i c a l  segments may be  p r e d i c t e d .  The p r e d i c t i o n  o f  p r o j e c t i l e  p e n e t r a t i o n s ;  

however, i s  much more d i f f i c u l t  and a  h i g h  degree  of judgment i s  n e c e s s a r y .  

Once a g a i n ,  i t  shou ld  be emphasized t h a t  t h i s  method i s  v e r y  approx- 

imate  and extreme c a u t i o n  and judgment shou ld  be e x e r c i s e d  i n  i n t e r p r e t i n g  

t h e  v a l u e s .  A b e t t e r  e s t i m a t e  of t h e  peak f o r c e  v a l u e  exper ienced d u r i n g  

impact  cou ld  be o b t a i n e d  by performing a  s t a t i c  load  t e s t  w i t h  t h e  p r o j e c t i l e  

and t h e n  impac t ing  t h e  p r o j e c t i l e  on t h e  same s o i l ,  The s t a t i c  load  t e s t  

would y i e l d  a  s t a t i c  f o r c e - p e n e t r a t i o n  c u r v e  and t h e  impact t e s t  would y i e l d  

t h e  p r o j e c t i l e  p e n e t r a t i o n  under impact c o n d i t i o n s ,  The s t a t i c  f o r c e  c o r r e s -  

ponding t o  t h e  p r o j e c t i l e  p e n e t r a t i o n  under impact c o n d i t i o n s  could  t h e n  be 

m u l t i p l i e d  by 2 t o  y i e l d  an e s t i m a t e  o f  t h e  peak impact f o r c e ,  Although t h i s  

approach i s  more a c c u r a t e  than t h e  p r e v i o u s l y  g iven  method, i t  i s  more c o s t l y  

and t ime consuming. 

PAlLURE MODES BENEATH - DYNAMICALLY LOADED FOOTINGS 

The s o l u t i o n  t o  s t a t i c  b e a r i n g  c a p a c i t y  problems i n v o l v e s  t h e  assump- 

t i o n  o f  a  f a , i l u r e  mode, The s t r e n g t h  parameters  ( # ?  c)  a r e  t h e n  assumed t o  

be  developed a l o n g  t h e  f a i l u r e  s u r f a c e s ,  These assumptions permit  t h e  



c a l c u l a t i o n  o f  t he  u l t i m a t e  b e a r i n g  c a p a c i t y ,  The solution t o  dynamic b e a r i n g  

c a p a c i t y  problems also r e q u i r e s  t h a t  t h e  type o f  f a i l u r e  mode be known, The 

purpose  of t h i s  s e c t i o n  i s  t o  review t h e  types  o f  f a i l u r e  modes v a r i o u s  i n -  

v e s t i g a t o r s  obse rved  beneath  dynamical ly  loaded f o o t i n g s .  

F a i l u r e  Modes i n  Sand 

During t h e  p r o g r e s s  o f  t h i s  i n v e s t i g a t i o n  d y n a m i c - s t a t i c  f o r c e  r a t i o s  

were determined f o r  t e s t s  on c o h e s i o n l e s s  m a t e r i a l ,  The r a t i o  v a l u e s  were 

ex t remely  h i g h  and i n  many c a s e s  exceeded 100, It i s  e v i d e n t  from t h e  h i g h  

r a t i o  v a l u e s  t h a t  t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n  ($1 h a s  a  r e l a t i v e l y  minor 

i n f l u e n c e  upon t h e  f o r c e s  developed d u r i n g  impact ,  The h i g h  r a t i o  v a l u e s  i n -  

d i c a t e  t h a t  p o s s i b l y  t h e  f a i l u r e  modes f o r  s t a t i c  and impact l o a d i n g s  on sand 

a r e  d i f f e r e n t .  

I n  r e f e r e n c e  t o  s m a l l  s c a l e  f o s t i n g  t e s t s  on sand ,  a  number o f  i n v e s t -  

i g a t i o n s  have been conducted t o  de te rmine  i f  t h e  f a i l u r e  mode r e s u l t i n g  from 

dynamic l o a d i n g  i s  s i m i l a r  t o  t h a t  r e s u l t i n g  from s t a t i c  l o a d i n g .  The f o o t i n g s  

were p laced  a t  o r  n e a r  t h e  sand s u r f a c e  and t h e  dynamic l o a d s  were u s u a l l y  ap- 

p l i e d  by a  pneumat ic-hydraul ic  a p p a r a t u s  o r  by d ropp ing  weigh t s  from v a r i o u s  

h e i g h t s .  

S e l i g  and McKee22 found t h a t  t h e  f a i l u r e  modes d i f f e r e d .  The dynamic 

t e s t s  r e s u l t e d  i n  a  punching t y p e  o f  s h e a r  f a i l u r e ,  r a t h e r  t h a n  t h e  c l a s s i c a l  

g e n e r a l  s h e a r  t y p e  f a i l u r e .  The punching s h e a r  f a i l u r e  i s  conf ined  t o  an a r e a  

which i s  p r i m a r i l y  l o c a t e d  beneath  t h e  f o o t i n g .  Whereas, t h e  g e n e r a l  s h e a r  

f a i l u r e  i n v o l v e s  a  much l a r g e r  volume of  s o i l  which ex tends  both  downward and 

h o r i z o n t a l l y  from t h e  pe r imete r  o f  t h e  f o o t i n g ,  A g e n e r a l  s h e a r  f a i l u r e  f o r  

a  s t r i p  f o o t i n g  i s  shown i n  F i g ,  17 on p ,  51, 



3 
Cunny and Sboan observed punching s h e a r  modes of f a i l u r e  t o r  dynami- 

23 
c a l l y  loaded f o o t i n g s ,  w h i l e  Shenkman and McKee observed g e n e r a l  shear f a i l -  

u r e s  f o r  f o o t i n g s  under dynamic loads  

The r e s u l t s  a r e  somewhat confus ing ,  i n  t h a t  Shenkman and McKee have 

observed g e n e r a l  s h e a r  f a i l u r e s  and t h e  o t h e r s  have found punching s h e a r  types  

6 
o f  f a i l u r e s  f o r  dynamica l ly  loaded f o o t i n g s ,  H e l l e r  has  examined t h e  d a t a  

o b t a i n e d  by many i n v e s t i g a t o r s ,  i n c l u d i n g  t h o s e  c i t e d  above, and h a s  concluded 

t h a t  a  g e n e r a l  s h e a r  f a i l u r e  r e s u l t s  when t h e  f o o t i n g  a c c e l e r a t i o n s  a r e  l e s s  

t h a n  1 3  g ' s .  I f  f o o t i n g  a c c e l e r a t i o n s  above 1 3  g ' s  a r e  exper ienced ,  t h e  i n -  

e r t i a l  r e s t r a i n t  o f  t h e  s o i l  su r rounding  t h e  f o o t i n g  i s  so  g r e a t  t h a t  t h e  

s o i l  i s  f o r c e d  t o  f a i l  i n  a  punching mode, 

F a i l u r e  Modes i n  Clay 

9 Jackson and Hadala performed some s t a t i c  and dynamic l o a d  t e s t s  on  

s m a l l - s c a l e  f o o t i n g s  r e s t i n g  on c l a y .  V i s u a l  o b s e r v a t i o n s  i n d i c a t e d  t h e  s t a t i c  

and dynamic f a i l u r e  modes were  s i g n i f i c a n t l y  d i f f e r e n t .  I n  t h e  dynamic t e s t s  

t h e r e  appeared t o  be a  s l i g h t  heave of t h e  s o i l  s u r f a c e  around t h e  f o o t i n g ,  

However, t h e  s o i l  s u r f a c e  around t h e  s t a t i c a l l y  loaded f o o t i n g  exper ienced 

l a r g e  upward movements and c r a c k s  developed from t h e  f o u r  c o r n e r s  o f  t h e  

f o o t i n g  and extended outward.  The s l i g h t  heave around t h e  dynamical ly  loaded 

f o o t i n g  i s  c h a r a c t e r i s t i c  o f  punching modes o f  f a i l u r e .  

Summary o f  F a i l u r e  Modes 

The exper imenta l  ev idence  r e f e r r e d  t o  i n  t h i s  s e c t i o n  c l e a r l y  i n -  

d i c a t e s  a  s i g n i f i c a n t  d i f f e r e n c e  between t h e  f a i l u r e  modes developed d u r i n g  

s t a t i c  and dynamic boading o f  s u r f a c e  f o o t i n g s  on bo th  sand and c l a y ,  

6 
H e l l e r  has  sugges ted  t h a t  g e n e r a l  s h e a r  f a i l u r e  modes may be assumed f o r  



s u r f a c e  foo t ings  on dense sand which have acce l e ra t ions  below the  13 g Level, 

a t  should be noted t h a t  i n  almost every impact t e s t  performed i n  t h i s  i n v e s t i -  

ga t ion ,  t he  a c c e l e r a t i o n s  were s i g n i f i c a n t l y  above the  13 g  l e v e l ,  The impact 

program a t  The Univers i ty  of Texas has shown t h a t  the peak a c c e l e r a t i o n s  exper 

ienced dur ing  s u r f a c e  impact of p r o j e c t i l e s  gene ra l ly  w i l l  be a t  l e a s t  2 o r  3 

times g r e a t e r  than  the  13  g  l e v e l .  Therefore,  i t  i s  reasonable t o  assume t h a t  

s t a t i c  f a i l u r e  mechanisms a r e  not app l i cab le  f o r  p r o j e c t i l e  impact, 



CHAPTER V I I I  

CONCLUSIONS AND RECOMMENDATIONS 

The purpose  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  a  b r i e f  summary of t h e  

p e r t i n e n t  i n f o r m a t i o n  o b t a i n e d  d u r i n g  t h e  p a s t  f i v e  y e a r s  from t h e  s o i l  

dynamics r e s e a r c h  program a t  The U n i v e r s i t y  o f  Texas.  

The program has  been o r i e n t e d  toward t h e  c o l l e c t i o n  o f  exper imenta l  

d a t a  which have a i d e d  i n  deve lop ing  concep t s  concern ing  t h e  behavior  o f  s o i l  

under impact l o a d i n g  c o n d i t i o n s ,  Approximately 700 impact t e s t s  were con- 

duc ted  on sand ,  c l a y ,  and s i l t .  I n  a d d i t i o n  t o  t h e  impact t e s t s ,  over  200 

t e s t s  were performed t o  d e f i n e  s o i l  behavior  under s t a t i c  l o a d i n g  c o n d i t i o n s ,  

The p r o j e c t i l e  shapes  c o n s i s t e d  o f  wedges, cones ,  c y l i n d e r s ,  s p h e r e s ,  

and p l a t e s ,  The weights  o f  p r o j e c t i l e s  v a r i e d  from approx imate ly  1 t o  150 l b s .  

