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ABSTRACT

P re s s u re s  In  b in s  a re  s t i l l  r e l a t iv e l y  u n k n o w n , p a r t i c u l a r l y  

a t  e m p ty in g ,  T o m e a su re  p r e s s u r e s  a tw o -d im e n s io n a l m odel 

o f  a s h a l lo w  b ln  w as  c o n s tr u c te d  in  w h ic h  n o rm a l a n d  s h e a r  

s tre s s e s  ca n  be m e a s u re d . T w o  s h a p e s  o f  b in  w ere  te s te d ,_ 

one w i t h  s t r a ig h t  In cE fu ed  s id e s  a n d  one w i th  v e r t i c a l  a n d  

a n d  in c l in e d  s id e s .  F iv e  s e ts  o f  r e a d in g s  w e re  ta k e n  w i th  

a d a ta  lo g g e r  f o r  e a ch  s h a p e . T h e  r e s u lt s  w e re  v e r y  r e p e a ta b le  

o n  f i l l i n g  a n d  e m p ty in g .  T e s ts  w e re  co n d u c te d  to  d e te c t 

th e  s w i tc h  p r e s s u r e .  No s w itc h  w a s  fo u n d ,  in s te a d  a sm oo th  

t r a n s i t i o n  fro m  f i l l i n g  to  e m p ty in g  p -e s s u re s  w a s  fo u n d .

S e v e ra l th e o r ie s  b o th  f o r  f i l l i n g ,  a n d  e m p ty in g  w e re  u se d  

to  c a lc u la te  p re s s u re s  th a t  w e re  c o m p a re d  w i th  th e  e x p e r i ­

m e n ta l r e s u lt s .  T he se in c lu d e d  th e  u se  o f s t r a ig h t  l in e  f r a m e ­

w o rk  m o d e ls ,  B o o th 's  p i l e  t h e o r y ,  W a lk e r 's  th e o ry  a n d  th e  

r a d ia l  "s t re s s  f i e l d .  Some r e a s o n a b ly  good f i t s  w e re  o b ta in e d .  

R eco m m e n d a tio n s  a re  m ad e  f o r  f u r t h e r  e x p e r im e n ts  a n d  fo r  

p re s s u r e  c a lc u la t io n s  u s in g  c o m p u te rs .
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CHAPTER 1

INTRODUCTION

1.1 P re a m b le

B in s  f o r  s to r in g  p a r t ic u la t e  m a te r ia !  w h e th e r  g r a in ,  s u g a r ,  

c ru s h e d  s to n e , s a n d , c o a l o r  o th e r  s u b s ta n c e s  too  nu m e ro u s  

to  m e n t io n , a r e  a v i t a l  'p a r t  o f  In d u s t r y .  M a n y  fa i lu r e s  

h a v e  o c c u r re d  In  th e  p a s t  b e c a u s e  th e  b e h a v io u r  o f  th e  

m a te r ia l  a n d  th e  p re s s u re s  e x e r te d  b y  I t  on th e  b ln  h a v e  

n o t b e e n  e x a c t ly  k n o w n , e s p e c ia l ly  d u r in g  e m p ty in g .  T h e re ­

fo re  a lo t  o f  re s e a rc h  Is  b e in g  a p p l ie d  to  t h is  p ro b le m .,

C o n ta in e rs  f o r  s to r in g  p a r t i c u la t e  m a te r ia l  a re  v a r io u s ly  

■termed b i n s > b u n k e r s ,  h o p p e rs  o r  s i lo s .  te rm  s ^ °  o r i g i ­

n a l l y  m e a n t & p H  o f  a i r t i g h t  s t r u c t u r e  fo r  s to r in g  c ro p s  

in  a n d  to d a y  Is  use d  f o r  c o n ta in e r s  in  th e "  s h a p e  o f lo n g  

v e r t ic a l  c y l i n d e r s .  B ln  Is  a g e n e ra l te rm  b u t  is  use d  h e re  

to  r e fe r  to  s h a l lo w  c o n ta in e r s .

T h is  w o rk  d e a ls  w ith  th e  p re s s u re s  e x e r te d  b y  c o n ta in e d  

m a te r ia ls  o n  th e  w a l ls  o f  tw o -d im e n s io n a l b in s .  B y tw o -d im e n ­

s io n a l is  m e a n t th a t  c o n d i t io n s  In  a n y  p la n e  c ro s s -s e c t io n

th ro u g h  th e  b ln  a re  th e  sam e a n d  s t r a in  In  th e  t h ir d - d im e n ­

s io n  Is  z e ro . M ost th e o r ie s  th a t  a p p ly  io  th e  tw o -d im e n s io n a l 

ca se  c a n  b e  a p p l ie d  to  th e  a x l - s y m m e t r lc  c a s e , w h e re  c o n d it io n s  

do n o t v a r y  on r o ta t io n  a b o u t a n  a x is .

In  t h is  r e p o r t  te s ts  h a v e  been c a r r ie d  o u t  on  a m ode! w i th  

a m a x im um  d e p th  o f m a te r ia l ( s a n d )  o f  800m m . I t  Is  assum ed 

th a t  I f  th e  p a r t ic le s  a re  s m a ll e n o u g h  th e re  w i l l  be r o

a p p r e c ia b le  s c a le  e f fe c t  so th a t  th e se  r e s u lt s  w o u ld  a ls o  

a p p ly  to  a f u l l  s ize  b ln .  T h is  Is  s im i la r  to  s a y in g  th a t

th e  sam e th e o ry  w i l l  a p p ly  to  a m od e l a n d  f u l l  s iz e  r e ta in in g  

w a l l .  T h is  p o in t  Is  d is c u s s e d  f u r t h e r  In  th e  f i n a l  c h a p te r .



In  t h is  c h a p te r  th e  p ro b le m s  o f p re s s u re  a n d  f lo w  a re  

in t r o d u c e d ,  fr . i-s w e d  b y  a n  In t r o d u c t io n  to  th e  r e s t  o f 

th e  d is s e r ta t io n  ; n d  a b r i e f  c h r o n o lo g ic a l s u rv e y  o f th e  

l i t e r a t u r e .

1 .2  B e h a v io u r  o f  m a te r ia l  In  b in s

T he  p re s s u re s  on th e  w a l ls  o f  a b ln  s h o u ld  be  kn o w n

a s  a c c u r a te ly  as  p o s s ib le  w h e n  th e  s t r u c t u r e  Is  d e s ig n e d .

T h is  h a s  le d  to  m a n y  th e o r ie s  a n d  e x p e r im e n ts .  In  th e

p a s t a s h a l lo w  b ln  h a s  b e e n  t r e a te d  l i k e  a r e ta in in g

w a l l  s u p p o r t in g  b a c k f i l l  In  th e  a c t iv e  s ta te  L a te r  I t  w as

fo u n d  th a t  a c h a n g e  In  d i s t r i b u t io n  o f p re s s u re  , ta k e s  

p la c e  a s  d is c h a r g e  com m ences. T h is  Is  b e c a u s e  th e  co lu m n  

o f m a te r ia l  o v e r  th e  o p e n in g  Is  no  lo n g e r  s u p p o r te d  v e r t i c a l l y  

T he m a jo r  p r in c ip a l  s t r e s s  c h a n g e s  fro m  th e  v e r t i c a l  to  

th e  h o r iz o n ta l  d i r e c t io n  on  th e  c e n t r e l in e ,  F ig .  1 .1 .  T h is  

e f fe c t  s p re a d s  v e r y  r a p id l y  th ro u g h  th e  m ass In  th e  b in  

a s  d is c h a r g e  s ta r t s .

Normal
Pressure.

U )  F i l l i n g  (b )  D is c h a rg e

F ig u r e  1.1 C h a n g e  o f  s tre s s  s ta te  f ro m  f i l l i n g  to  d is c h a r g e

E v id e n c e  fo r  c h a n g e  In  th e  s tre s s  s ta le  b e tw ee n  f i l l i n g  

a n d  e m p ty in g  c a n  be seen In  th e  b e h a v io u r  o f  a su s p e n s io n  

o r  c a te n a r y  b u n k e r ,  F ig .  5 .2 .  A c a te n a r y  b u n k e r  h a s
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F fg u r e  1 .2  B e h a v io u r  o f  a  c a te n a r y  b u n k e r

F ig u r e  1 .3  B ln  w i th  v e r t ic a l  a n d  In c l in e d  s id e s



F ig u r e  1 .4  B [n  w i t h  f l a t  b o tto m

F ig u r e  1 .5  O ne d e f in i t i o n  .o f a  s h a l lo w  b in
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F ig u r e  1 .6  Deep b ln  o r  s i lo
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f le x ib le  s id e s  w h ic h  ta k e  up  th e  sha p e  o f  th e  f u n ic u la r

p o ly g o n .

As d is c h a r g e  s ta r t s  th e  b o tto m  l i f t s  a n d  th e  s id e s  m ove

o u tw a r d ,  sh o w in g  a r e d is t r i b u t io n  in  p re s s u re .

T he d is t r i b u t io n  o f p re s s u r e  w i l l  a ls o  d e p e n d  on  th e  s h a p e  

o f th e  b u n k e r .  F ig .  1 .3  sh o w s  a b ln  w i t h  p a r t  o f  e a ch

s id e  v e r t ic a l  a n d  F ig .  1 .4 ,  a f l a t  bo tto m ed  b u n k e r .

The p re s s u re s  In  a deep b ln  o r  s i lo ,  F ig .  1 .6  w i l l  d i f f e r

fro m  th o se  In  a s h a l lo w  b ln .

A  s h a l lo w  b in  w i l l  h a v e  a d e p th  o f  u p  to  tw o  tim e s  I t s

w id th ,  w h i le  a de ep  b in  w i l l  h a v e  a  d e p th  th re e  o r  fo u r  

tim e s  i t s  w id th .  A  s h a l lo w  b in  Is  m ore a f fe c te d  b y  c o n d i t io n s

s t  th e  s u r fa c e  a n d  th e  o u t le t  th a n  a deep b in .  A s h a l lo w

b in  Is  som etim es d e f in e d  a s  one in  w h ic h  th e  " r u p t u r e  

p la n e "  in te r s e c ts  th e  s u r fa c e  ^ ^  , F ig -  ' - 5 .