The u s e  o f  wide ranges  o f  s o i l  c o n d i t i o n s  and o f  p r o j e c t i l e  shapes  and weigh t s  

h a s  p rov ided  a  w e a l t h  o f  i n f o r m a t i o n  which covers  a  broad range  o f  t e s t  

c o n d i t i o n s ,  

CONCLUSIONS 

Modeling 

1. The u s e  o f  modeling t echn iques  shows promise a s  a  method of  p re -  

d i c t i n g  p r o t o t y p e  behavior  o f  p r o j e c t i l e s  impac t ing  on s o i l .  Reese 

a e t  a l l 8  and Awoshika and Cox o b t a i n e d  good agreement w i t h  modeling 

t echn iques  f o r  r e l a t i v e l y  smal l  r anges  o f  s c a l i n g ;  however, t h e  

b 6 
agreement o b t a i n e d  by Poor e t  a 1  was n o t  n e a r l y  a s  good. Each 

i n v e s t i g a t o r  made no a t t e m p t  a t  modeling t h e  s o i l .  Thus,  i t  must 

be emphasized t h a t  d i s t o r t i o n  due t o  t h e  u s e  o f  t h e  same s o i l  f o r  

model and p r o t o t y p e  t e s t s  may become e x c e s s i v e  f o r  l a r g e r  ranges  

o f  s c a l i n g .  
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2 .  The a u t h o r ' s  r e s u l t s  from i n c l i n e d  impact t e s t s  on sand u s i n g  

double  w i d t h  p r o j e c t i l e s  y i e l d e d  an  edge e f f e c t  c o n s t a n t  which was 

i n  good agreement w i t h  ~ e i c h m u t h ' s ~ ~  v a l u e .  The a u t h o r ' s  r e s u l t s  

from t e s t s  on c l a y  i n d i c a t e d  t h a t  t h e  edge e f f e c t  c o n s t a n t  was 

n e g a t i v e ;  whereas ,  Reichmuth's  d a t a  y i e l d e d  a  p o s i t i v e  v a l u e .  

It was concluded t h a t  Reichmuth's  r e s u l t s  i n d i c a t e d  t h e  t r u e  

s o i l  b e h a v i o r .  The edge e f f e c t  c o n s t a n t s  i n d i c a t e  t h a t  f o r  impact 

on c l a y  t h e  average  peak s o i l  p r e s s u r e  d e c r e a s e s  a s  t h e  wid th  o f  

t h e  p r o j e c t i l e  i n c r e a s e s  and f o r  impact  on sand t h e  average  peak 

s o i l  p r e s s u r e  i n c r e a s e s  a s  t h e  p r o j e c t i l e  width  i n c r e a s e s .  

(See p .  4 1 ) .  

Regress ion  Analyses  

3 .  The method used by ~ e i c h m u t h l '  t o  g e n e r a t e  r e g r e s s i o n  e q u a t i o n s  t o  

d e s c r i b e  t h e  s o i l  f o r c e s  a c t i n g  on  p r o j e c t i l e s  d u r i n g  i n c l i n e d  impact 

shows promise .  G e n e r a l l y ,  t h e  r e g r e s s i o n  e q u a t i o n s  developed by 

Reichmuth (pp. 53 through 61) do n o t  p r e d i c t  s o i l  f o r c e s  developed 

d u r i n g  low a n g l e  impact (a < 30 degrees )  a s  well, a s  f o r  h i g h  a n g l e  

t e s t s  (CY 2 30 d e g r e e s ) ,  

Peak Impact Force  P r e d i c t i o n  

4. For a g i v e n  p r o j e c t i l e  t y p e  and s o i l  type  t h e  peak v e r t i c a l  a c c e l e r -  

a t i o n  was approximately  a  l i n e a r  f u n c t i o n  of t h e  i n i t i a l  v e r t i c a l  

impact v e l o c i t y .  It should be no ted  t h a t  t h i s  s t a t e m e n t  a p p l i e s  

o n l y  t o  systems r e s t r i c t e d  t o  v e r t i c a l  motion. 



5 ,  The peak v e r t i c a l  impact f o r c e  may be  r e p r e s e n t e d  w i t h  a  r e a s o n a b l e  

d e g r e e  of  accuracy  by t h e  fo lkowing e q u a t i o n :  

where,  

Fp eak 
= Peak v e r t i c a l  s o i l  f o r c e  ( l b ) ,  

Y = S o i l  d e n s i t y  ( p c f )  

M = P r o j e c t i l e  mass ( l b - s e c 2 / f t ) ,  

V = I n i t i a l  impact  v e l o c i t y  ( f p s ) ,  

K = E m p i r i c a l  c o e f f i c i e n t  ( f t 3  / ( l b - s e c ) )  . 

The v a l u e  o f  K depends upon t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p r o j e c -  

t i l e ( m a s s ,  s t r i k i n g  s u r f a c e  c o n f i g u r a t i o n ) a n d  t h e  s o i l  c o n d i t i o n s .  

6. Values  o f  t h e  e m p i r i c a l  c o e f f i c i e n t  K f o r  cones ,  s p h e r e s ,  c y l i n d e r s ,  

and p l a t e s  have  been determined f o r  t e s t s  on t h e  f o l l o w i n g  s a n d s ,  

s i l t ,  and c l a y s :  

(1) Ottawa Sand, 

(2) Colorado R i v e r  Sand, 

(3) Montopol is  S i l t ,  

(4) Del Rio Clay ,  

(5) Sandy Clay i n  a  t e r r a c e  of  t h e  Colorado R i v e r .  

The sands  had wide ly  v a r y i n g  e n g i n e e r i n g  p r o p e r t i e s  ( g r a i n  s i z e ,  

a n g u l a r i t y ,  a n g l e  o f  i n t e r n a l  f r i c t i o n ) .  However, t h e  K v a l u e s  a r e  

approx imate ly  t h e  same f o r  s i m i l a r  s t a t e s  of  sand  d e n s i t y ,  and f o r  a  

g iven  t y p e  o f  p r o j e c t i l e .  The c l o s e  agreement i n d i c a t e s  t h a t  p o s s i b l y  

t h e  most impor tan t  impact p r o p e r t y  o f  sand i s  t h e  s t a t e  o f  d e n s i t y .  



The t e s t s  on c o h e s i v e  s o i l s  a l s o  show t h a t  t h e  K v a l u e s  a r e  of 

s i m i l a r  magnitude f o r  t e s t s  wi th  p r o j e c t i l e s  hav ing  s i m i l a r  shapes  

and w e i g h t s .  A summary of K v a l u e s  f o r  p a r t i c u l a r  s o i l  and pro-  

j e c t i l e  c o n d i t i o n s  i s  g i v e n  on pp. 129. 

7 .  The shape  o f  t h e  p r o j e c t i l e  s t r i k i n g  s u r f a c e  has a  d i s t i n c t  i n f l u e n c e  

on t h e  peak s o i l  f o r c e s  developed d u r i n g  impact .  The e f f e c t  i s  much 

more pronounced i n  sands  t h a n  i n  c l a y s .  The peak s o i l  f o r c e s  dev- 

e loped  w i t h  cones were used a s  a  b a s e  o f  r e f e r e n c e  and t h e  K/K 
cone 

column i n  T a b l e  No. 11 on p. 106 i l l u s t r a t e s  t h e  i n f l u e n c e  o f  t h e  

s u r f a c e  shape o f  t h e  p r o j e c t i l e  upon t h e  v a l u e  of K .  A s  c a n  be  

s e e n  from t h e  t a b l e ,  t h e  
K/KcOne v a l u e s  f o r  t h e  10 i n .  d i a  p l a t e  

t e s t s  on  n e a r l y  s a t u r a t e d  sandy c l a y  and d r y  Colorado River  Sand 

were  3.59 and 15 .80 ,  r e s p e c t i v e l y .  

8. The r a t i o  of peak cone a c c e l e r a t i o n s  exper ienced  d u r i n g  impact on  

s o i l  t o  t h o s e  developed d u r i n g  impact on  wate r  ranged between 4 and 

13.  T h i s  i s  i n  good agreement w i t h  t h e  v a l u e s  Reichmuth o b t a i n e d  

from t h e  a n a l y s i s  o f  p r o t o t y p e  impact d a t a .  Ra t io  v a l u e s  f o r  peak 

a c c e l e r a t i o n s  exper ienced  d u r i n g  s o i l  and w a t e r  impact a r e  g i v e n  

i n  T a b l e  No. 9  on  p .  96. 

F i n a l  P e n e t r a t i o n  P r e d i c t i o n  

9. F i n a l  p e n e t r a t i o n s  o f  c o n i c a l  and f l a t  p l a t e  p r o j e c t i l e s  were approx- 

i m a t e l y  l i n e a r  f u n c t i o n s  o f  t h e  i n i t i a l  impact v e l o c i t i e s  f o r  t e s t s  

on c l a y  and s a t u r a t e d  sand.  I t  should a l s o  be noted t h a t  t h i s  s t a t e -  

ment a p p l i e s  o n l y  t o  systems r e s t r i c t e d  t o  v e r t i c a l  motion. 



10 ,  The s o i l  r e sponse  ( f o r c e - p e n e t r a t i o n  curve)  t o  impact of c o n i c a l  

p r o j e c t i l e s  was i d e a l i z e d  t o  a  t r i a n g u l a r  f o r c e - p e n e t r a t i o n  r e l a -  

t i o n s h i p .  Work-energy p r i n c i p l e s  were u t i l i z e d  t o  develop t h e  

f o l l o w i n g  e q u a t i o n  f o r  f i n a l  cone p e n e t r a t i o n :  

where,  

Z = F i n a l  cone p e n e t r a t i o n  ( i n . ) ,  
f 

K = Empir ica l  c o e f f i c i e n t  ( f t 3  / ( l b - s e c ) )  , 
cone 

Y = S o i l  d e n s i t y  ( p c f ) ,  

V = I n i t i a l  impact v e l o c i t y  ( f p s ) ,  

2 g = A c c e l e r a t i o n  o f  g r a v i t y  ( f p s  ) . 

The p r e d i c t e d  p e n e t r a t i o n s  agreed  w e l l  w i t h  t h e  measured v a l u e s  f o r  

t e s t s  i n  t h e  20 and 30 f p s  v e l o c i t y  r a n g e ,  The agreement was n o t  

n e a r l y  a s  good f o r  t e s t s  i n  t h e  10 f p s  v e l o c i t y  range  ( s e e  T a b l e  No. 7 

on  p. 92. 

S t a t i c  and Dynamic Forces  

11. For c o h e s i o n l e s s  s o i l s ,  t h e r e  seems t o  be no d i r e c t  r e l a t i o n s h i p  

between t h e  f o r c e s  developed d u r i n g  s t a t i c  l o a d i n g  o f  f o u n d a t i o n  

e lements  and t h e  f o r c e s  exper ienced  d u r i n g  impact o f  t h e s e  e lements .  

The peak dynamic f o r c e s  were  i n  many cases  s e v e r a l  hundred t imes  t h e  

s t a t i c  f o r c e s  f o r  cor responding  p e n e t r a t i o n s .  The l a r g e s t  f o r c e s  

were developed f o r  impact on s a t u r a t e d  sands .  Dry sand i n  a  dense  

s t a t e  o f f e r e d  l e s s  r e s i s t a n c e  t h a n  s a t u r a t e d  sands .  Dry sand i n  a  dense  

s t a t e  had r e s i s t a n c e s  which were g e n e r a l l y  more t h a n  twicz  t h a t  of d r y  

sands  i n  l o o s e  s t a t e s  (See F i g s .  28 through 3 1 ) .  