F u n d a m e n ta l ly  th e re  is  no  d i f f e r e n c e  b e tw ee n  th e  b e h a v io u r  

o f  th e  m a te r ia l  In  a s h a l lo w  b in  a n d  in  a deep b in .

A n In te r e s t in g  ca se  o f a n a tu r a l  b ln  Is  a d ia m o n d  p ip e

m in e d  b y  b lo c k  c a v in g ,  F ig .  1 .7 .  I f  m a te r ia l  is  d r a w n

o f f  fro m  tu n n e l B th e  p r e s s u r e  on  a d ja c e n t  tu n n e ls  In c re a s e s  

to  s u c h  a n  e x te n l th a t  i t  c a n  c a u s e  them  to  f a i l  s t r u c t u r a l l y .

W ith  a m odel I t  Is  p o s s ib le  to  v a r y  th e  p re s s u r e  on  th e

b o tto m  a t w i l l  b y  c h a n g in g  th e  d r a w o f f  p o in t .  In  a b ln

th e  m a te r ia l on th e  s u r fa c e  d i r e c t ly  a b o ve  th e  d r a w o f f

p o fn t  m oves do w n  b e fo re  ih e  m a te r ia l  on th e  s id e s .  In  

th e  b lo c k  c a v in g  th is  fa c t  is  tro u b le s o m e , d r a w in g  o f f

u n w a n te d  o v e rb u rd e n .

A b ln  m ay  be  c o n s id e re d  f o r  a n a ly s is  a s  e i t h e r  tw o d im e n ­

s io n a l o r  a x ls y m m e lr ic .  In  a tw o d im e n s io n a l b ln  th e re

Is  no v a r ia t io n  In  c o n d i t io n s  n o rm a l to  a c r o s s -s e c t io n

o f th e  b ln .  T he m a te r ia l  In  th e  b ln  Is  in  a s ta te  o f p la n e  

s t r a in .  A n a x ls y m m e tr lc  b in  Is  fo rm e d  b y  r o ta t in g  a p la n e



c u ^ v e  a ro u n d  a n  a x is  in  th e  p la n e .  T h e  s tre s s e s  in  th e  

m a te r ia l  in  th e  b in  do  n o t v a r y  w i th  r o ta t io n  a ro u n d  

th e  a x is .  A s q u a re  c ro s s -s e c t io n  is  s im i la r  in  e f fe c t to  

a c i r c u l a r  c ro s s - s e c t io n .

draw-off; 
tunnels \

F ig u r e  1 .?  D iam ond P ip e

A s d is c h a r g e  s t a r t s  d o w n w a rd  m ove m e n t o f  th e  m a te r la i  in  th e  

b in  ta k e s  p la c e .  T h e  r e s u lt in g  p r e s s u r e s  a r e  som etim es c a l le d  

"d y n a m ic " .  T h is  is  c o r r e c t  in  te rm s  o f  th e  d e f in i t io n  o f

d y n a m ic s  ^  w h ic h  c a n  be  s ta te d  a s  " t h e  e f fe c t  o f  fo rc e  on

m o t io n " .  H o w e v e r, i t  c a n  b e  m is le a d in g  a s  th e  te rm  d y n a m ic s  

h a s  th e  im p l ic a t io n  o f  fo rc e s  d u e  to  a c c e le r a t io n .  In  m ost

case s  o f  d is c h a r g e  th e  m ovem ent w i l l  be  so s lo w  th a t  th e

a c c e le r a t io n  fo rc e s  a re  n e g l ig ib le .  T h e re  w i l l ,  h o w e v e r, be 

a c c e le r a t io n  fo rc e s  i f  a r c h in g  fo rm s  a v o id  fo llo w e d  b y  sud de n  

c o l la p s e . T h e re  m a y  a ls o  be p re s s u re s  d u e  to  tra p p e d  a i r  o r  

g a s  in  t h is  in s ta n c e .  T h e re fo re  i t  is  p e r h a p s  b e t te r  to  t a lk  o f 

f lo w  p re s s u re s  ^  o r  d is c h a r g e  p re s s u re s .

T h e re  a re  s im i la r i t i e s  b e tw e e n  th e  b e h a v io u r  o f s a n d  in  a 

c o n ta in e r  a n d  w a te r  w ith  im p o r ta n t  d i f f e r e n c e s .  W a te r  a s  a

l i q u id  c a n  h a v e  no  In te r n a l  f r i c t i o n  a t  r e s t  w h e re a s  s a n d  

c a n . T h e  s u r fa c e  o f  w a te r  a t  re s t is  th u s  h o r iz o n t a l , w h i le  

th e  s u r fa c e  o f s a n d  a t re s t m ay  be  a s  s te e p  a s  i t s  a n g le  o f

re p o s e . W hen w a te r  r u n s  o u t o f  an  o p e n in g  a t th e  bo ttom

o f a b in  i t  m ay  be d ir e c te d  u p w a rd s  b u t  s a n d  o n ly  f lo w s  

d o w n w a rd s  a n d  no m a tte r , how  de ep  th e  s a n d  in  th e  b in

is ,  f lo w  e ra s e s  w he n  i t  re a c h e s  th e  a n g le  o f re p o s e , F ig .  1 .8 .



1-7

T he r a te  o f d is c h a r g e  o f w a te r  th ro u g h  an  o p e n in g  d e p e n d s  

on th e  s iz e  o f th e  o p e n in g  a n d  th e  h e a d , w h i le  th e  r a te  

o f d is c h a r g e  o f s a n d  Is  In d e p e n d e n t o f  h e a d  a n d  d e p e n d s  

o n ly  on  th e  c o n d it io n s  n e a r  th e  o u t le t  In  b o th  w a te r  a n d

s a n d  a s m a ll  e le m e n t o f  th e  c o n t in u u m  m u s t be  In  eq .u i l ib r iu m  

u n d e r  th e  s tre s s e s  a c t in g  on I t  a n d  c o n t in u i t y  m us t be  s a t is ­

f ie d .  S a n d  c o n s is ts  o f  i n d iv id u a l  g r a in s  w h ic h  m ay  b e  r e g a r d e d  

as  a lm o s t r i g i d  b o d ie s  p r e s s in g  a g a in s t  e a ch  o th e r  in  p o in t  

c o n ta c t .  I t  is  c o n v e n ie n t to  t r e a t  th e  c u m u la t iv e  e f fe c t  o f  

th e se  in te r a c t in g  c o n ta c ts  a s  th e  b e h a v io u r  o f a c o n tin u u m  

w ith  a c o n s t i tu t iv e  la w ,  th e  s im p le s t  o f  w h ic h  is  t h a t  o f 

M o h r-C o u lo m b  f r i c t i o n .  On a p la n e  o f  l im i t i n g  s l ip

ta n  $ = T n/ o n  1.?

w h e re  6 Is  th e  e f fe c t iv e  a n g le  o f In te r n a l  f r i c t i o n  a n d  is  

u s u a l ly  -g re a te r  th a n  th e  a n g le  o f  re p o s e  e . Wa-ter.-, is ,..,

a n  in c o m p re s s ib le  f l u i d ,  w h e re a s  u s u a l ly  in  a b in  s a n d  

m u s t d i l a t e  to  s h e a r  a n d  f lo w .

In  a b f n  f lo w  m a y  e i t h e r  o c c u r  th ro u g h o u t  th e  m a s s , te rm ed  

m ass f l o w ,  o r  in  a zon e  o f  l im i t e d  w id th  a b o v e  th e  o p e n in g ,  

te rm e d  p ip in g ,  r a th o l ln g  o f  p lu g  f lo w .  M ass f lo w  Is  d e s ira b le  

f o r  a c o m p le te  tu rn o v e r  o f  m a te r ia l  'n  th e  b in ,  b u t  o f te n  

n o t p o s s ib le  b e ca u se  a v e r y  s te e p  h o p p e r  s e c t io n  is  n e c e s s a ry .

T o l i m i t  f lo w  p re s s u re s  p lu g  f lo w  is  som etim es e n s u re d  b y  

a n  in s e r t  in  th e  b ln  ^  .

T h is  d is s e r t a t io n  c o n c e n tra te s  o n  a s h a l lo w  b in  o f tw o -d im e n ­

s io n a l  s h a p e  w i th  r i g i d  s id e s  w h ic h  a re  e i th e r  v e r t ic a l  

o r  s lo p in g .  T he m a te r ia l u s e d  In  th e  te s ts  w as a u n ifo r m  

s iz e  s a n d .  The th e o r ie s  u se d  to  p r e d ic t  f i l l i n g  a n d  d is c h a r g e  

p re s s u re s  h a v e  been r e s t r ic t e d  to  th e  s im p le s t a v a i la b le .  

C h a p te r  2 g iv e s  d e ta i ls  o f  te s ts  on  th e  s a n d  use d  a n d  th e  

c o n s t r u c t io n  a n d  fu n c t io n  o f th e  m o d e l.

C h a p te r  3 g iv e s  th e  r e s u lt s  o f  te s ts  on b in s  o f tw o  s h a p e s . 

C h a p te r  4 g iv e s  th e o r ie s  f o r  s h a p e  1 a n d  c h a p te r  5 g iv e s  

th e o r ie s  fo r  s h a p e  2 . In  c h a p te r  6 th e o re t ic a l  a n d  e x p e r im e n ­

ta l r e s u lt s  a re  co m p a re d . T h e  f i n a l  c h a p te r ,  7 , d is c u s s e s  

th e  r e s u lt s  a n d  g iv e s  c o n c lu s io n s  a n d  s u g g e s tio n s  fo r  f u r t h e r  

in v e s t ig a t io n .



j a n g le  o f repose

F ig u r e  1 .8  F lo w  cea ses  a t  a n g le  o f  re p o se  

1 .3  S u rv e y  o f  p a s t  w o rk

D e a lin g  w i th  s h a l lo w  b in s  K e tch um  s ta te s  th a t  " t h e

p ro b le m s  o f  th e  c a lc u la t io n  o f  th e  p re s s u re s  on  b ln  w a l ls  Is  

th e  sam e a s  th e  p ro b le m  o f  th e  c a lc u la t io n  o f  p re s s u re s  on

r e ta in in g  w a l l s " .  Deep b in s  a r e  c a lc u la te d  b y  J a n s s e n 's  ^

o r  A i r y ' s  ^  fo rm u la  w h ic h  g iv e  s im i la r  r e s u lt s .  K e tchum  

d e v o te s  a c h a p te r  to  e x p e r im e n ts  on d e e p  b in s .  He c o n c lu d e s  

th a t  th e  p re s s u re s  fro m  m o v in g  g r a in  a re  v e r y  s l i g h t l y  

g r e a te r  th a n  th e  p r e s s u r e  o f  g r a in  a t  r e s t  ( iO  p e r  c e n t

m a x im u m ). T he  p o in t s  a t  w h ic h  la te r a l  p re s s u re s  w e re  

m e a su re d  w ere  fe w .  O fte n  p re s s u re s  w e re  m e a s u re d  o n ly  a t  one 

p o in t  a n d  th a t  p o in t ,  w he n  i t s  lo c a t io n  w a s  g iv e n ,  w a s  n e a r  

th e  b o tto m  w h e re  th e r e  is  a d ro p  in  p re s s u re  a t  d is c h a r g e  

a n y w a y .  W hen a la r g e  In c re a s e  in  la te r a l  p r e s s u r e  w i th

d is c h a r g e  w as  m e a s u re d  i t  w a s  p u t  dow n to  a n  e c c e n t r ic  

o p e n in g . K e tchum  s ta te s  th a t  In  one te s t b y  B o ve y  s u d d e n

s to p p a g e  p ro d u c e d  n o  a p p r e c ia b le  e f fe c t .  T h is  s u p p o r ts  th e  

th e o ry  th a t  a c c e le r a t io n  fo rc e s  a re  n e g l ig ib le .

B o o th  ^  d e v e lo p e d  a n  In g e n io u s  th e o ry  f o r  th e  p re s s u re s  

w i t h in  a tw o d im e n s io n a l p i l e  o f g r a n u la r  m a te r ia l .  He 

v e r i f ie d  h is  th e o ry  w i t h  c a r e fu l  m e a su re m e n ts  on th e  b a s e  o f a 

p i l e .  He c o n te n d s  t h a t  th e  R a n k in e  a n d  w ed ge  th e o r ie s  o f



p re s s u r e  a re  d i f f i c u l t  to  a p p ly  in  some case s  o f b ln

p r e s s u r e s .  In  h is  m e th od  th e  b in  is  s u p e r im p o s e d  on th e  p i l e  

a s  sh o w n  b y  th e  d o tte d  l in e  In  F ig .  1..9. T he f r i c t i o n  on th e

s id e s  w i l l  p r o v id e  th e  m a jo r  d if f e r e n c e  f ro m  c o n d it io n s  in  a

F ig u r e  1 .9  B o o th 's  p i l e  th e o ry

p i l e ,  b u t  B o o th  c la im s  th a t  f o r  a  s h a l lo w  b in  t h is  is  o f 

m in o r  Im p o rta n c e . A s  h o r iz o n ta l  p r e s s u r e s  on th e  c e n tr e l in e  

o f  th e  p i l e  a re  th e  f ta n k fn e  a c t iv e  p r e s s u r e s ,  B o o th 's  a n a ly s is  

p r o v id e s  an  a p p r o x im a t io n  to  th e  f i l l i n g  c a s e . A s  he p o in ts  o u t, 

h is  a n a ly s is  r e s u lt s  In  e q u i l ib r iu m  b e in g  s a t is f ie d  In  a l l

r e s p e c ts .  In  B o o th 's  a n a ly s is ,  p r e s s u r e  In c re a s e s  In  d i r e c t  

p r o p o r t io n  to  th e  d is ta n c e  f ro m  th e  a p e x  o f th e  p i l e .  T h is  

m ay  be  th o u g h t o f  as  a ty p e  o f " r a d i a l  s tre s s  f i e ld "  to

be m e n tio n e d  la t e r .  An a n a ly s is  a p p e a r in g  in  th e  bo ok

b y  N a d a i ^  p ro d u c e s  s im i la r  r e s u lt s  to  B o o th 's  a n d  a ls o

r e s u lt s  fo r  th e  case  o f a t r o u g h  sh o w n  In  F i g . 1 .1 0 . An

a n a ly s is  o f a p i l e  b a s e d  on  a re p la c e m e n t f r a m e w o r k  

p ro d u c e s  r e s u lt s  g e n e r a l ly  In  a g re e m e n t w i th  B o o th 's  th e o ry .

B r id g e s  ^ ^  g iv e s  th e  R a n k in e  m e th o d  f o r  s h a l lo w  b in s  an d  

J a n s s e n 's  a n d  A i r y ' s  m e th o d  f o r  deep b in s .  An in te r e s t in g  

com m ent In  th e  d is c u s s io n  b y  S q u ir e  ^ ^  p o in ts  o u t th a t  the 

m e th od  m ay  r e s u lt  in  th e  c o e f f ic ie n t  o f  f r i c t i o n  on th e  w a i ls  

b e in g  e xce e d e d , In  w h ic h  c a s e  a n  a d ju s tm e n t is  re q u ir e d  

w h ic h  c o u ld  p r o d u c t  c o n s id e ra b le  in c re a s e  in  la te r a l  p r e s s u re . 

R o g e rs  a p p l ie s  C o u lo m b 's  th e o ry  (w e d g e  th e o ry )  to
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s h a llo w  b in s  w ith  o r  w i th o u t  w a l l  f r i c t i o n  a n d  J a n s s e n 's  

th e o ry  to  deep b in s .  He a ls o  a p p l ie s  J a n s s e n ’ s th e o ry  to  a 

s te e p ly  In c lin e d  h o p p e r  w i t h  In te r e s t in g  r e s u lt s ,  F ig .  1.11 

T h e  n o rm a l a n d  h o r iz o n t a l  p re s s u re s  re d u c e  to w a r d s  th e  

b o tto m . T h is  Is  a c h ie v e d  b y  u s in g  a d i f f e r e n t  h y d r a u l i c  

r a d iu s  a t e a ch  le v e l .  H is  a n a ly s is  is  th u s  l in k e d  to  W a lk e r 's

F ig u re  1 .1 0  N a d a l 's  a n a ly s is  o f  a tro u g h

B
F ig u re  1.11 R o g e r 's  a p p l ic a t io n  o f J a n s s e n 's  th e o ry

Z a k r e w s k i ^  ^  g iv e s  e m p ir ic a l  fa c to r s  f o r  In c re a s e  In 

la te r a l  p re s s u re s  d u r in g  f lo w ,  b a se d  on R u s s ia n  re s e a r c h  In 

1939. He e x p la in s  th e  In c re a s e  a s  th e  a c t io n  o f a w edge 

s h a p e d  c o re  m o v in g  d o w n w a rd s , F ig .  1 .1 2 .



* wedge
* action

F ig u r e  1 .1 2  Z a k r e w s k l 's  e x p la n a t io n  o f f lo w  p re s s u re s

J e n ik e 's  r e p o r t ,  G r a v i t y  F lo w  o f t i u l k  S o lid s ^ l 6 h s  a n  im p o r ta n t 

a d v a n c e  in  th e  f i e l d  o f  b ln  b e h a v io u r .  T h e re  is  v e r y  l i t t l e  

e x p e r im e n ta l w o rk  re p o r te d ,  b u t  a n  o r g a n iz e d  a t te m p t is  

m ade to  a p p ly  th e  m e th od s  o f  p l a s t i c i t y  to  th e  f lo w  c o n d i t io n .  

E q u a t io n s  f o r  s tre s s e s  a r e  d e v e lo p e d  a f t e r  S o k o lo v s k i 

In  a d d i t io n  th e  s t r e s s  f i e l d  Is  l in k e d  to  th e  v e lo c i t y  f i e l d .  

J e n lk e 's ^ 16  ̂ m a jo r  a c h ie v e m e n t is  th e  d e f in i t io n  o f  th e  R a d ia l 

s t r e s s  . f i e l d ,  s im i la r  to  th o se  m e n tio n e d  a b o v e  ^ b u t  

c e n tre d  a t  th e  o u t le t .  T he  Im p o rta n c e  o f  th e  r a d ia l  Ijs tress 

f i e l d  is  th a t  i t  g o v e rn s  a t  th e  o u t le t  o f  a  c o n v e r g in g  c h a n n e l 

d u r in g  d is c h a r g e ,  re g a r d le s s  o f w h a t  h a p p e n s  a t  th e  s u r fa c e . 

Jen Ik e  c o n c e n tra te s  m ore o n  c o n d i t io n s  fo r  f lo w  Ih p n  on 

w a l l  p r e s s u r e s .  G ra p h s  p ro d u c e d  b y  co m p u te r  f o r  p re s s u re s  

In  r a d ia l  s t r e s s  f ie ld s  a re  g iv e n .  T he a n a ly s is  a l l o t s  fo r  

in te r n a l  f r i c t i o n ,  f r i c t i o n  on  th e  c h a n n e l w a l l  a n d  w a ll

08)
Joh an son  a n d  J e n lk e  e x te n d  th e  w o rk  o f  re fe re n c e  /

(1 6 ) .  T h e  m e th o d  o f c a lc u la t in g  th e  r a d ia l  s tre s s  t f i e ld '  

Is  e x p la in e d  In  d e ta i l  a n d  th e  m e th o d  o f  c h a r a c te r is t ic s  

Is  s e t o u t  f o r  th e  n u m e r ic a l c a lc u la t io n  o f s tre s s  a n d  v e lo c i ty  

f i e ld s .  D ia g ra m s  a r e  g iv e n  F ig .  1 .1 3 ,  s h o w in g  s tre s s  in  a 

c o n v e r g in g  c h a n n e l b u t w i th o u t  a n y  s c a le . T he se  r e s u lt s



f . r e  n o t co m p a re d  \V ith  te s ts ,  t h a  te s ts  re p o r te d  w e re  

o b s e r v a t io n s  o f f lo w  p a t t e r n s  th ro u g h  g la s s - w a lle d  tw o  

d im e n s io n a l b u n k e rs  a n d  o f  s e c t io n e d  a x is y m m e tr lc  c o n e s . 