1 2 .  For c o h e s i v e  s o i l s ,  t h e  peak f o r c e s  exper ienced  d u r i n g  v e r t i c a l  irn- 

p a c t  a r e  on t h e  average  2 t o  3 t imes  t h e  s t a t i c  s t r e n g t h s  f o r  c o r -  

r esponding  p e n e t r a t i o n s .  

RECOMMENDATIONS 

1. It i s  recommended t h a t  a  s e r i e s  o f  l a r g e  s c a l e  t e s t s  be conducted 

t o  de te rmine  t h e  v a l i d i t y  o f  t h e  conc lus ions  drawn from t h e  s m a l l  

s c a l e  t e s t s .  

2 .  I f  l a r g e  s c a l e  impact t e s t s  a r e  conducted,  t h e  f o l l o w i n g  t a r g e t  

m a t e r i a l  p r o p e r t i e s  shou ld  be  determined:  

(A) A t t e r b u r g  l i m i t s ,  

(B)  Gra in  s i z e  d i s t r i b u t i o n ,  

(C)  S p e c i f i c  g r a v i t y  o f  s o i l  p a r t i c l e s ,  

(D) Water c o n t e n t ,  

(E) I n  s i t u  d e n s i t y ,  -- 
(F) S t r e s s - ~  t r a i n  p r o p e r t i e s ,  

(G) Cohesion and a n g l e  o f  i n t e r n a l  f r i c t i o n ,  

(H) Maximum and minimum v o i d  r a t i o  (sands  o n l y ) ,  

(I) Color and l o c a l  o r  r e g i o n a l  name. 

The smal l  s c a l e  impact t e s t s  i n d i c a t e  t h a t  some o f  t h e  above proper-  

t i e s  a r e  n o t  impor tan t  t o  impact behav ior ;  however, t h e s e  p r o p e r t i e s  

f u l l y  d e s c r i b e  t h e  t a r g e t  m a t e r i a l  and a r e  b e l i e v e d  necessa ry  s i n c e  

t h e  phenomena a s s o c i a t e d  w i t h  p r o j e c t i l e  impact a r e  n o t  c l e a r l y  

unders tood .  



APPENDIX A 

TEST NOMENCLATURE 

This  appendix conta ins  a d e s c r i p t i o n  of the  t e s t  numbering and coding 

system, nomenclature, and s i g n  conventions. To i l l u s t r a t e  t h e  coding and 

numbering system the  fol lowing example i s  presented:  

8-19-7-WH03-30-0 (Taken from Table No. 1 on p. 43) .  

The t e s t  was performed i n  t h e  8 th  month on t h e  19 th  day. This was t h e  7 th  

t e s t  of t h e  day. The p r o j e c t i l e  type  (WH03) was a wedge (W) , heavy (H) , 

obtuse  angle (0) , of t r i p l e  width (3 ) .  The angle  of impact was 30 degrees 

and t h e  p i t c h  angle  was 0 degrees.  



TEST N m B E R L N G  AND CODING SYSTEM 

IDENTIFICATION SEQUENCE 

DATE - TEST NO. - P r o j e c t i l e - L a u n c h  Angle-Pitch 

PROJECTILE CODES 

Spheres  

SL - L i g h t  Sphere  

SH - Heavy Sphere  

C y l i n d e r s  

CYLl - S i n g l e  wid th  (5 .5  i n .  wide) 

CYL2 - Double w i d t h  (11.0 i n .  wide) 

CYL3 - T r i p l e  w i d t h  (16.5  i n .  wide) 

Wedges 

Wxyz 

W - Wedge 

x = L - L i g h t  

H - Heavy 

y = A - Acute (60 d e g r e e  i n c l u d e d  ang le )  

0 - Obtuse (120 d e g r e e  inc luded  ang le )  

z = 1 - S i n g l e  wid th  ( 5 . 5  i n .  wide) 

2 - Double w i d t h  (11.0 i n .  wide) 

3  - T r i p l e  w i d t h  (16 .5  i n .  wide) 

Cones 

LC - L i g h t  Cone 

HC - Heavy Cone 



LAUNCH ANGLE (a) 

5 - 5 degrees 

10 - 10 degrees 

20 - 20 degrees 

30 - 30 degrees 

45 - 45 degrees 

75 - 75 degrees 

90 - 90 degrees 

PITCH (9) 

0 - Zero degrees ( a l l  of t h e  t e s t s  i n  t h i s  i n v e s t i g a t i o n  were per-  
formed a t  a zero degree p i t c h  angle)  



SlGN CONVENTIONS + X axis  
I 

4- Z axis 

Resultant vert ical  force (I=")(+) 

FIG. 55 TEST NOMENCLAWRE AND SlGN CONVENTIONS 
(AFTER REICHMUTH ) 



APPENDIX B 

PROJECTILE PROPERTIES 

The mass moments of i n e r t i a  of t h e  i r r e g u l a r l y  shaped p r o j e c t i l e s  

19 
were determined us ing  t h e  t o r i s o n a l  pendulum developed by Reichmuth . The 

p o s i t i o n s  of t he  cen te r s  of g r a v i t y  were obta ined  from a  k n i f e  edge device,  

which was a l s o  developed by Reichmuth. The p r o j e c t i l e  p r o p e r t i e s  a r e  l i s t e d  

i n  Table No. 21. I t  should be noted t h a t  i t  was only  necessary t o  determine 

t h e  p r o j e c t i l e  p r o p e r t i e s  f o r  t h e  double width p r o j e c t i l e s  (WLA2, WHA2, 

WH02, and CYL2) and t h e  con ica l  p r o j e c t i l e s ,  s i n c e  t h e  p r o p e r t i e s  f o r  t h e  

remaining p r o j e c t i l e s  l i s t e d  i n  Table No. 21 were previous ly  determined by 

Reichmuth. 



TABLE NO. 21 

PHYSICAL PROPERTIES OF PROJECTILES 

P r o j e c t i l e  
C .  G .  t o  

Top Acce l .  
( f t )  

C .  G .  t o  
Bottom Accel .  

( f t )  

C .  G .  t o  
A x i a l  Tip 

( f t )  

Inc luded  
Angle 

(degree)  

W L A l  
WLA2 
WLA3 

WHA 1 
WHA2 
WHA3 

WHO 1 
WHO2 
WHO3 

CYLl 
CYL2 
CYL3 

S L 
SH 

LC" 
HC" 

Radius Weight 
( f t )  (Lb 1 

Mass 
(S l u g  

1 .058 
2.132 
3.182 

1 ,369  
2.680 
4.112 

1.385 
2 .721 
4 . I49  

1.562 
3.074 
4.714 

1.284 
2.92 3 

1 .336 
4.024 

Mass Moment 
o f  I n e r t i a  
( f t - . ~ b - ~ e c "  ) 

"The c o n i c a l  shaped p r o j e c t i l e s  were u t i l i z e d  on ly  i n  v e r t i c a l  impact t e s t s  and i t  was ,  t h e r e f o r e ,  n o t  
necessa ry  t o  determine mass moments and c e n t e r s  o f  g r a v i t y .  



APPENDIX C 

SOIL DATA 

T h i s  appendix  c o n t a i n s  a  d e s c r i p t i o n  of  t h e  s o i l s  u t i l i z e d  i n  t h i s  

and p r e v i o u s  i n v e s t i g a t i o n s  a t  The U n i v e r s i t y  o f  Texas.  P h y s i c a l  p r o p e r t i e s  

o f  t h e  s o i l s  were  determined u s i n g  s t a n d a r d  l a b o r a t o r y  t e s t i n g  p rocedures ,  

No a t t e m p t  was made t o  de te rmine  t h e  dynamic s t r e n g t h  p r o p e r t i e s .  The s o i l s  

were  c l a s s i f i e d  a c c o r d i n g  t o  t h e  U n i f i e d  System. 

Sands 

Three  t y p e s  o f  sands  were  u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n .  Two of  

t h e  sands  (Colorado River  Sand (1)  and Colorado River  Sand ( 2 ) )  were  o b t a i n e d  

l o c a l l y  and t h e  t h i r d  sand (Ottawa Sand) was o b t a i n e d  from Ottawa,  I l l i n o i s .  

Colorado River  Sand (1) was used by ~ e i c h m u t h ' ~  i n  a  p r e v i o u s  i n v e s t i -  

g a t i o n .  T h i s  sand  was a l s o  used by t h e  a u t h o r  i n  h i s  impact  t e s t s  a t  low 

a n g l e s .  Colorado River  Sand ( 2 )  was used by t h e  a u t h o r  i n  t h e  cone impact 

t e s t i n g  phase ,  

Colorado River  Sand (1) 

T h i s  s a n d  was l o c a t e d  a t  t h e  C a p i t o l  Aggregates  t e s t  s i t e .  As 

mentioned above Reichmuth a l s o  u t i l i z e d  t h i s  sand ;  however, h e  chose  

t o  c a l l  t h e  sand C a p i t o l  Aggregates  (CA). I t  i s  a  l i g h t  brown c o l o r  and 

h a s  subangu la r  p a r t i c l e s  composed b a s i c a l l y  of  q u a r t z .  The sand i s  w e l l -  

graded and c l a s s i f i e d  a s  (SW). F i g u r e  56 c o n t a i n s  g r a i n  s i z e  d i s t r i b u t i o n  

c u r v e s  o f  t h e  sands  d i s c u s s e d  i n  t h i s  Appendix. Tab le  No. 22 c o n t a i n s  engin-  

e e r i n g  p r o p e r t i e s  f o r  each sand .  The l a b o r a t o r y  t e s t s  were conducted on t h e  

sands  i n  an  a i r - d r y  s t a t e .  





TABLE N O .  22 

S o i  1 
TYP e 

Colorado 
R i v e r  
Sand ( 1 )  

Ottawa 
Sand 

Colorado 
R i v e r  
Sand (2)  

ANGLE OF INTERNAL FRICTION VALUES 
FOR COLORADO RIVER SAND (1)  , OTTAWA 

SAND, AND COLORADO RIVER SAND (2 )  

Angle  o f  Maximum 
I n t e r n a l  Dry Void 
F r i c t i o n  D e n s i t y  R a t i o  

@ Y 
( d e g r e e s )  ( p c f )  

Minimum 
Void Maximum Minimum S p e c i f i c  

R a t i o  D e n s i t y  D e n s i t y  G r a v i t y  
Y Y 

( p c f )  (PC£) 

TABLE N O .  2 3  

INDEX AND STRENGTH PROPERTIES FOR DEL RIO 
CLAY, SANDY CLAY, AND MONTOPOLIS SILT 

Angle of  
S o i l  L i q u i d  P l a s t i c  P l a s t i c  I n t e r n a l  
TYP e L i m i t  L i m i t  I n d e x  C l a s s i f i c a t i o n  Cohesion F r i c t i o n  

LL P L LL - PL c d 
(%> ( % )  ( p s i )  ( d e g r e e s )  

- 
Del Rio  6 0 34 2 6 CH 5 . 0  4 

Clay 

Sandy 2 9  1 9  10 CL 5 . 8  2 7 
Clay  

Montopo l i s  19 .4  14 .3  5 . 1  ML 4 . 2  32 
S i l t  



Colorado River  Sand ( 2 )  

T h i s  sand was p l a c e d  i n  a  t e s t  p i t  a t  Balcones Research Center  f o r  

u s e  i n  t h e  a u t h o r ' s  impact t e s t s  w i t h  cones .  A s  can be  s e e n  from F ig .  56 

t h i s  sand does n o t  c o n t a i n  a s  l a r g e  a  c o a r s e  f r a c t i o n  a s  Colorado River  Sand ( 1 ) ;  

however, t h e r e  a r e  no o t h e r  b a s i c  d i f f e r e n c e s  i n  t h e  Colorado River  Sands.  