A u s e fu l fe a tu r e  o f r e fe re n c e s  (1 6 )  a n d  (1 6 )  is  th a t  

th e  th e o ry  Is  d e v e lo p e d  b o th  f o r  p la n e  s t r a in  a n d  a x ia l  

s y m m e try .

y, 07*

F ig u r e  1 .1 3  D is c h a rg e  w a l l  s tre s s e s  a c c o rd in g  to  Joh a n so n

T u r f t z i n ^  s u m m a riz e s  th e  r e s u H s  o f  F re n c h  a n d  R u s s ia n  

te s ts  on s i lo s .  E m p ty in g  p r e s s u r e s  w e re  u p  to  2 ,4  t im e s

p re s s u re s  fro m  J a n s s e n ’ s th e o ry .  F i l l i n g  p re s s u re s  a g re e d  

r e a s o n a b ly  w i t h  J a n s s e n 's  th e o ry .  P re s s u re s  wei e fo u n d  

to  v a r y  a  lo t  w i th  lim e  d u r in g  e m p ty in g .

N a d a i ^ a d o p t s  a p la s t i c i t y  a p p ro a c h  to  th e  a n a ly s is  o f  " lo o s e  

a n d  g e n e r a l ly  p la s t ic  s u b s ta n c e s "  a n d  g iv e s  r e s u lt s  p ro d u c e d  

b y  H a rtm a n n  In  an  u n p u b l is h e d  d o c to ra l th e s is .  Tw o v 6 r y  

In te r e s t in g  d ia g ra m s  d u e  to  H a r tm a n n  a re  sh o w n  In  F ig .

1 .1 4  In d ic a t in g  th e  s l i p  l in e s  In  g r a n u la r  m a te r ia l  b e tw ee n  

r o u g h  c o n v e rg in g  w a i ls  th a t  m ove In  o r  o u t .  T h is  show s

th e  e q u iv a le n c e  o f f i l l i n g  to  o u tw a r d  m ovem ent o f  th e  w a l ls  

a n d  o f d is c h a r g e  to  th e  In w a r d  m ovem ent o f  th e  w a l ls .

T h e  G erm an code f o r  lo a d s  In  s i lo  b in s  ^   ̂ d i f f e r e n t ia t e s

b e tw ee n  f i l l i n g  a n d  e m p ty in g  p re s s u re s . T h e  r a t i o  o f 

la te r a l  to  v e r t ic a l  p r e s s u r e  Is  to  be ta k e n  a s  0 ,5  fo r  

f i l l i n g  a n d  1 ,0  fo r  e m p ty in g .  T he l a t t e r  does n o t Im p ly



1-13

f l u i d  p re s s u r e ,  fo r  u n l ik e  a f l u i d  w a l l  f r i c t i o n  d e te rm in e s  the 

l im i t i n g  h o r iz o n ta l  p re s s u re  a t I n f i n i t e  d e p th .  T h e  d if fe r e n c e  

be tw e e n  e m p ty in g  a n d  f i l l i n g  h o r iz o n ta l  p re s s u re s  r e s u lt s  from  

th e  d e f in e d  w a l l  f r i c t i o n  a n g le s . T h is  r e s u lt s  in  a r a t i o  o f

1 ,2 8  fo r  g r a n u la r  m a te r ia ls  w i th  a n  in te r n a l  f r i c t i o n  a n g le  o f 

34° a n d  1 ,0  f o r  p o w d e ry  f i l l i n g  m a te r ia l ,  th e se  v a lu e s  a re  

le s s  th a n  th o se  re p o r te d  b y  T u r l t z ln  ^  .

In w a r d  w a l l  m ovem ent O u tw a rd  w a l l  m ovem ent

F ig u r e  1 .1 4  H a r tm a n n 's  a n a ly s is  o f  r o u g h  c o n v e r g in g  

c h a n n e ls

K v a p i l  o b s e rv e s  th e  f lo w  o f m a te r ia l  fro m  a a b ln  an d

d e f in e s  th e  m a in  a c t iv e  zon e  a s  a p p r o x im a te ly  a n  e l l ip s e .

L ig h t f o o t  m e a s u re s  p re s s u re s  In  a p o w e r  s ta t io n  coa l

b u n k e r  d u r in g  f i l l i n g  o n ly .  T he r e s u lt s  a r e  in  f a i r  a g re e m e n t 

w i th  th e  R a n k ln e  p re s s u re s .

W a lk e r  ^ ^  d e r iv e s  a th e o ry  fo r  f i l l i n g  o f a c o n ic a l h o p p e r 

o r  p la n e  h o p p e r  w i t h  s lo p in g  s id e s  b y  Ig n o r in g  s h e a r  on 

v e r t ic a l  p la n e s .  He d e te rm in e s  th e  h o r iz o n ta l  p re s s u r e  so th a t 

fo r  a t r i a n g u la r  e le m e n t a t  th e  w a l l  th e  c o r r e c t  w a l l  f r i c t i o n  

a n g le  Is  s a t is f ie d .  F o r  th e  d is c h a r g e  ca se  th e  v e r t ic a l  

e q u i l ib r iu m  o f a h o r iz o n ta l  s l ic e  is  c o n s id e re d .



f l u i d  p r e s s u r e ,  fo r  u n l ik e  a f l u i d  w a l l  f r i c t i o n  d e te rm in e s  th e  

l im i t i n g  h o r iz o n ta l  p re s s u re  a t i n f i n i t e  d e p th .  T h e  d if fe re n c e  

be tw ee n  e m p ty in g  a n d  f i l l i n g  h o r iz o n ta l  p re s s u re s  r e s u lt s  from  

th e  d e f in e d  w a l l  f r i c t i o n  a n g le s .  T h is  r e s u lt s  In  a r a t i o  o f

1 ,2 8  f o r  g r a n u la r  m a te r ia ls  w i th  a n  In te r n a l  f r i c t i o n  a n g le  o f 

34 " a n d  1 ,0  f o r  "p o w d e ry  f i l l i n g  m a te r ia l ,  th e s e  v a lu e s  a re  

le ss  th a n  th ose  r e p o r te d  b y  T u r l t z in  ^  .

. In w a r d  w a l l  m ovem ent O u tw a rd  w a i l  m ovem ent

F ig u r e  1 .1 4  H a r tm a n n 's  a n a ly s is  o f  ro u g h  c o n v e r g in g  

c h a n n e ls

K v a p il  o b s e rv e s  th e  f lo w  o f  m a te r ia l  fro m  a a b in  an d

d e f in e s  th e  m a in  a c t iv e  zone a s  a p p r o x im a te ly  a n  e l l ip s e .

L lg h t f o o t  m e a su re s  p re s s u re s  In a p o w e r  s ta t io n  coa l

b u n k e r  d u r in g  f i l l i n g  o n ly .  T h e  r e s u lt s  a r e  in  f a i r  a g re e m e n t 

w i th  th e  R a n k in e  p re s s u re s .

W a lk e r  d e r iv e s  a th e o ry  f o r  f i l l i n g  o f  a c o n ic a l h o p p e r

o r  p la n e  h o p p e r  w i th  s lo p in g  s id e s  b y  ig n o r in g  s h e a r  on

v e r t ic a l  p la n e s .  He d e te rm in e s  th e  h o r iz o n ta l  p re s s u r e  so th a t 

f o r  a t r i a n g u la r  e le m e n t a t  th e  w a l l  th e  c o r r e c t  w a i l  f r i c t i o n

a n g le  is  s a t is f ie d .  F o r  th e  d is c h a r g e  ca se  th e  v e r t ic a l

e q u i l ib r iu m  o f a h o r iz o n ta l  s l ic e  is  c o n s id e re d .



T h e  a n a ly s is  is  s im i la r  to  J a n s s e n 's  e x c e p t th a t  th e re

Is  a  c o n v e r g in g  c h a n n e l.  T he v a r ia t io n  In  v e r t ic a l  s tre s s  

o v e r  th e  e le m e n t Is  a l lo w e d  fo r  b y  a fa c to r  D w h e re  th e  

v e r t i c a l  s tre s s  a t  w a l l  = D x  a v e ra g e  v e r t ic a l  s tre s s  , D Is  

a p p ro x im a te d  a s  1 . T he w a l l  p re s s u r e  th u s  o b ta in e d

s a t is f ie s  th e  c o n d it io n  th a t  I t  m u s t be  z e ro  a t th e  to p

a n d  b o tto m . M a te r ia l In  a s u c t io n  w i th  v e r t i c a l  s id e s  

a b o v e  fh e  h o p p e r  Ss t r e a te d  a s  a  s u r c h a r g e .  He sh o w s  

te s t r e s u lt s  lh a t  a g re e  w e ll w i t h  h is  th e o ry  fo r  a s teep

s id e d  c o n e . T h e  s te e p e r th e  to n e  th e  m ore n e a r ly  c o n s ta n t

th e  fa c to r  0  w i l l  b e . He a ls o  c o n s id e rs  th e  c o n d it io n s  

u n d e r  w h ic h  a rc h e s  w o u ld  fo rm  to  p r e v e n t  f lo w .  A  s e r ie s  

o f  te s ts  on  p y r a m id a l  a n d  c o n ic a l h o p p e r s ^  w e re  use d  

to  co m p a re  w i th  W a lk e r 's  th e o ry .  H o p p e r h a l f  a n g le s

to  v e r t ic a l  o f  3®, 15* a n d  30° w e re  u s e d . T he m a te r ia l

w a s  f i n e  c o a l w i t h  a n  I n te r n a l  f r l c t l o r  a n g le  o f  41 * 

a n d  a w a f f  f r f e t f a n  a n g le  o f  16* on  s ta fn fe s s  steeZ . R ou gh  

w a l ls  w e re  a ls o  te s te d . A s e r ie s  o f d ia p h ra g m  e le c t r ic a l

t r a n s d u c e r s  w e re  use d  to  m e a s u re  n o rm a l p re s s u r e .  A

w a te r  f i l l e d  f o o tb a l l  b la d d e r  w a s  u se d  to  m e a s u re  In te r n a l

p re s s u re s . D u r in g  d is c h a r g e  r a p id  o s c i l la t io n s  a b o u t 

a m ean le v e l w e re  re c o rd e d  fo r  th e  15® h o p p e rs . D ra s t ic  

p re s s u r e  c h a n g e s  w ere  re c o rd e d  as  d is c h a r g e  s ta r t e d .  