Ottawa Sand 

Ottawa Sand i s  a  g r a y i s h  w h i t e  c o l o r  and h a s  rounded p a r t i c l e s  com- 

posed o f  s i l i c a .  I t  i s  un i fo rmly  graded and c l a s s i f i e d  a s  (SP). 

C lays  

Impact t e s t s  were  conducted on two c l a y  s o i l s  i n  a n  i n  s i t u  c o n d i t i o n .  

The s t r e n g t h  and i n d e x  p r o p e r t i e s  f o r  each c l a y  a r e  l i s t e d  i n  T a b l e  No. 23. 

Del Rio Clay  

T h i s  c l a y  is  l o c a t e d  a t  Balcones Research Cen te r .  The top  s o i l  was 

removed f o r  s e v e r a l  i n c h e s  t o  a l l o w  t h e  t e s t s  t o  be conducted on a  l e v e l ,  

v e g e t a t i o n  f r e e  s u r f a c e .  I t  h a s  a  c o l o r  r a n g i n g  from d a r k  brown t o  b l a c k  

and h a s  been h i g h l y  p r e c o n s o l i d a t e d  by d e s i c c a t i o n .  The c l a y  c o n t a i n s  

c a l c a r e o u s  n o d u l e s  up t o  114 i n .  i n  s i z e  w i t h  t r a c e s  o f  sand and t i n y  g r a s s  

r o o t s .  The approximate  i n  s i t u  d e n s i t y  (Y) and m o i s t u r e  c o n t e n t  (w) were 

115 pcf  and 33 p e r c e n t ,  r e s p e c t i v e l y .  The s p e c i f i c  g r a v i t y  i s  2.68 and t h e  

p e r c e n t  s a t u r a t i o n  was approx imate ly  97 .  

T h i s  s o i l  was u t i l i z e d  by F'oor16 i n  h i s  impact  t e s t s  a t  t h e  A u s t i n  

Country Club.  I t  i s  l i g h t  brown i n  c o l o r  and has  been h i g h l y  p r e c o n s o l i -  

d a t e d  by d e s i c c a t i o n .  The a v e r a g e  i n  s i t u  d e n s i t y  and m o i s t u r e  c o n t e n t  were 

129 .3  pcf and 1 6 - 7  p e r c e n t ,  r e s p e c t i v e l y .  The p e r c e n t  s a t u r a t i o n  was assumed 



t o  be 90 s i n c e  no measurements were made a t  t h e  t ime of  t e s t i n g .  T h i s  assump- 

t i o n  was based upon d i s c u s s i o n s  w i t h  a  t e c h n i c i a n  who was p r e s e n t  a t  t h e  t ime 

o f  t e s t i n g .  

S i l t s  

~ e e s e ' ~  u t i l i z e d  Montopolis  S i l t  i n  h i s  impact s t u d i e s .  It i s  r e d d i s h  

brown i n  c o l o r  and c o n t a i n s  a  s u b s t a n t i a l  amount o f  sand .  F i g u r e  56 c o n t a i n s  

a  g r a i n  s i z e  d i s t r i b u t i o n  c u r v e  f o r  Montopol is  S i l t .  It was compacted a t  a  

m o i s t u r e  c o n t e n t  (w) o f  10 p e r c e n t  t o  a  d e n s i t y  o f  125 p c f .  S t r e n g t h  and 

i n d e x  p r o p e r t i e s  a r e  l i s t e d  i n  T a b l e  No. 23.  



APPENDIX D 

PREDICTION OF SOIL PRESSURES AT LOW ANGLE IMPACT 

T h i s  appendix c o n t a i n s  l i s t i n g s  o f  low ang le  impact d a t a  f o r  wedges, 

c y l i n d e r s ,  and s p h e r e s .  The low a n g l e  ( a <  30 degrees )  impact d a t a  were taken 

from t h e  o u t p u t  o f  Program IMPACT. It shou ld  be noted t h a t  t h e  d a t a  were 

t a k e n  o n l y  from t h e  r i s i n g  p o r t i o n s  of t h e  f o r c e - p e n e t r a t i o n  curves  s i n c e  

~ e i c h m u t h ' s l ~  p r e d i c t i o n  e q u a t i o n s  were e m p i r i c a l l y  d e r i v e d  from h i g h  a n g l e  

( a  r 30 degrees )  impact d a t a  which were t a k e n  from t h e  r i s i n g  f o r c e - p e n e t r a t i o n  

c u r v e s .  The d a t a  were s u b s t i t u t e d  i n t o  Eqs. 20, 21, 24, 25, 26,  and 27 f o r  a  

comparison between t h e  s o i l  p r e s s u r e s  c a l c u l a t e d  from t h e s e  e q u a t i o n s  and t h e  

measured v a l u e s .  Comparisons between measured and c a l c u l a t e d  v a l u e s  a r e  

g i v e n .  A l l  o f  t h e  c a l c u l a t i o n s  were performed on a  h i g h  speed d i g i t a l  

computer . 



Wedge 

The d a t a  l i s t e d  on pp .  162 through 165 were t aken  from o u t p u t  o f  

Program IMPACT. ~ e i c h m u t h ' ~  thorough ly  d i s c u s s e d  Program IMPACT and p r e s e n t e d  

a  program l i s t i n g  a l o n g  w i t h  a  g u i d e  f o r  i n p u t  d a t a .  The d a t a  were t h e n  

i n p u t  i n t o  a  program, developed by t h e  a u t h o r ,  which c a l c u l a t e d  s o i l  p r e s -  

19 s u r e s  u s i n g  t h e  r e g r e s s i o n  e q u a t i o n s  genera ted  by Reichmuth . The i n p u t  

d a t a  were d e f i n e d  i n  t h e  f o l l o w i n g  manner. 

Example from p.  1 6 2 ,  l i n e s  1 and 2 .  

DATE TEST NO. 

3-9-67 NO.  7  

WLA1-10-0-0s = L i g h t  Wedge (WL) h a v i n g  a n  i n c l u d e d  a n g l e  

o f  60 d e g r e e s  (A) and a  width  o f  5 . 5  i n c h e s  (1). The 

l aunch  a n g l e  was 10 degrees  and t h e  p i t c h  a n g l e  was 0  

d e g r e e s .  The t a r g e t  m a t e r i a l  was Ottawa Sand ( 0 s ) .  

V e r t i c a l  p e n e t r a t i o n  o f  t i p  (Dt) = 0 . 4 9  i n .  

R e s u l t a n t  T a n g e n t i a l  Force  (FT) = 5 . 7 2  l b  

R e s u l t a n t  Normal Force  (F ) = 3 5 . 6 3  l b  N 

H o r i z o n t a l  V e l o c i t y  a t  Cen te r  of  G r a v i t y  (VHG) = 15 .45  f p s  

V e r t i c a l  V e l o c i t y  o f  Center  of  G r a v i t y  (VVG) = 5.47 f p s  

R o t a t i o n a l  V e l o c i t y  (V ) = 0 . 3 4  r p s  
8 

Angle between l e a d i n g  f a c e  of  t h e  wedge and t h e  s o i l  
s u r f a c e  (B )  = 59 .95  degrees  

D i s t a n c e  betweed t i p  and c e n t e r  o f  g r a v i t y  (DCG) = 0.7117 f t  

S o i l  d ' e n s i t y  (y) = 98.31 pcf 



The i n p u t  d a t a  were m a n i p u l a t e d  t o  p r o v i d e  i n p u t  f o r  E q s .  20 and 2 1 .  

- 0 , 4 4  (F 1 = 3.54(-V ) 0.28, 0 . 4 3  0 . 7 0  -0 .04  -1 .19  
P'N 6 V H 'f (-Dt) 

(-v ) B 

The v a r i a b l e s  a p p e a r i n g  i n  t h e  above e q u a t i o n s  a r e  d e f i n e d  on p. 53. 

The n e c e s s a r y  i n p u t  d a t a  m a n i p u l a t i o n s  a r e  l i s t e d  a s  f o l l o w s :  

v~ = VHG - (Ve) (DCG) COS (PITCH) , (33) 

vv = VVG - (Ve) (DCG)S~~(PITCH) , (34) 

PITCH = 90 degrees  - [ 0 . 5 ( I n c l u d e d  Wedge Angle) + @] . (35) 

Examinat ion o f  Eq. 20 shows t h a t  V e ,  VV,  and D t  each c o n t a i n  n e g a t i v e  

s i g n s .  It was n e c e s s a r y  f o r  Reichmuth19 t o  p l a c e  n e g a t i v e  s i g n s  on t h e s e  

v a r i a b l e s  s i n c e  a c c o r d i n g  t o  h i s  s i g n  conven t ion  ( s e e  p.  1 5 0 )  t h e s e  v a r i a b l e s  

were  n e g a t i v e .  Thus,  when t h e  n e g a t i v e  v a r i a b l e s  were  s u b s t i t u t e d  i n t o  Eq. 20 

t h e y  became p o s i t i v e .  It should  be  no ted  t h a t  t h e  i n p u t  d a t a  l i s t e d  on 

pp, 162 th rough  165 do n o t  c o n t a i n  minus q u a n t i t i e s .  The minus s i g n s  were  

d e l e t e d  from t h e  V e ,  Vv,  and Dt v a r i a b l e s  and i t ,  t h e r e f o r e ,  i s  no t  

n e c e s s a r y  t o  keep t h e  minus s i g n s  which appear  i n  Eq. 20. 

The r e s u l t a n t  normal and t a n g e n t i a l  f o r c e s  were  reduced t o  p l a n e  

s t r a i n  p r e s s u r e s  by t h e  f o l l o w i n g  e q u a t i o n s .  



D was 5 .5  i n .  and 1 1 . 0  i n .  f o r  t h e  s i n g l e  and double  wid th  p r o j e c -  
P  

t i l e s ,  r e s p e c t i v e l y .  A v a l u e  o f  -1 .41 was used f o r  K s i n c e  a l l  of  t h e  low e  

a n g l e  t e s t s  were performed on  sands .  

The v a l u e s  from Eqs.  36 and 37 a r e  l i s t e d  under t h e  head ing  "MEASURED" 

and t h e  v a l u e s  from Eqs. 20 and 21 a r e  l i s t e d  under t h e  head ing  "CALCULATED" 

on pp. 166 th rough  169.  

The p e r c e n t  d e v i a t i o n s  were c a l c u l a t e d  by Eq. 38. 

Measured - c a l c u l a t e d )  
P e r c e n t  D e v i a t i o n  = ( Measured 



INPUT DATA 







3-23-67 NO, 4 4h02-10-0-0S 

1.22 -86.95 374.40 20.80 



TANGENTIAL PRESSUm 
MEMUmII CAECULATED 

( P ~ ? ~ / I N .  (Fp?T/IN.  

1.39 2 Q e l C  
4.21 30.41 
5.95 25.92 
1.92 31.39 
4.67  34.93 
7987 33.55 
2.19 32.53 
4 * 7 n  34elH 
7 . 9 3  32 r 09 
9 .67  3 5 ~ 2 3  
13.2~ 38.12 
9*84 36*15 
7+53 37.03 

1 4 ~ 9 5  363067 
13r84 35 I 83 

- *  14 -26.77 
1 r 17 124.13 
3.70  -24,46 

-2 ,V 7 -%We 86 
*2*46 ~ 2 4 ~ 4 3  
- 2 r l ' i  -27 * 2  3. 

fi , lfl  33.89 
20.25 37.75 
27.25 33.07 
5.40 32.29 

13.73 34.12 
15059 23r5Q 
4. l h  3 8 e 8 8  

14.24 36.97 
23277 35.n1 

4.91 35.52 
24.07 40 .27  
33.12 34.72 

3 e 7 2  3 0 e 1 1  
4 e 2 7  34 .35  
2 e 2'7 33e16 
'1). 15 31 e 73 
2a6? 44.A3 
3.52 32.25 
3 ~ 0 1  3 3 ~ 5 7  
7 e 5 Y  37.09 
8 .  O h  35. 39 

o 7 0  25 r 92 
1 9 8 3  29.  12 
4.01 Z ' S a 3 ' 3  
7 r6k  3 3 'a 0 7 
8.11 J3e -15 
7 r 3 ~  27.66 

PERCENY 
DEVIATION 



IDENTIFICATION 

TANGENTIAL PRESSURE 
MEASURED CALCULATED PERCENT 

DEVIATION 



I D E N T I F I C A T I O N  

NORMAL PRESSURE 

MEASURED GhGULPaTEEI P E R C E N T  
( F P I N / 1 N .  (FpI N / I N .  D E V I A T I O N  



IDENTIFICATION 

NORMAL PRESSURE 
MEASURED CALCULATED 
( F d  / I N .  (Fp) N/lN 

PERCENT 
DEVIATION 



Cyl inder  

The p r e s e n t a t i o n  of t h e  c y l i n d e r  d a t a  i s  s i m i l a r  t o  t h a t  o f  t h e  wedge. 

The i n p u t  d a t a  a r e  d e f i n e d  i n  t h e  f o l l o w i n g  manner. 

Example from p .  1 7 2 ,  l i n e s  1 and 2. 

L i n e  1 g i v e s  t h e  t e s t  i d e n t i f i c a t i o n  system, which i s  e x p l a i n e d  i n  

Appendix A. 

The v a r i a b l e s  a p p e a r i n g  i n  l i n e  2  a r e :  

H o r i z o n t a l  v e l o c i t y  a t  c e n t e r  o f  g r a v i t y  (V ) = 19 .21  f p s ,  
H 

V e r t i c a l  v e l o c i t y  a t  c e n t e r  o f  g r a v i t y  (VV) = 5 .16  f p s ,  

R o t a t i o n a l  v e l o c i t y  (Ve) = 0 .30  r p s ,  

V e r t i c a l  p e n e t r a t i o n  o f  t i p  (DT) = 0.10 i n . ,  

R e s u l t a n t  h o r i z o n t a l  f o r c e  a t  c e n t e r  o f  g r a v i t y  (FH) = 38.20 l b ,  

R e s u l t a n t  v e r t i c a l  f o r c e  a t  c e n t e r  o f  g r a v i t y  (FV) = 116.20 l b ,  

S o i l  d e n s i t y  ( Y )  = 100..00 p c f .  

Equa t ions  24 and 25 were  used t o  c a l c u l a t e  r e s u l t a n t  p l a n e  s t r a i n  

p r e s s u r e s  a t  t h e  c e n t e r  o f  g r a v i t y .  

The v a r i a b l e s  a p p e a r i n g  i n  Eqs. 24 and 25 a r e  devined on p .  60.  I t  

should  be  no ted  t h a t  t h e  minus s i g n s  on D t ,  V V ,  and V a r e  n o t  n e c e s s a r y  
8 

s i n c e  t h e  i n p u t  d a t a  have a l l  been l i s t e d  a s  p o s i t i v e .  



The r e s u l t a n t  h o r i z o n t a l  and v e r t i c a l  f o r c e s  were  r e d u c e d  t o  p l a n e  

s t r a i n  p r e s s u r e s  by Eqs.  39 and 40.  

Equa t ions  39 and 40 were used t o  c a l c u l a t e  t h e  v a l u e s  l i s t e d  under t h e  

"MEASURED" column on pp.  175 and 176.  Equa t ions  24 and 25 were  used t o  c a l -  

c u l a t e  t h e  v a l u e s  l i s t e d  under t h e  "CALCULATED" column on pp.  175 and 176.  

The p e r c e n t  d e v i a t i o n  v a l u e s  were c a l c u l a t e d  u s i n g  Eq. 38. 



INPUT 

*lI)0 

e 2 11 0 

. 3 0 0  

,3817 

.24n 

,470 

1,130 

1,730 

Pa430 

e 11 0 

,210 

,310 

.460 

,740 

e 340 

,490 

rhlr) 

,250 

,710  

s.l ;sn 

DATA 

3 A , ; ? 0 0  

1760400 

361eY00 

326.300 

30.600 

62.SOO 

69a900 

64.700 

128,200 

4HeOOO 

203.300 

296.900 

145,400 

184aOOO 

391e100 

453,800 

S4Sc900 

11370368 

216~300 

315,400 

NO, 3 CYLl -10-0-0s 

6.530 a430 

NO. 3 CYLl -10-Om05 
5.920 a r* 10 

do* 6 C Y L l  *lO*O=OS 
5.370 .04o 

No. 9 CY~2-lr)-0-05 
6eORfl 260 



NO. 12 
4.040 

NO. 4 
9.540 

NO* 4 
9m1AO 

NO. 4 
8r 1917 

NO. 5 
9.920 



3 - 3 1 - 6 7  2 C Y L Z - S - ~ ~ C ~  
19.s30 5,240 700 1.610 132,500 B d E e D O n  9se no0 



I D E N T I F I C A T I O N  
MEASURED 
(Fp)H/lN* 

CALCULATED 
(Fp)H/lN* 

PERCENT 
DEVIATION 



I D E N T I F I C A T I O N  
CALCmATEB PERCENT 

(F& V / ~ ~ .  DEVIATION 



Sphere  

The s p h e r e  d a t a  and comparison of  measured and c a l c u l a t e d  s o i l  f o r c e s  

a r e  p r e s e n t e d  on t h e  f o l l o w i n g  pages ,  L i n e s  1 and 2  on p.  179 a r e  d i s c u s s e d  

a s  an  example o f  t h e  d a t a  i n p u t  t o  t h e  computer.  

L i n e  1 c o n t a i n s  t h e  t e s t  i d e n t i f i c a t i o n ,  which i s  e x p l a i n e d  i n  

Appendix A. 

L i n e  2  c o n t a i n s  t h e  f o l l o w i n g  v a r i a b l e s  which were  t a k e n  from t h e  

o u t p u t  o f  program IMPACT. 

H o r i z o n t a l  v e l o c i t y  a t  c e n t e r  of  g r a v i t y  (VH) = 24.80 f p s  

V e r t i c a l  v e l o c i t y  a t  c e n t e r  of  g r a v i t y  (VV) = 6.60 f p s  

R o t a t i o n a l  v e l o c i t y  (Ve) = 1 . 0 9  r p s  

V e r t i c a l  p e n e t r a t i o n  of  t i p  (Dt) = 0 . 1 3  i n .  

R e s u l t a n t  h o r i z o n t a l  f o r c e  a t  c e n t e r  o f  g r a v i t y  (FH) = 90.50 l b  

R e s u l t a n t  v e r t i c a l  f o r c e  a t  c e n t e r  o f  g r a v i t y  (FV) = 168.30 l b  

S o i l  d e n s i t y  (Y) = 107.10 l b  

The r e s u l t a n t  h o r i z o n t a l  and v e r t i c a l  f o r c e s  a t  t h e  p r o j e c t i l e  c e n t e r  

o f  g r a v i t y  were c a l c u l a t e d  u s i n g  Eqs. 26 and 27. 

The v a r i a b l e s  a p p e a r i n g  i n  t h e  above e q u a t i o n s  a r e  d e f i n e d  on p .  61. I t  

shou ld  be no ted  once a g a i n  t h a t  t h e  minus s i g n s  on a t ,  VV.  and V8 a r e  

l o t  n e c e s s a r y  s i n c e  t h e  i n p u t  d a t a  have a l l  been l i s t e d  a s  p o s i t i v e .  



The v a l u e s  l i s t e d  under t h e  "MEASURED" column on p p .  1 8 1  and 182 were 

~ b t a i n e d  d i r e c t l y  from t h e  i n p u t  d a t a  s i n c e  edge e f f e c t s  were n o t  accounted 

f o r  i n  t e s t s  w i t h  s p h e r i c a l  p r o j e c t i l e s .  The v a l u e s  l i s t e d  under t h e  

"CALCULATED" column were  o b t a i n e d  from Eqs. 26 and 27 .  
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APPENDIX E 

CONE IMPACT DATA 

This  appendix c o n t a i n s  t h e  cone d a t a  which were  o b t a i n e d  by t h e  a u t h o r  

from t h e  impact t e s t s  on Ottawa and Colorado River  Sand. T a b l e  Nos. 24 th rough  

29 c o n t a i n  t h e  Ottawa Sand d a t a  and Tab le  Nos. 30 through 35 c o n t a i n  t h e  

Colorado River  Sand d a t a .  

For c l a r i t y ,  s e v e r a l  of t h e  columns appear ing  i n  t h e  t a b l e s  a r e  ex- 

p l a i n e d .  The t e s t  i d e n t i f i c a t i o n  column r e f e r s  t o  t h e  month, day,  and number 

o f  t h e  t e s t  on  t h a t  p a r t i c u l a r  d a t e  (7-14-3).  The column a l s o  s p e c i f i e s  t h e  

t y p e  o f  cone ( l i g h t  cone = LC and heavy cone = HC) and t h e  impact a n g l e  and 

p r o j e c t i l e  p i t c h  (90 - 0 ) .  A complete e x p l a n a t i o n  o f  t h e  t e s t  numbering and 

coding system i s  g i v e n  i n  Appendix A. 