A  g a u g e  n e a r  th e  h o p p e r  m o u th  w o u ld  sho w  a d ro p  

In  p re s s u re  a n d  one h ig h e r  u p  an  In c re a s e , No s w itc h  

p re s s u r e  o r  m o v in g  p o in t  lo a d  w as  d e te c te d . In te r n a l  

p re s s u r e  m e a su re m e n ts  n e a r  th e  o u t le t  show ed a r a p id  

d e c re a s e  w i th  d is c h a r g e .  . F o r  th e  30® h o p p e r  f lu c t u a t io n s  

t iw a y  fro m  th e  o u t le t  w e re  a lm o s t a b s e n t,  s u g g e s t in g

s ta t io n a r y  m a te r ia l  a t  th e  w a l l .  I n i t i a l  p re s s u re s  show ed 

a l in e a r  p re s s u re  In c re a s e  w i th  d e p th  th e n  a r e d u c t io n

n e a r  th e  b o tto m , F ig .  1 .1 5 . A t d is c h a r g e  th e  p e a k  

m oved up  a n d  th e  p re s s u r e  n e a r  th e  o u t le t  d ro p p e d . 

A g re e m e n t b e tw ee n  th e o ry  a n d  e x p e r im e n t w as  b e t te r

fo r  th e  15° th a n  fo r  th e  30° h o p p e r .

I t  w a s  fo u n d  th a t  th e  f lo w  p re s s u r e  w as  In d e p e n d e n t 

o f  th e  r a te  o / f lo w ,  e ve n  i f  th e  f lo w  w as  s to p p e d , th u s



c o n f ir m in g  th e  s m a ll p a r t  p la y e d  b y  a c c e le r a t io n  fo rc e s .

^ Is c h o rg e

f il l in g

norm al p re ssu re

F ig u re  1 .1 5  W a lk e r  a n d  B la n c h a r d ' s  te s ts  

( 22)
J e n ik e  a n d  Joh a n so n  In  a p a p e r  on b ln  lo a d s  c a lc u la te  

th e  I n i t i a l  p re s s u re  In  a  h o p p e r  u s in g  e la s t i c i t y  th e o ry .  

T h is  th e o ry  sho w s a  r e d u c t io n  n e a r  th e  b o tto m  a s  m e a su re d  

b y  W a lk e r  a n d  B la n c h a r d .  F o r  d is c h a r g e  a r a d ia l  s tre s s  

f i e ld  w i th  l in e a r  r e d u c t io n  to  z e ro  a t th e  to p  Is  p ro p o s e d , 

F i g .  1 .1 6 , W ith o u t e x p e r im e n ta l v e r i f i c a t io n  a “ s w itc h "  

p re s s u re  Is  p ro p o s e d , w h ic h  Is  a l in e  lo a d  n e c e s s a ry

to  m a in ta in  e q u i l ib r iu m  a t  th e  le v e l b e lo w  w h ic h  d is c h a rg e  

p re s s u re s  h a v e  s ta r t e d  a n d  a b o ve  w h ic h  f i l l i n g  p re s s u re s  

e x is t ,  F ig .  1 .1 7 . I t  Is  a ls o  s ta te d  th a t  I n e r t ia  fo rc e s  

a re  n e g l ig ib le .

P la to n o v  a n d  I v a n o v ^  d e v e lo p  m ore  r ig o r o u s ly  th a n  Jan ssen  

a th e o ry  f o r  a de ep  c y l i n d r i c a l  b ln  w h ic h  r e la t e s  m ore 

to  th e  d is c h a r g e  c a s e . T h e  e x p re s s io n  fo r  la te r a l  p re s s u re  

Is  s im i la r  to  J a n s s e n 's  b u t  th e  v a lu e s  a re  a lm o s t 50% 

g r e a te r .

M ro z  a n d  D r e s c h e r ^  a p p ly  an  In g e n io u s  k in e m a t ic  a p p ro a c h  

to  a b ln ,  w i th  a c y l i n d r i c a l  p a r t  a n d  a c o n v e r g in g

h o p p e r .  T he m e th od  Is  a n a lo g o u s  to  th e  m e ch a n ism  m ethod

f a r  p la s t ic  c o l la p s e  o f  a  fra m e .  T he y  d e r iv e  fo rm u la s

fo r  b o th  p a r t s .  T h e  p re s s u r e  on th e  u p p e r  p a r t  ha s  

th e  sh a p e  o f th e  J a n sse n  p re s s u re  a n d  on  th e  lo w e r  p a r t  

o f  th e  r a d ia l  s tre s s  f i e ld .



P ie p e r  c o n d u c te d  te s ts  to  c h e ck  D IN  1055 . He show ed

th a t  f o r  th e  Jan sse n  fo rm u la  th e re  c a n  be  no  s c a le  e f fe c t .  

He c o n c lu d e s  th a t  D IN  1055 Is  a d e q u a te  th o u g h  n o t c o r re c t 

In  s ' l  a s p e c ts .

--lines o f m a jo r pressure—7

fillin g em ptying

F ig u r e  1 .1 6  Jen Ik e  a n d  J o h a n s e n 's  f i l l i n g  a n d  e m p ty in g

p re s s u re s

F ig u r e  1 .1 7

switch

T h e  s w itc h  p re s s u re

D eu tsch  a n d  S ch m id t
(26)

p re s s u re s  up  to  fo u r  t im e s  th e  Jan sse n  
(23), (25)

m ore th a n  o th e rs  •

fo u n d  e x tre m e  v a lu e s  o f  d is c h a rg e  

5, c o n s id e ra b ly

J e n lk e , Joh a n so n  a n d  C a rs o n  In  th re e  p a p e rs  on b ln  

lo a d s  to  fo llo w  up  p r e v io u s  p a p e rs  ^  m ake  use o f e n e rg y  

c o n c e p ts  to  p ro d u c e  a lo c u s  o f p re s s u r e  p e a k s  based  

on s t r a in  e n e r g y .  I f  th e  c y l i n d r i c a l  p a r t  d iv e rg e s  s l i g h t l y



fro m  to p  to  bo tto m  (1 o r  2 d e g re e s )  th e n  th e  p re s s u re s

a r e  c lo s e  to  th e  Ja n ssen  v a lu e s  d u r in g  d is c h a r g e ,

b u t  i f  th e re  e re  le d g e s  o r  s l i g h t  c o n v e rg e n c e  th e  p re s s u re  

p e a k s  a re  c o n s id e ra b ly  a b o v e  Ja n ssen  b u t  le s s  th a n  

th e  s t r a in  e n e rg y  l in e .

W a l t e r s ^ ' ^  a n d  W a lte rs  a n d  C la ^  ie  ^  e x te n d  th e  w o rk  

o f  W a lk e r  ^  . T h e y  c a lc u la te  th e  v a lu e  o f D w h ic h  

r e la t e s  th e  w a ll  s tre s s  to  th e  a v e ra g e  v e r t ic a l  s tre s s  

b y  a s s u m in g  th a t  th e  s h e a r  s t r e s s  v a r ie s  l l n e r n y

fro m  z e ro  to  th e  v a lu e  a t  th e  w a l l .  D v a lu e s  fo r  f i l l i n g  

a r e  e i th e r  le ss  th a n  o r  e q u a l to  1 . A t  d is c h a r g e  f o r  

p r a c t ic a l  w a l l  f r i c t i o n  a n g le s ,  v a lu e s  o f  D c a n  be 

a s  h ig h  a s  2 . F o r  n o rm a l c o m b in a t io n s  o f 6 a n d  0  w i l l  

b e  a b o u t 1 ,4 . in  th e  p a r a l l e l  w a lle d  p a r t  t h is  le a d s

to  h ig h e r  s tre s s e s  th a n  Ja n s s e n  fo r  s m a fl d e p th s  a n d  

J a n s s e n 's  s tre s s e s  fo r  la r g e  d e p th s . F o r  a c o n v e r g in g  

h o p r  '  w ith  no s u r c h a r g e  W a lte r s  o b ta in s  th e  n o rm a l 

w a l l  s t r e s s  sho w n  in  F ig -  1 .1 8  f o r  a case  w i th  h a l f  a n g le  

o f  4 °  ( ie  a v e r y  s te ep  h o p p e r ) .  N ote th a t  th e  a re a s  u n d e r  

th e  f i l l i n g  a n d  e m p ty in g  c u r v e s  a r e  n o t e q u a l.  I t  ts  show n 

in  A p p e n d ix  E th a t  f o r  D  v a lu e s  o th e r  th a n  1 , th e re  ca n  

be  no. v e r t ic a l  e q u i l ib r iu m .

(dynamic

F ig u r e  1 .1 8  W a lte r s ' n o rm a l w a l l  s tre s s  fo r  
6 = 50* , $ '= 2 5 *  a n d  a = 4°



B l a i r  - K is h  a n d  flra n a > i.y   ̂  ̂r e p o r t  on  f lo w  p a t te r n s  .

a n d  w a l l  s tre s s e s  m e a s u re d  s im u lta n e o u s ly  In  a b u n k e r .  

T hese a re  p r o b a b ly  th e  b e s t a n d  m os t c o m p le te  m e a su re m e n ts  

ta k e n  up  to  t h is  t im e . Some o f  th e  r e s u lt s  a r e  show n 

in  F ig .  1 . 1 9 : .

hear stres
norma/ stre

I K N /m 2

loured but a fte r 1st a fter 2nd a fte r 3 rd
jndisplaced increm ent increm ent increm ent

of discharge

F ig u r e  1 .1 9  R e s u lts  sh o w n  b y  B la i r - F is h  a n d  B ra n s b y

T h e re  is  a m a rk e d  c h a n g e  f ro m  f i l l i n g  to  d is c h a r g e .  

D u r in g  d is c h a r g e  zon es  o f  In te n s e  s h e a r in g  fo rm , m ove 

do w n  a n d  th e n  r e - fo r m  a n d  p re s s u r e  p e a k s  fo rm  a n d  

d ie  a w a y  w i t h  th em . B r a n s b y ,  B la i r - F is h  a n d  J a m e s ^  de ­

te rm in e d  d is p la c e m e n t f i e ld s  a n d  d i r e c t io n s  o f  m a jo r  

c o m p re s s iv e  s t r a in  d u r in g  f lo w  fro m  th e  m ovem ent o f  

le a d  m a r k e r s ,  F ig .  1 .2 0  : •

D is p la c e m e n t f ie ld s  

( fro m  re fe re n c e  (3 3 ))

D ire c t io n s  o f m a jo r  

c o m p re s s iv e  s t r a in



B ra n s .b y  a n d  B la i r - F is h  e x a m in e  th e  re g io n  w he re

v e r t ic a l  w a l l  a n d  h o p p e r  m ee t. P r e d ic t io n s  f o r  r a t io s  

be tw ee n  w a l l  s t r e s s  a b o ve  a n d  b e lo w  a r e  h ig h e r  th a n  

m e a s u re d . B r a n s b y  a n d  B la i r - F is h  d e v e lo p  e x p re s s io n s

fo r  d is p la c e m e n ts  a n d  s t r a in s  In  a h o p p e r  th a t  a g re e  

w i th  o b s e r v a t io n s .  T hese c o u ld  be  u s e fu l In  c a lc u la t in g  

s t r a in  s ta te s .  D re s c h e r , C ouzens a n d  B ra n s b y  ^  d e f in e  

v e lo c i t y  f i e ld s  to  a g re e  w i th  te s t r e s u lt s  f o r  a p la n e  

h o p p e r .

F o l lo w in g  on, th e  w o rk  o f  W a l t e r s ^ 7]  A r n o ld  a n d  M cL e a n ^ 37  ̂

h a v e  p ro d u c e d  a  c lo s e d  fo rm  s o lu t io n  f o r  th e  r a d ia l

s tre s s  f i e ld  t h a t  co m p a re s  w e ll  w i th  th e  n u m e r ic a l 

r e s u lt s  o b ta in e d  b y  J e n ik e

H o rn e  a rtd  N e d d e rm a n n  ^38^ 39  ̂ f i n d  th e  p re s s u re s  In  a 

p a r a l l e l  s id e d  b in  a n d  In  a  h o p p e r  Z-'y th e  m ethod

o f c h a r a c te r is t ic s  f o r  b o th  f i l l i n g  a n d  fc r ip ty ln g  ca se s . 

In  b o th  case s  th e  r e s u lt s  a r e  n o t sm oo th  b u t " o s c i l la te

a lo n g  th e  w a l l .  In  th e  p a r a l l e l  s id e d  b ln  th e  r e s u lt s

o s c i l la t e  a b o u t th e  Ja n ssen  s o lu t io n  a n d  in  th e  h o p p e r

th e  w a l l  p r e s s u r e  o s c i l la t e s  a b o u t th e  r a d ia l  s tre s s

f ie ld  to w a rd s  th e  o u t le t .

H M u s s le r  a n d  E ib l  h a v e  a p p l ie d  th e  f i n i t e  e lem ent 

m e th o d  to  a  d e e p  b in .  T h e y  a n a ly s e  th e  f i l l i n g  s ta te  

a n d  th e  t r a n s i t i o n  to  a d is c h a r g e  s ta te .  P o s s ib ly  th e

b e s t a v a i la b le  c o n s t i t u t iv e  la w  ^ ^  h a s  been u se d  a n d  

la r g e  d is p la c e m e n ts  h a v e  been a l lo w e d  f o r .  B o th  45° 

a n d  15° h a l f  a n g le  h o p p e rs  w e re  a n a ly s e d .  F i l l i n g  

c o n d i t io n s  c o m p a re  re a s o n a b ly  w e ll  w i t h  te s t r e s u lt s .  

E m p ty in g  p r e s s u r e s  a r e  sh o w n  b u t  n o t co m p a re d  w ith

te s t r e s u lt s .  I t  is  In te r e s t in g  to  n o te  th a t  th e re  Is

a s te a d y  t r a n s i t i o n  fro m  f i l l i n g  to  e m p ty in g  w i th  tim e

w ith o u t  a n y  s w itc h  p re s s u re s  m o v in g  a lo n g  th e  b ln ,  

a lth o u g h  th e  p e a k  p re s s u re s  a t th e  t r a n s i t io n  a re

lo o s e ly  r e fe r r e d  to  as s w itc h  p re s s u re s .



B l ig h t  h a s  m e a s u re d  p re s s u re s  on th e  w a l l s  o f  f u l l

s iz e  s i lo s .  He p lo ts  p re s s u re s  a g a in s t  c a lc u la te d  o v e r b u rd e n .  

T he p re s s u re s  a r e  h o t g iv e n  a s  th e  v a r ia t io n  u p  th e  w a ll  

a t  a g iv e n  In s ta n t ,  p re s u m a b ly  b e ca u se  a l im i te d  n u m b e r 

o f c e l ls  w e re  use d  n e a r  th e  b o tto m . In s te a d  p r e s s u r e s  a re  

p lo t te d  a g a in s t  c a lc u la te d  o v e rb u rd e n  p re s s u r e  e q u a l to 

d e p th  tim es  d e n s i ty .  T h u s  ch a n g e s  b e tw e e n  f i l l i n g  a n d  

e m p ty in g  In  a n  I n d iv id u a l  te s t a re  n o t s h o w n . In s te a d  

a n  e n v e lo p e  o f  f i l l i n g  o r  e m p ty in g  p re s s u r e  Is  o b ta in e d .  

In  some te s ts ,  r e a d in g s  w e re  ta k e n  to  f i t  in  w i t h  o p e r a t io n a l  

c o n d it io n  o f p a r t i a l  e m p ty in g  fo llo w e d  b y  r e f i l l i n g .  He 

o b ta in e d  a la r g e  s c a t te r  a n d  fo u n d  l i t t l e  d i f f e r e n c e  be tw ee n 

f i l l i n g  a n d  e m p ty in g ,  h e  p ro p o s e d  a s im p le  c o n ta in in g  

e n v e lo p e

ow == Ko r e  1.1

fo r  a l l  p re s s u re s  w h e re  Ko is  th e  c o e f f ic ie n t  o f  e a r th  p re s ­

s u re  a t  r e s t .

In  t h is  s e c t io n  th e re  h a s  be en  a d is c u s s io n  o f  s e le c te d  

re fe re n c e s  f ro m  th e  m a n y  a v a i la b le ,  a s  a n  a t te m p t to  d e f in e  

a p a t te r n  o f  b ln  b e h a v io u r  e m e rg in g  fro m  th e  r e s u lt s  o f 

th e  th e o r ie s  a n d  e x p e r im e n ts  m e n tio n e d .

T h e re  seems to  be a c h a n g e  In  p re s s u r e  re g im e  be tw ee n 

f i l l i n g  a n d  e m p ty in g .  T h is  Is  du e  to  re d u c t io n  in  v e r t ic a l  

s u p p o r t  w hen o u t f lo w  s t a r t s .  A c h a n g e  In  d i r e c t io n  o f m a jo r  

p r in c ip a l  s tre s s  fro m  v e r t i c a l  to  h o r iz o n ta l  on  th e  c e n tr e l in e  

is  l i k e l y  to  o c c u r .  T h is  Is  c le a r ly  seen In  th e  c h a n g e  

In  sh a p e  o f a c a te n a r y  b u n k e r  w i t h  th e  s id e s  m o v in g  ou t 

a n d  th e  b o tto m  m o v in g  u p .  M ost b in s  h a v e  a  p a r a l l e l  s id e d  

se c t io n  fo llo w e d  b y  a c o n v e r g in g  s e c t io n . In  th e  p a r a l le l  

s id e d  s e c t io n  I f  deep e n o u g h , in  th e o ry  a l im i t i n g  n o rm a l 

p re s s u re  Is  re a c h e d



T h is  Is  th e  m axim um  p re s s u re  in  th e  Jan sen  th e o ry .  In  

th e o ry  th e  d i f f e r e n c e  In  e m p ty in g  v a lu e s  Is  th a t  t h is  p re s ­

s u re  Is  a p p ro a c h e d  n e a re r  th e  s u r fa c e  , F ig .  1 .2 1 ,

p r o v id e d  th a t  th e  w a l l  f r a c t io n  a n g le  re m a in s  c o n s ta n t .

%

FIG U R E K 2 1  P re s s u re s  In  a s i lo

(5)(25j(26)
M ost I n v e s t ig a to r s  fo u n d  g r e a te r  p re s s u re s  d u r in g

d is c h a r g e .  S im p le  e v id e n c e  l i k e  o p e n in g  u p  o f c r a c k s  up on

e m p ty in g  sho w s an  In c re a s e  In  p re s s u r e .

In  th e  c o n v e r g in g  p a r t  e m p ty in g  p re s s u re s  show  a de c re a se  

to w a rd s  th e  o u t le t  _ J e n lk e  a n d  W a lk e r^ 111) p r o ­

d u ce d  th e o r ie s  to  accom m oda te  t h is .  P re s s u re  v a r ia t io n s  

w i th  t im e  d u r in g  e m p ty in g  w e re  fo u n d  to  o c c u r .  T he se w ere

n o t fo u n d  to  be du e  to  a c c e le r a t io n  e f fe c t s .  T he l i k e ly



1-22

e x p la n a t io n  is  g iv e n  b y  th e  r e s u lt s  o f  B ra n s b y  a n d  B l a l r -  

F l s h ^ 36* , F ig ,  1 ,1 9 , w h e re  x - r a y  a n a ly s is  sho w ed  p re s s u re s  

to  v a r y  w i th  th e  fo rm a t io n  o f a s y m m e tr ic  s h e a r in g  zo n e s . 

Some o f th e  p re s s u re s  w e re  m e a su re d  on f u l l  s iz e  b in s  

o r  s i lo s  b u t  m ost w ere  m e a s u re d  on  m o d e ls  a n d  th e r e  is  

some d o u b t w h e th e r  th e  b e h a v io u r  o f  a g r a n u la r  m a te r ia l  

Is  g o v e rn e d  b y  th e  sam e ty p e  o f s tre s s  re g im e  In  a m od e l 

'a s  In  a  l a r g e r  b ln .

In  a p p ly in g  m ore s o p h is t ic a te d  m e th od s  o f a n a ly s is  th e  

l im i t  s tre s s  on  b lo c k s  ^ \  th e  m e th o d  o f  c h a r a c te r is t ic s ^  

a n d  th e  f i n i t e  e le m e n t m e th o d ^ 0  ̂ h a v e  been u se d . T h e  . l a t t e r  

m e t h o d h a s  p ro d u c e d  r e s u lt s  t h a t  a g re e  w i th  e x p e r im e n ta l 

r e s u lt s  a n d  lo o k  l i k e  th e  r e s u lt s  fro m  re fe re n c e  .