The two s o i l  columns l i s t  t h e  s o i l  d e n s i t y  (Y) and t h e  m o i s t u r e  con- 

t e n t  (w). 

The r i s e  t i m e  i s  t h e  e l a p s e d  t ime  from t h e  i n s t a n t  o f  impact t o  t h e  

development o f  t h e  peak a c c e l e r a t i o n .  

The c a l c u l a t e d  p e n e t r a t i o n  was o b t a i n e d  by double  numerical  i n t e -  

g r a t i o n  o f  t h e  a c c e l e r a t i o n - t i m e  curve .  

The c o r r e c t i o n  f a c t o r  (CORFA) was a  m u l t i p l i e r  t h a t  was used t o  c o r -  

r e c t  t h e  a c c e l e r a t i o n  o r d i n a t e s  s o  t h a t  t h e  f i n a l  p r o j e c t i l e  v e l o c i t y  was 

approximately  z e r o .  Appendix F  c o n t a i n s  a  d i s c u s s i o n  on t h e  a p p l i c a t i o n  o f  

c o r r e c t i o n  f a c t o r s  (CORFA) t o  a c c e l e r a t i o n - t i m e  c u r v e s .  
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TABLE NO. 25 

T e s t  
Idec  t i f i c a t i c n  

S o i l  
Y W 

(PC£)  (%> - 
105.2 1 .33  

103.6 1 .14 

104.7 0.72 

106.2 0 . 8 1  

101 .8  1 . 3 8  

100.6 1 .07 

104.7  1.34 

101.9  0 .95 

107.5 2 .29  

106.6 1 .79  

1 0 6 . 8  1 .73  

101.3 1 . 6 1  

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL 
IMPACT OF LIGHT CONE ON DENSE, DRY OTTAWA SAND 

V e r t i c a l  
Impact 

V e l o c i t y  
( f p s )  

Peak 
A c c e l e r a t i o n  

(8 ' s )  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  

(CORFA) 

1 . 3 7  

1 . 4 8  

l . 3 0  

1 .35  

1 .29  

1.. 39 

1.. 32 

1 .45 

1. .42 

1 . 4 4  

1.. 30 

1 .42  



TABLE NO. 26 

Tes t  
I . z L e n t i f i c a t i o n  

S o i l  

Y W 

TABULATI ON OF PEAK ACCELEWTI ONS FOR VERTICAL 
IMPACT OF LIGHT CONE ON SATURATED OTTAWA SAND 

V e r t i c a l  
Impact 

V e l o c i t y  
( f p s )  

Peak 
A c c e l e r a t i o n  

( g ' s )  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n . )  

C a l c u l a t e d  
P e n e t r a t i o n  

( i n . )  

C o r r e c t i o n  
F a c t o r  

(CORFA) 



TABLE NO. 27 

T e s t  
I d e n t i f i c a t i o n  

S o i l  

Y W 

(PC£)  (Z) - 
91.6 0.94 

88.8  1 . 0 1  

89.3  1 .03  

92.4 0 . 8 3  

86.0 1 .10 

88.7 1.09 

90 .1  1.05 

89.3  1 - 1 0  

90.4 1.00 

9 3 . 1  1 .13 

88.3  1.17 

86.2 1 .05  

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL 
IMPACT OF HEAVY CONE ON LOOSE, DRY OTTAWA SAND 

V e r t i c a l  
Impact 

V e l o c i t y  
(£PSI  

Peak 
A c c e l e r a t i o n  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  

( CORFA) 
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TABLE NO.  30 

T e s t  
I d e n t i f i c a t i o n  

TABUIATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT 
OF LIGHT CONE ON LOOSE, DRY COLORkDO RIVER SAND 

S o i l  
Y W 

(PC£)  (%) - 
95 .8  1 . 9 9  

9 4 . 3  1 . 9 1  

9 6 . 3  2 . 1 1  

94.4 2 .07  

91 .7  2 . 7 0  

94 .5  2 .10  

95 .1  1 . 8 6  

91 .7  1 .80  

94 .0  2 .93  

9 5 . 9  2 .00  

92.2 1 . 8 0  

9 7 . 1  1 . 7 8  

V e r t i c a l  
Impact  

V e l o c i t y  
(£PSI  

Peak 
A c c e l e r a t i o n  

( g ' s )  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  

(CORFA) 
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TABLE NO.  3 2 

T e s t  
I L e n t i f i c a t i o n  

S o i l  

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT 
OF LIGHT CONE ON SATURATED COLORADO RIVER SAND 

Ver t i c a  1 
Impact  

V e l o c i t y  

( f p s )  

9.9 

10.0 

14.2 

14.3 

17.3 

17.2 

20.0 

19.9 

23.9 

23.7 

Peak 
A c c e l e r a t i o n  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  



TABLE NO. 33 

Test 
I d e n  t i £  i c a t  ion 

S o i l  

TABULATTON O F  PEAK ACCELERATIONS FOR V E R T I C A L  IMPACT 
OF HEAVY CONE ON L O O S E ,  DRY COLORADO R I V E R  SAND 

V e i  t i c a l  
I m p a c  t 

V e l o c i t y  

(£PSI 

P e a k  
A c c e l e r a t i o n  

R i s e  
T i m e  

(ms ec) 

M e a s u r e d  
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( in .  ) 

C o r r e c t i o n  
F a c t o r  



TABLE N O .  34 

Tes t  
I d e n t i f i c a t i o n  

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT 
OF HEAVY CONE ON DENSE, DRY COLORADO RIVER SAND 

S o i l  
Y W 

( p c f )  (%) - 
108.2 1 .37 

109.6 1 .19 

106.6 1 .49 

106.9 1 . 2 8  

108.4 1 . 4 1  

109.0 1 .60 

102.3 1 .95  

106.5 2 .57 

102.5 2 .88 

105 .3  2 .56 

104.3  2.16 

V e r t i c a l  
Imp ac  t 

V e l o c i t y  
( f p s )  

Peak 
A c c e l e r a t i o n  

R i s e  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  

(CORFA ) 



TABLE NO.  35 

Test  
I L e n t i f i c a t i o n  

TABULATION OF PEAK ACCELERATIONS FOR VERTICAL IMPACT 
OF HEAVY CONE ON SATURATED COLORADO R I V E R  SAND 

S o i l  
Y W 

V e r t i c a l  
Impact 

V e l o c i t y  
( f p s )  

Peak 
A c c e l e r a t i o n  

Rise  
Time 

(msec) 

Measured 
P e n e t r a t i o n  

( i n .  ) 

C a l c u l a t e d  
P e n e t r a t i o n  

( i n .  ) 

C o r r e c t i o n  
F a c t o r  



APPENDXX F 

CORRECTION OF ACCELEROMETER DATA 

It was not iced  dur ing  t h e  course of the au tho r ' s  cone t e s t i n g  t h a t  t he  

complete numerical i n t e g r a t i o n  of the  acce lera t ion- t ime curve d id  not  reduce 

the  ca l cu la t ed  cone v e l o c i t y  t o  zero. A thorough i n v e s t i g a t i o n  of the  causes 

of t h i s  apparent discrepancy i n  the  d a t a  was performed and i t  i s  t he  purpose 

of t h i s  appendix t o  p re sen t  the  f ind ings  of t h i s  i n v e s t i g a t i o n .  

Impact Veloc i ty  Measurement 

When i t  was f i r s t  no t i ced  t h a t  t h e  a r ea  under t he  acce lera t ion- t ime 

curve was not  l a r g e  enough t o  reduce t h e  p r o j e c t i l e  v e l o c i t y  t o  zero each 

p o s s i b l e  source  of  e r r o r  was c r i t i c a l l y  reviewed, The f i r s t  s t e p  cons is ted  

of checking the  method f o r  determining t h e  i n i t i a l  impact v e l o c i t y .  As pre- 

v ious ly  discussed i n  Chapter IV t he  i n i t i a l  impact v e l o c i t y  was determined 

by two independent methods. The f i r s t  method involved t h e  use  of a  v e l o c i t y  

d e t e c t o r  system and t h e  l a t t e r  method u t i l i z e d  t h e  t r a v e l  time which was c a l -  

cu l a t ed  from osc i l l o scope  s e t t i n g s .  

I n  reviewing the  high angle  (a 2 30 degrees) t e s t  d a t a  i t  was found 

t h a t  gene ra l ly  t h e  impact v e l o c i t i e s  as  determined by t h e  above methods agreed 

w i t h i n  t 5 percent  f o r  t e s t s  wi th  spheres  and cy l inde r s .  The agreement for  

low angle  t e s t s  ( a  < 30 degrees)  was not near ly  a s  good s i n c e  the  e f f e c t  of 

g r a v i t y  was s i g n i f i c a n t  i n  t h e s e  cases .  Some of t h e  cone t e s t s  ( v e r t i c a l  i m -  

pac t )  a l s o  exhib i ted  a  l ack  of agreement. These cases  r equ i r ed  s p e c i a l  methods 

f o r  c a l c u l a t i n g  t h e  i n i t i a l  impact v e l o c i t y  and the  methods a r e  discussed i n  

Chapter I V .  

I n  conclusion,  i t  i s  f e l t  t h a t  the  i n i t i a l  impact v e l o c i t y  i s  known 

w i t h i n  Z 5 percent  of t he  t r u e  impact v e l o c i t y  f o r  a l l  condi t ions  of t e s t i n g .  

196 
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Thi s  magnitude o f  e r r o r  was no t  s u f f i c i e n t  t o  cause t h e  apparent  discrepancy 

i n  t h e  da ta .  
Z 
1 

The method of  numerical i n t e g r a t i o n  was checked f o r  e r r o r s .  A h a l f  

s i n e  wave p u l s e  was i npu t  i n t o  Program IMPACT. The p u l s e  approximated t y p i -  

c a l  accelerometer  ou tpu t  from t h e  impact tests. Care was taken  t o  d i v i d e  t h e  

u l s e  i n t o  approximately t h e  same number of  increments  a s  were used i n  t h e  

c t u a l  impact da t a .  

Exact  va lues  of v e l o c i t y  and displacement  were c a l c u l a t e d  by hand 

us ing  i n t e g r a l  c a l c u l u s .  These va lues  were compared wi th  t h e  va lues  ob ta ined  

I from Program IMPACT. The va lues  from t h e  program c a l c u l a t i o n  method were 
t 
i 

w i t h i n  k0.3 pe rcen t  of  t h e  hand c a l c u l a t e d  va lues .  

Thus, i t  was concluded t h a t  t h e  numerical i n t e g r a t i o n  techniques were 
I 
l s u f f i c i e n t l y  accu ra t e .  

I 
' ~ c c e l e r o m e t e r  C a l i b r a t i o n  

Af t e r  f i n d i n g  t h a t  t h e  impact v e l o c i t y  measurement method and t h e  

numerical i n t e g r a t i o n  method involved a combined t o t a l  o f  l e s s  than  6 pe rcen t  
t 

r r o r ,  each s e c t i o n  o f  t h e  e l e c t r i c a l  c i r c u i t r y  was examined i n  d e t a i l .  

The vo l t ages  t o  each p o r t i o n  o f  t h e  accelerometer  c i r c u i t s  were checked 

nd found t o  be a t  t h e  c o r r e c t  va lues .  The 565 dua l  beam Tekt ronix  o s c i l l o -  

scope,  upon which t h e  accelerometer  ou tpu t s  were recorded ,  was r e c a l i b r a t e d .  

The r e c a l i b r a t i o n  showed t h a t  t h e  o s c i l l o s c o p e  was func t ion ing  proper ly .  

A check on acce le rometer  c a l i b r a t i o n  was ob t a ined  through a s e r i e s  o f  

v e r t i c a l  drop tests i n  t h e  l abo ra to ry .  Two acce le rometers  were mounted on a 

s p h e r i c a l  segment. One o f  t h e  accelerometers  had been u t i l i z e d  by poor16 and 

t h e  o t h e r  by t h e  au thor .  The accelerometer  u t i l i z e d  by Poor had a +500 g 

/maximum range and was known t o  be approximately i n  c a l i b r a t i o n .  

i 
P 



The drop t e s t  c o n d i t i o n s  were  c o n t r o l l e d  s o  t h e  a c c e l e r a t i o n - t i m e  

zurves  resembled t h e  f i e l d  curves  i n  shape and magnitude.  It was a l s o  thought  

t h a t  p o s s i b l y  t h e  b a l a n c i n g  u n i t  o r  t h e  f i l t e r  networks were  n o t  f u n c t i o n i n g  

p r o p e r l y .  To check t h e s e  p o r t i o n s  o f  t h e  c i r c u i t r y  t e s t s  were  conducted w i t h  

t h e  f o l l o w i n g  t y p e s  o f  hookups: 

(1) Accelerometer  connected d i r e c t l y  t o  t h e  o s c i l l o s c o p e ,  

(2) Accelerometer  connected t o  t h e  f i l t e r  networks ,  

(3 )  Accelerometer  connected t o  both  t h e  f i l t e r  and ba lanc ing  

network.  

The f 500 g  a c c e l e r o m e t e r  was always connected d i r e c t l y  t o  t h e  o s c i l l o s c o p e  

w h i l e  t h e  +250 g acce le romete r  t h a t  was used by t h e  a u t h o r  was connected 

i n  one of t h e  t h r e e  ways l i s t e d  above. It shou ld  be no ted  t h a t  t h e  i n i t i a l  

impact v e l o c i t y  was a t t a i n e d  by a l l o w i n g  t h e  p r o j e c t i l e  t o  f a l l  through a  

measured h e i g h t .  The i n i t i a l  impact v e l o c i t y  was c a l c u l a t e d  by 

where g  i s  t h e  a c c e l e r a t i o n  o f  g r a v i t y  and h  i s  t h e  h e i g h t  o f  drop.  High 

speed movies from a  p rev ious  i n v e s t i g a t i o n 1 8  have shown t h i s  method t o  y i e l d  

v e l o c i t i e s  w i t h i n  3  p e r c e n t  o f  t h e  t r u e  v a l u e s .  

The r e s u l t s  from t h e  l a b o r a t o r y  drop t e s t s  a r e  l i s t e d  i n  Tab le  No. 3 6 .  

The A and B t e s t  d e s i g n a t i o n s  r e p r e s e n t  t h e  5250 g  and f500 g acce le romete r  

o u t p u t s ,  r e s p e c t i v e l y ,  f o r  t h e  same drop t e s t .  Column 7 i n  T a b l e  No. 36 

r e p r e s e n t s  t h e  r a t i o  o f  t h e  f i n a l  c a l c u l a t e d  v e l o c i t y  o f  t h e  p r o j e c t i l e  t o  

t h e  i n i t i a l  impact v e l o c i t y .  Complete i n t e g r a t i o n  o f  t h e  a c c e l e r a t i o n - t i m e  

c u r v e  shou ld  y i e l d  a  f i n a l  v e l o c i t y  of z e r o .  Tab le  No.36 shows t h a t  approx i -  

mate ly  10 t o  15 p e r c e n t  o f  t h e  i n i t i a l  v e l o c i t y  i s  s t i l l  p r e s e n t  upon complete 

i n t e g r a t i o n  o f  t h e  a c c e l e r a t i o n  curves  f o r  both  t h e  f250 g  and +500 g  



accelerometers .  It should be noted t h a t  a v e l o c i t y  i n  t h e  downward d i r e c t i o n  

was considered p o s i t i v e .  

Table No. 37 l i s t s  average r a t i o s  of  f i n a l  v e l o c i t y  t o  i n i t i a l  

e l o c i t y  f o r  each type of  e l e c t r i c a l  hookup and accelerometer .  As i l l u s t r a t e d  

y t h e  t a b l e ,  t h e  most f avo rab le  s i t u a t i o n  was when both t h e  balancing u n i t  

and f i l t e r  networks were connected between t h e  accelerometer  and t h e  o s c i l l o -  

scope, This  type hookup w a s  s i m i l a r  t o  t h a t  used i n  t h e  f i e l d  t e s t s .  There 

was not  any n o t i c e a b l e  d i f f e r e n c e  i n  t h e  response of t h e  two accelerometers .  

The t a b l e s  a l s o  show t h a t  t h e  type of  e l e c t r i c a l  hookup made very  l i t t l e  

d i f f e r e n c e  i n  t h e  recorded accelerometer ou tputs .  

It was concluded from these  t e s t s  t h a t  approximately a 10 t o  15 per-  

cen t  e r r o r  was involved i n  u s ing  t h e  accelerometer  c a l i b r a t i o n  cons tan t  l i s t e d  

y t h e  manufacturer.  Both of t h e  accelerometers  were manufactured by Consoli-  

a t e d  Electrodynamics Corporat ion.  

Accelerometer Trace D r i f t  

The previous ly  d iscussed  sources of e r r o r  account f o r  on ly  a p o r t i o n  

of  t h e  e r r o r  p re sen t  i n  many o f  t h e  cone t e s t s .  To l o c a t e  t h e  remaining 

source  o r  sources  o f  e r r o r  t h e  acce lera t ion- t ime records  and computer program 

(IMPACT) ou tpu t s  were examined i n  d e t a i l .  

Examination of t h e  f i n a l  ca l cu la t ed  v e l o c i t i e s  f o r  each of  t h e  f i e l d  

tests showed t h a t  t h e  t e s t s  on sand i n  a s a t u r a t e d  s t a t e  exh ib i t ed  sma l l e r  

f i n a l  v e l o c i t i e s  than  t e s t s  on dense, d ry  sands and loose ,  d ry  sands. I n  many 

of t h e  cone t e s t s  on loose ,  d ry  sand t h e  f i n a l  c a l c u l a t e d  v e l o c i t y  was nea r ly  

50 percent  of t h e  i n i t i a l  impact v e l o c i t y .  

Accelerat ion-t ime records  were examined and i t  was found t h a t  t h e  

records  f o r  t e s t s  on loose ,  d r y  sand exh ib i t ed  l a r g e  rebound po r t ions .  Pre- 

v ious  t e s t i n g  experience had shown t h a t  sands e x h i b i t  small  amounts of  



TABLE N O .  36 

COMPARISON OF ACCELEROMETER OUTPUT 

R a t i o  of F i n a l  
V e l o c i t y  t o  I n i t i a l  

V e l o c i t y  
(%) 

T e s t  
No. 

Accelerometer  
Rangs 
( g ' s )  

Type o f  Peak 
Hookup A c c e l e r a t i o n  

( g ' s )  

46.5  
48 .0  

O s c i l l o s c o p e  4 4 . 0  
41.2 
29 .5  
31.0 

I n i t i a l  
V e l o c i t y  

( f p s )  

F i n a l  
V e l o c i t y  

( f p s )  

F i l t e r s  

O s c i l l o s c o p e  

F i l t e r s  

O s c i l l o s c o p e  

F i l t e r s  

O s c i l l o s c o p e  

Bal & F i l t e r  C i r c u i t  

O s c i l l o s c o p e  

Ral & F i l t e r  C i r c u i t  

O s c i l l o s c o p e  

Bal & F i l t e r  C i r c u i t  

O s c i l l o s c o p e  



TABLE N O .  37 

AVERAGE RATIOS OF FINAL VELOCITY TO INITIAL VELOCITY 

Accelerometer  Type of Average of  R a t i o  of  F i n a l  
No. of  Values Range Hookup V e l o c i t y  t o  I n i t i a l  V e l o c i t y  

( g ' s )  '3) 

9 500 O s c i l l o s c o p e  1 2 . 1  

3 250 O s c i l l o s c o p e  15 .7  

3 2  50 F i l t e r  17 .1  

250 Bal & F i l t e r  11 .4  
C i r c u i t  



2 

e l a s t i c  rebound. Thus, i t  was concluded t h a t  t h e  accelerometer  base l i n e s  were 

driftinxg dur ing  t h e  impact event .  
2 
h 

i Figures  57 and 58 i l l u s t r a t e  acce l e ra t ion - t ime  records  f o r  cone t e s t s  
I 

' on s a t u r a t e d  Ottawa Sand and loose ,  dry Ottawa Sand, r e spec t ive ly .  Two acce l -  

i 
' e rometer  t r a c e s  were recorded f o r  each v e r t i c a l  drop t e s t .  The accelerometers  i 
C 
i b o t h  recorded t h e  v e r t i c a l  a c c e l e r a t i o n  o f  t he  cone, The v e r t i c a l  cone acce l -  

e r a t i o n  was obtained by averaging t h e  a c c e l e r a t i o n  i n d i c a t e d  by t h e  acce lero-  

e t e r s .  The h o r i z o n t a l  po r t ions  of  t h e  t r a c e s  on the  l e f t  s i d e  of t h e  photo 

epresent  t h e  base l i n e s  from which t h e  t r a c e  dev ia t ions  were measured. Upon 

pac t  t h e  t r a c e s  d e v i a t e  downward i n d i c a t i n g  t h a t  t h e  cone is  undergoing de- 

l e r a t i o n .  Trace dev ia t ions  above the  base l i n e  i n d i c a t e  t h a t  t h e  p r o j e c t i l e  

1 nexperiences rebound. It should be noted t h a t  t h e  p r o j e c t i l e s  were e s s e n t i a l l y  

r i g i d ,  t hus ,  t h e  rebound was produced by energy s t o r e d  i n  t h e  sand. Af te r  t h e  

\ p r o j e c t i l e  comes t o  r e s t  t he  t r a c e s  should r e t u r n  t o  t h e  base l i n e s  from which 

1 they  o r i g i n a t e d ,  The photo i n  Pig. 57 shows no i n d i c a t i o n  o f  base l i n e  d r i f t .  