A m o v in g  p e a k  p re s s u r e  o r  s w itc h  p re s s u re  p o s tu la te d  b y  

J e n lk e  a n d  J o h a n s o n ‘ ZZ^ h a s  n o t  be en  d e te c te d  ^ ' 5 '  .



CHAPTER 2

EXPERIM ENTAL WORK -  M ATERIAL AND C ALIBRATIONS

2.1  S a nd a n d  I ts  p r o p e r t ie s

The m a te r ia l  u s e d  In  th e  b ln  w as  a w e l l - r o u n d e d  q u a r t z l t i c  

s a n d  f ro m  P h i l i i p l  in  th e  C ape F la t s .  I t  w a s  a lm o s t s in g le  

s ize  a n d  w as  v i r t u a l l y  f r e e  fro m  d u s t  w he n  p o u re d . T h e  

p r o p e r t ie s  o f  th e  s a n d  a r e  s u m m a ris e d  In  ta b le  2.1 :

TABLE 2.1  : P r o p e r t ie s  o f  S and

D e n s ity  loose 1 ,5 9 3  g /c c

de nse 1 ,75 7  g /c c

i n f e r n a l  f r i c t i o n  a n g le 6 * 3 3 ,8 "

W a ll f r i c t i o n  a n g le  ( s te e l)

fro m  t r i a x i a f *w  = 20 , r
fro m  s h e a r  b o x * w  * 1 8 ,8 *

W a ll f r i c t i o n  a n g le  (g la s s )

fro m  s h e a r  b o x * w  ” 9 ,1 °

A n g le  o f  re p o s e = " 3 1 ,0 "

2 .2  T r la x la l  te s t  f o r  in te r n a l  f r i c t i o n  a n g le

T e s ts  w e re  c a r r ie d  o u t on d r y  s a n d . E a ch  spe c im e n  fo rm e d  

a c y l i n d e r  38mm d ia m e te r  x  a p p r o x im a te ly  64mm lo n g .  T e s ts  

w ere  c a r r ie d  o u t  w i th  c o n f in in g  p re s s u re s  ( a ,  ) o f  25 ,

50 , 75 a n d  100kP a In  d r a in e d  te s t .  T he r e s u lt s  a re  g iv e n  

In  A p p e n d ix  A . T he v a lu e  o f 3 3 ,8 °  fo r  In te r n a l  f r i c t i o n  

a n g le  w as  o b ta in e d  fro m  d ir e c t  C R lc u ia t lo n  r a th e r  th a n  

fro m  th e  M t ih r 's  c i r c le s  In  A p p e n d ix  A .

A c lo s e  f i t t i n g  r u b b e r  m em bran e  w as  p la c e d  o v e r  th e  p e d e s ta l 

a n d  th e  tw o  p a r ts  o f th e  m o u ld  w o re  p la c e d  a ro u n d  I t  

a n d  c la m p e d  to g e th e r  w i th  tw o 0  r in g s .  T h e  p r o je c t in g  

top o f  th e  m e m b ra n e  w as  th e n  tu rn e d  o v e r  th e  m o u ld  a n d  

s a n d  w as  p o u re d  In  fro m  a c o n ta in e r  th a t  h a d  been w e ig h e d . 

T he s a n d  w a s  l i g h t l y  ta m p ed  dow n w i th  th e  b la d e  o f  a 

m ed ium  s iz e d  sc re w  d r i v e r  a f te r  a p o ro u s  d is c  h a d  been 

p la c e d  on to p  o f th e  p e d e s ta l in s id e  th e  m e m b ra n e . A  p e rs p e x  

top  w i th  s te e l lo a d in g  b a l l  w as th e n  h e ld  on to p  w h i le



th e  m em bran e  w as tu rn e d  u p  a ro u n d  ! t an d  a n  0  r in g  

w as  c a r e f u l l y  r o l le d  up  o n to  th e  to p  o f f  th e  s p i l t  m o u ld . 

T he lo w e r 0  r in g  w as  th e n  r o l l e d  dow n o n to  ‘ he  p e d e s ta l 

a n d  th e  s r i l i t  h a lv e s  w e re  c a r e f u l l y  re m o ve d . T h e  lo w e r

0  r in g  w a s  th e n  r o l le d  up  to  c la m  th e  bo tto m  o f th e  mem­

b r a n e  to  th e  p e d e s ta l.  A n y  w r in k le s  w ere  c a r e f u l l y  

s t r a ig h te n e d  o u t .  The c e l l  w a s  th e n  p la c e d  c a r e f u l l y  o v e r  

th e  sa m p le  so as  no t to  d is t u r b  i t ,  an d  w as  th e n  sc re w e d  

d o w n . T he c o n f in in g  p re s s u re  w a s  th e n  a p p l ie d ,  s u i t a b ly  

a d ju s t in g  th e  p re s s u re  g a u g e  a c c o r d in g  to  I t ' s  c a l i b r a t io n  

{A p p e n d ix  A ) .  T he p r o v in g  r i n g  w a s  th e n  p u t  In  p o s i t io n  

a n d  th e  ta b le  w as  r a is e d  to  ta k e  u p  th e  p la y .  T he d e f le c t io n  

g a u g e  a n d  p r o v in g  r in g  g a u g e  w e re  th e n  se t to  z e ro  a n d  

th e  d r iv e  w as  e n g a g e d  a t  a  s p e e d  o f 0 ,0 1 2  in c h e s /m in u te  

(0 ,0 3 1 m m /m ln u to ) ,  A f te r  a d e f le c t io n  o f 0,1m m  th e  speed 

w as  c h a n g e d  to  0 ,0 6  in c h e s /m in u te  0 ,5 2 m m /m irm te ) . R e a d in g s  

w e re  ta k e n  to  a d e f le c t io n  o f 5mm o r  m o re . Some d e ta i ls  

a p p e a r  In  F ig u re  2 .1 .

2 .3  T e s ts  fo r  M e t ie r *  a n g le s  o f  s a n d  on s te e l a n d  s a n d  

on g la s s  ' "

T w o  ty p e s  o f te s t w ere  usfcd to  m e a su re  th e  s a n d -s te e l 

f r i c t i o n  a n g le .  In  th e  f i r s t  t y p e  a t r l a x l a l  te s t w a s  c a r r ie d  

o w (. T h e  p ro c e d u re  d e s c r ib e d  fn  s e c t io n  2 ,2  w as  fo llo w e d  

a f t e r  a s te e l p la te  o f e l l l p i i c a l  s h a p e  h a d  been in t ro d u c e d

a t  a n  a n g le  o f  45® rn to  th e  s p & d m e n ,  A1 a n  a n g le  o f 45° 

th e  g r e a te s t  s h e a r  s tre s s  o c c u r s .  G ra p h s  o f o , -  o ,  a g a in s t  

d e f le c t io n  (A p p e n d ix  A ) show  th a t  a f t e r  a s h a r p  c h a n g e  

In  d i r e c t io n  a l l  o f  them  In c re a s e d  a t  a b o u t th e  sam e s lo p e . 

T h is  p o in t  o f  c h a n g e  w as  ta k e n  a s  th e  c o r r e c t  v a lu e  o f  o, -  o , 

f o r  d e te rm in in g  th e  w a l l  f r i c t i o n  a n g le .  I t  is  l i k e l y  th a t  

th e  la r g e  d e fo rm a t io n s  o f th e  m em bran e  In  th e  v i c i n i t y

e f th e  p la te  a c c o u n t fo r  th e  s u b s e q u e n t u p w a r d  s lo p e .

T he  M b h r 's  c i r c le  p lo t  g a v e  a v a lu e  fo r  w a l l  f r i c t i o n  a n g le  

o f  2 0 ,6 " .  H o w e ve r, th e  c a lc u la te d  v a lu e  o f 20 ,1 *  w a s  p r e -

A s h e a r  b o x  le s t w as  th e  se co n d  ty p e  o f te s t use d  to  f i n d  

th e  s a n d -s te e l f r l c l l o n  a n g le . A  100mm x  100mm s h e a r  b o x



w as u s e d . P a c k s  w ere  u se d  to  s u p p o r t  a 3mm s te e l p la te  

f lu s h  w i th  th e  to p  o f th e  lo w e r h a l f  o f  th e  s h e a r  b o x . 

T he s u r fa c e  o f  th e  p la te  w as  s a n d e d  w i th  m e d iu m  em e ry  

p a p e r  a n d  w as  fr e e  fro m  r u s t  a n d  m i l l  s c a le .  ' The 

re s u lt s  a re  sho w n  In  A p p e n d ix  A . Seven te s ts  w e re  c o n d u c te d  

w i th  v e r t i c a l  p re s s u re s  r a n g in g  fro m  5 ,3 k P a  to  1 9 ,9 0 k P a . 

A  speed o f 40mm h o r iz o n ta l  m ovem ent p e r  :h o u r  w a s  u s e d . 

R e a d in g s  o f  h o r iz o n ta l  lo a d  w e re  ta k e n  e v e ry  0 ,25m m  up 

to  3mm m a x im um  d is p la c e m e n t.  A  f r i c t i o n  a n g le  o f 1 5 ,3 " 

w as o b ta in e d  w i t h  th e  s a n d in g  d i r e c t io n  ( fro m  th e  em e ry  

p a p e r )  p a r a l l e l  to  th e  s h e a r  d i r e c t io n  ( t a b le  A . 5 ) .  The 

s te e l p la te  w as  th e n  s a n d e d  w i th  c o a rs e r  p a p e r  and. th e  

d i r e c t io n  o f  s a n d in g  w a s  m ade p e r p e n d ic u la r  to  th e  s h e a r  

d i r e c t io n .  A  f r i c t i o n  a n g le  o f 1 8 ,8 "  w a s  o b ta in e d  ( ta b le  

A .6 ) .  T h is  Is  th e  v a lu e  sh o w n  In  ta b le  2 .1 .  In  th e  t r j a x i a l  

te s t th e  s te e l p la te  h a d  been s a n d e d  w i t h  m e d iu m  em e ry  

p a p e r  In  b o th  d i r e c t io n s .