F igu re  58 i n d i c a t e s  t h a t  t h e  p r o j e c t i l e  experiences a  l a r g e  amount 

o f  rebound and i t  can a l s o  be seen  t h a t  t h e  t r a c e s  d i d  not  r e t u r n  t o  t h e  base 

l i n e s  from which they  o r i g i n a t e d .  The l a r g e  rebound po r t ions  of  t h e  t r a c e s  

19 a r e  much l a r g e r  t han  those  observed by Reichmuth . It a l s o  does n o t  seem 

robable  t h a t  rebound would be  g r e a t e r  i n  l oose  sand than  i n  dense sand,  which 

s ind ica t ed  by the  a u t h o r ' s  cone t e s t  d a t a .  It appears a s  though t h e  base 

i n e s  d r i f t e d  upward dur ing  t h e  impact event ,  thus ,  causing t h e  t r a c e  

v i a t i o n s  below t h e  o r i g i n a l  base l i n e s  t o  be too small  and those  above t h e  

r i g i n a l  base l i n e s  t o  be too  l a rge .  

The d u r a t i o n  o f  t h e  impact events  f o r  t e s t s  on s a t u r a t e d  sand and 

ense,  d ry  sand were much s h o r t e r  than  t h e  t e s t  du ra t ions  f o r  t e s t s  on loose ,  



Fig. 57 Acceleration-Time Trace for Impact of 
Light Cone on Saturated Ottawa Sand - 
Test 7-25-2-LC-90-0 

Fig. 58 Acceleration-Time Trace for Impact of 
Light Cone on Loose, Dry Ottawa Sand - 
Test 7-11-7-LC-90-0 



r y  sand,  Therefore,  f o r  tests on loose  sand t h e  longer  t e s t  d u r a t i o n  allowed 

o r e  t ime f o r  d r i f t  t o  occur .  The sweep times f o r  t h e  t e s t s  shown i n  Figs.  57 

nd 58were 10 and 20 msec per  cent imeter ,  r e s p e c t i v e l y .  The a c c e l e r a t i o n s  

f o r  t e s t s  on loose ,  d ry  sand were a l s o  s i g n i f i c a n t l y  lower than  a c c e l e r a t i o n s  

f o r  t e s t s  on s a t u r a t e d  sand and dense, d ry  sand. Therefore,  any d r i f t  dur ing  

t h e  t e s t s  on loose ,  d ry  sand would cause a g r e a t e r  e r r o r .  The peak acce l e ra -  

i ons  f o r  t h e  t e s t s  shown i n  F i g s .  57 and 58 were approximately 30 and 14 g ' s ,  

e spec t ive ly .  

Summary of  E r ro r s  Associated wi th  Cone Impact Data 

The previous d i scuss ions  have shown t h a t  t h e  major po r t ion  of  t h e  

e r r o r  involved i n  o b t a i n i n g  t h e  cone impact d a t a  developed from two sources .  

The f i r s t  source  of e r r o r  developed from t h e  use  of c a l i b r a t i o n  con- 

s t a n t s  recommended by t h e  manufacturer.  Nearly a l l  of t h e  cone a c c e l e r a t i o n s  

were w i t h i n  t h e  0 t o  50 g range.  This  range of a c c e l e r a t i o n s  was f a r  below 

t h e  maximum r a t e d  range of 250 g ' s .  The l abo ra to ry  drop t e s t s  showed t h a t  

both t h e  +250 g accelerometers  used by t h e  author  and t h e  +500 g acce lero-  

meter used by poor16 tended t o  r e g i s t e r  a c c e l e r a t i o n s  approximately 15  per -  

cen t  below t h e  t r u e  va lues  f o r  a c c e l e r a t i o n s  w i t h i n  t h e  0 t o  50 g range. It 

i s  bel ieved t h a t  i f  h igher  a c c e l e r a t i o n s  had developed dur ing  t h e  impact t e s t s  

t h e  c a l i b r a t i o n  cons t an t  would have y i e lded  more nea r ly  c o r r e c t  a c c e l e r a t i o n  

va lues .  Poor ' s  t e s t  d a t a  tends t o  s u b s t a n t i a t e  t h i s  s ta tement  s i n c e  i n  many 

of  h i s  t e s t s  wi th  the  +500 g accelerometer ,  t h e  a c c e l e r a t i o n s  were above 100 g ' s  

and i n t e g r a t i o n  of t h e  accelerometer  record y ie lded  a f i n a l  computed v e l o c i t y  

;of approximately zero.  However, i t  was noted t h a t  i n  approximately 30 percent  
I 

of  the t e s t s  conducted by Poor t h e  a r e a  under t h e  a c c e l e r a t i o n  curve was not  

s u f f i c i e n t  t o  reduce t h e  c a l c u l a t e d  f i n a l  v e l o c i t y  t o  zero even though t h e  



a c c e l e r a t i o n s  were above t h e  100 g l e v e l .  These t e s t s  i nd ica t ed  t h a t  t h e  

measured a c c e l e r a t i o n s  were 10 t o  25 percent  below t h e  t r u e  va lues .  
1 

It should be emphasized t h a t  i t  i s  not known whether t he  t o t a l  

/ a c c e l e r a t i o n  curve i s  i n  e r r o r  o r  i f  j u s t  po r t ions  o f  t h e  curves a r e  erroneous.  
i  h he va lues  of  e r r o r  c a l c u l a t e d  by t h e  au thor  a r e  based upon t h e  assumption 

t h a t  t h e  t o t a l  a c c e l e r a t i o n  curve i s  i n  e r r o r .  

~eese ' '  has  noted t h a t  t h e  a c c e l e r a t i o n  d a t a  he took wi th  a c r y s t a l  

'accelerometer  (Endevco) were approximately 5 percent  below the  t r u e  acce l e ra -  

I t i o n  va lues .  He a l s o  s t a t e d  t h a t  an undershoot of  t h e  acce l e ra t ion - t ime  t r a c e  

/ i s  t y p i c a l  of c r y s t a l  accelerometers .  

The second major source of e r r o r  i n  the  a u t h o r ' s  cone t e s t s  was 

a t t r i b u t e d  t o  d r i f t  o f  t h e  accelerometer base l i n e  du r ing  t h e  impact event .  

o r  t e s t s  o f  s h o r t  d u r a t i o n  (20 msec) t he  e r r o r  introduced by d r i f t  o f  t h e  base 

i n e  was no t  nea r ly  a s  s i g n i f i c a n t  as  i n  t e s t s  of  longer  du ra t ion  (100 msec). 

For cone t e s t s  on loose ,  d ry  sand the  e r r o r  a t t r i b u t e d  t o  d r i f t  was approxi- 

I 
I mately 60 pe rcen t .  The cone t e s t s  on dense, d ry  sand and s a t u r a t e d  sand 

exhib i ted  e r r o r s  due t o  d r i f t  of approximately 30 and 10 percent ,  r e s p e c t i v e l y .  

It should be emphasized once aga in  t h a t  t h e  e r r o r  c a l c u l a t i o n s  a r e  

based on t h e  assumption t h a t  each po in t  on t h e  acce lera t ion- t ime curve i s  i n  

/ e r r o r  by t h e  same amount. Examination of t h e  acce lera t ion- t ime curves showed 

t h a t  t h e  e r r o r  due t o  d r i f t  became p rog res s ive ly  worse a s  t he  t ime a f t e r  i m -  

p a c t  increased ,  t h e r e f o r e ,  t h e  assumption d id  involve  e r r o r  which may have 

been s i g n i f i c a n t  i n  some cases .  

i 
Correc t ion  of Acceleration-Time Traces 6 

Af te r  thoroughly examining t h e  sources of e r r o r  involved i n  t h e  cone 

impact d a t a  i t  was decided t o  a d j u s t  t h e  measured a c c e l e r a t i o n  va lues  so  t h a t  

1 



t h e  c a l c u l a t e d  f i n a l  v e l o c i t i e s  were zero.  Equation 42 s t a t e s  Newton's second 

law of  p a r t i c l e  motion. 

F = M a  (42) 

i n c e  bodies a r e  made up o f  p a r t i c l e s  t h i s  law may be  extended t o  apply  t o  

ies. The v a r i a b l e s  appear ing  i n  Eq. 42 a r e  de f ined  a s  fol lows:  

F = Resu l t an t  f o r c e  ( l b ) ,  

M = Mass of  t h e  body ( l b - s e c a / f t ) ,  

a  = Acce le ra t i on  o f  t h e  body ( fp s2 ) .  

i Equation 42 was app l i ed  t o  t h e  cone-so i l  system and t h e  fo l lowing  
I 
f equa t ion  r e s u l t e d .  

W - Fs ( t )  = M a ( t )  
cone 

1 The v a r i a b l e s  appearing i n  Eq. 43 a r e  def ined  a s  fol lows:  

W = Weight o f  cone ( l b ) ,  
cone 

F ( t )  = Resu l t an t  s o i l  f o r c e  on cone ( l b ) ,  
s 

M = Mass of  t h e  cone ( lb-sec2 /f t )  , 

a ( t )  = Acce le ra t i on  of t h e  cone ( fp s2 ) .  

Equat ion 44 i s  ob ta ined  by d i v i d i n g  Eq. 43 by t h e  mass of  t h e  cone. 

'B 

The v a r i a b l e s  a s ( t )  was t h e  a c c e l e r a t i o n  i n d i c a t e d  by t h e  accelerometer .  

E The change i n  p r o j e c t i l e  v e l o c i t y  i s  expressed by Eq. 45. 



i 

I Where, 

i 
T = Durat ion of t h e  impact event (sec)  , 

E 
\ V = I n i t i a l  impact v e l o c i t y  ( fp s ) .  

I 
{In teg ra t ion  o f  t h e  r i g h t  s i d e  o f  Eq. 45 and t ranspos ing  t h e  r e s u l t i n g  term 

1 r i e l d e d  Eq. 46. 

l ~ u b s t i t u t i o n  of Eq. 44 i n t o  Eq. 46 y ie lded  Eq. 47. 

T T 
gdt  - ( a s ( t ) d t  + V = 0 

0 0 

! Due t o  e r r o r s  i n  t h e  recorded acce lera t ion- t ime t r a c e  ( a s ( t ) ) ,  

bq. 47 was not  s a t i s f i e d .  The l e f t  s i d e  of Eq. 47 was forced t o  zero by 

b p p l y i n g  a  c o r r e c t i o n  f a c t o r  (CORFA) t o  t h e  accelerometer da ta .  Equation 48 
I 
! i l l u s t r a t e s  how t h e  recorded accelerometer  d a t a  were co r r ec t ed  so t h a t  Eq. 47 

was s a t i s f i e d .  

T  T  
j gdt  - CORFA 1 a  ( t ) d t  + V = 0 
0 0 

s  

I It should be noted t h a t  a  downward v e l o c i t y  was considered a s  p o s i t i v e .  

Accelerometer t r a c e  d e f l e c t i o n s  ( a s ( t ) )  below t h e  base l i n e  were a l s o  

considered a s  p o s i t i v e .  It should a l s o  be noted t h a t  t h e  accelerometer  

d a t a  were i n t e g r a t e d  numerical ly .  

Appendix E  con ta ins  l i s t i n g s  (Table Nos. 24 through 35) o f  t h e  

s of  CORFA which were necessary  t o  s a t i s f y  Eq. 48 f o r  each o f  t h e  cone 

t e s t s .  Table No. 5 on p. 70 conta ins  average va lues  of CORFA f o r  each 

weight of  cone and s o i l  condi t ion .  

3 
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