A 3mm th ic k  p ie c e  o f  c le a r  w in d o w  g la s s  w a s  u s e d ! In  th e  

100mm x  100mm s h e a r  b o x  to  d e te rm in e  th e  s a n d - g la s s  f r i c t i o n  

a n g le ,  • ta b le  A . 7 .  A f r i c t i o n  a n g le  o f 9 ,1 "  w a s  o b ta in e d .  

T he lo w e r  th e  f r i c t i o n  a n g le  th e  c lo s e r  th e  c o n d i t io n  In  

th e  b ln  a p p ro a c h e s  a t r u e  tw o -d im e n s io n a l s t r e s s  s ta te .  

T h is  a n g le  Is  a p p r o x l r t ^ . i l y  h a l f  th a t  f o r  s a n d  on  s te e l.

2 .4  O e te rm ln a t io '"  o f  s a n d  d e n s ity

A c o n ta in e r  w i th  v e r y  r i g i d  w a l ls ,  102mm d ia m e te r  x  112,5mm 

h ig h  I n t e r n a l l y  w as  u s e d . F o r  th e  loose d e te rm in a t io n  o f 

d e n s ity  s a n d  w a s  p o u re d  In  a n d  s t r u c k  o f f  le v e l .  F o r  th e  

dense  d e te rm in a t io n  th e  c o n ta in e r  w as  p la c e d  o n  a cub e  

m o u ld  v ib r a t o r ,  v ib r a t e d ,  a n d  th e n  to p p e d  u p  a n d  s t r u c k  

o f f  le v e l.

2 .5  B ln  a p p a r a tu s

An o v e r a l l  v ie w  o f th e  a p p a r a tu s  Is  show n In  F ig s .  2 .2  

a n d  2 .3 .  A r i g i d  fra m e  o f  w e ld e d  c o n s t r u c t io n  m ade from  

5 0 ,8  x  5 0 ,8  h o l lo w  s q u a re  tu b e  s u p p o r ts  , tw o  she e ts

ft \
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o f  6mm g la s s  a p p r o x im a te ly  860mm x 1010mm In  s iz e  In  p a r a l le l  

p la n e s  400mm a p a r t .  E a ch  g la s s  p a n e  Is  s u p p o r te d  a ro u n d  

i t s  ed ge  a n d  b y  a f l a t  b a r  38mm x  6,2m m  on  e d g e  on  th e  

v e r t ic a l  c e n t r e l in e .  T h e  g la s s  p la te s  fo rm  th e  e n d s  o f  th e  

b u n k e r .  A b u n k e r  s id e  c o n s is ts  o f th re e  p la te s  o f  0,416m m

th ic k  s te e l p la te ,  F ig ,  2 .3 .  E a ch  p la te  m e a su re s  226mm

do w n th e  s lo p e  x  398mm w id e  a n d  is  a r r a n g e d  to  o v e r la p

th e  to w e r p la te  b y  3mm w ith o u t  to u c h in g  I !  . g iv in g  a n  e f fe c t iv e  

c o v e r in g  le n g th  o f  225mm do w n  th e  s lo p s , T he p la te  is  s t i f fe n e d  

b y  b e in g  sc re w e d  to  s ix  m a c h in e d  s te e l r ib s ,  4,76m m  

w id e  x  10mm d e e p , b y  c o u n te rs u n k  h e a d  sc re w s  a t  35mm

c e n tre s .  T h e  r ib s  a r e  a t 40mm c e n tre s  dow n th e  s lo p e  w h ic h  

le a v e s  a 14mm p la te  c a n t i le v e r  a t to p  a n d  b o tto m . T h e  r ib s  

in  t u r n  a re  sc re w e d  to  m a c h in e d  s te e l f l a t s  o f  s iz e  t'8mm

x  4,76m m  r u n n in g  do w n  th e  s lo p e . E a ch p la te  a n d  I t s  s u p p o r ­

t in g  fra m e  Is  e q u ip p e d  w i t h  fo u r  b a i l  ra c e s  w h ic h  re s t

o n  m em bers m ad e  fro m  50 ,8m m  x  25,4m m  c o ld  r o l l e d  c h a n n e l.  

T he  b e a r in g s  e n s u re  v i r t u a l l y  f r l c t io n ie s s  m ove m e nt dow n 

th e  s lo p e .  L o c a t io n  on th e  s lo p e  is  p r o v id e d  b y  a  s U o rt 

c a n t i le v e r  o f  s e c t io n  5 x  5mm on e i th e r  s id e  w h ic h  e n g a g e s

a s q u a re  h o le  w i t h  a k n i f e  e d g e  In  th e  s u p p o r t in g  c h a n n e l.

P la te s  .a re  h e ld  do w n  b y  s p r in g s  a n d  s p l i t  p in s  th ro u g h  

th e  c a n t i le v e r s .  A  s u p p o r t in g  c h a n n e l p iv o ts  u t  th e  bo tto m

a n d  ca n  b e  in c l in e d  a t  6 0 ° ,  45° o r  30" to  th e  v e r t i c a l .  

A n o th e r  s e c t io n  o f c h a n n e l c a n  be  b o lte d  o n to  th e  In c lin e d

s u p p o r t  to  p r o v id e  b o th  v e r t i c a l  a n d  s lo p in g  s id e s .

N o rm a l p re s s u re  Is  m e a s u re d  on  ea ch  o f th e  f i v e  40mm o n e -w a y  

s p a n n in g  p a n e ls  p e r  p la te .  S t ra in s  a re  m e a s u re d . F ig .  

2 .4  w i th  120 ohm e le c t r ic a l  r e s is ta n c e  fo i l  g a u g e s  co n n e c te d  

In  a f u l l  b r id g e  c i r c u i t .  I t  Is  assum ed th a t  th e re  Is  no 

In te r a c t io n  b e tw e e n  p la te  p a n e ls  a lth o u g h  th is  Is  n o t s t r i c t l y  

t r u e .  (See tb s  s e c t io n  on c a l i b r a t io n ) .  S h e a r s tre s s e s , a v e ra g e d  

fo r  ea ch  p la te  a re  m e a su re d  b y  s t r a in  g a u g e s  on th e  c a n t i ­

le v e rs ,  F ig .  2 .5 .  T he to ta l  lo a d  In  th e  b ln  Is  m e a su re d  

b y  fo u r  C s h a p e d  lo a d  c e i ls ,  R ig . '2 ,6 , p la c e d  u n d e r  th e

fe e t o f  th e  b ln  a n d  in s tru m e n te d  w i th  s t r a in  g a u g e s  co n n e c te d  

in to  a s in g le  f u l l  b r id g e  c i r c u i t .



A s lo t  o f  w id th  30mm h a s  ,a sc re w  o p e ra te d  s l id e  w i t h  a 

ro w  o f  h o le s , F ig .  2 .2 ,  to  p r o v id e  d ls c h w g e  a t  th e  b o tto m  

o f th e  b ln .  A lo a d in g  b o x  e p u lp p e d  w i th  a bo tto m  d is c h a r g e  

s lo t  Is  r a is e d  b y  c ra n e  a n d i h e ld  s l i g h t l y  a b o ve  th e  b u n k e r  

to  f i l l  I t .  To e m p ty  th e  b u n k e r  th e  lo a d in g  b lo x  Is  lo w e re d  

o n to  a  t r o l le y  w h ic h  Is  p u s h e d  u n d e r  th e  b u n k e r ,  E a ch  

p la te  Is  s e a le d  a g a in s t  th e  g la s s  w i t h  a  th in  b e a d  o f p l a s t i ­

c in e .  D u s t p ro o f s e a l in g  f o r  f i l l i n g  o r  e m p ty in g  p r e v e n ts  

a h e a l th  h a z a r d .

S q u a re s  o f s id e s  100mm d r a w n  on  a g la s s  en d  p a n e l a n d

a v e r t ic a l  c e n t r a l  m il l im e t r e  r u le  a re  used to  d e te rm in e

th e  p o s i t io n  o f th e  s a n d  s u r fa c e .  W ith  s ix  p la te s  th e re  

a re  a  to ta l o f  37 s t r a in  g a u g e  c i r c u i t s  w h ic h  a r e  co n n e c te d

to  a d a ta  lo g g e r ,  F ig .  2 .7 ,  T h e  d a ta  lo g g e r  c o n s is ts  o f

a  F lu k e  2240B d a ta  lo g g e r  w h ic h  Is  s e n s i t iv e  to  m ic r o v o l ts  

a n d  In d e p e n d e n t v o l ta g e  s o u rc e s  w i t h  z e ro  a d ju s tm e n t fo r  

e a c h  c h a n n e l.

2 .6  C a l ib r a t io n  fo r  s h e a r

E a ch  p a n e l w a s  re m o ve d  fro m  th e  b ln  a n d  c a l ib r a te d  In  

th e  a p p a r a tu s  sho w n  In  F ig .  2 .8 .  T he p a n e ) w a s  s u p p o r te d  

on  a r i g i d  fra m e  w e ld e d  f ro m  a n g le  I r o n , '  T he c a n t i le v e r  

s h e a r  a rm s  p a s s e d  th ro u g h  r e c ta n g u la r  h o le s  w i t h  m a c h in e d  

k n i f e  e d g e s , as  in  th e  b ln  s u p p o r ts .  A p la te  90mm x  85mm 

w a s  sc re w e d  to  th e  s u r fa c e  o f  th e  p a n e l to  p r o v id e  th e  

a t ta c h m e n t p o in t  f o r  a l i g h t  c a b le  w h ic h  w as  co n n e c te d  

o v e r  a p u l le y  to a s c a le  p a n  w h ic h  p r o v id e d  th e  h o r iz o n ta l  

lo a d .  The lo a d  w a s  a p p l ie d  In  s te p s  o f 2 kg  up  to  10kg,. 

a n d  r e a d in g s  w e re  re c o rd e d  In  m ic r o v o l ts  on th e  d a ta  lo g g e r .  

T h e  s lo p e s  w ere  c a lc u la te d  b y  le a s t  s q u a re s , a n d  a re  sho w n  

In  t.u b le  2 ,2  to g e th e r  w i th  c o r r e la t io n  c o e f f ic ie n ts .  G ra p h s  

w e re  a ls o  p lo t te d  to  e n s u re  t h a t  th e re  w ere  no p o in ts  f a r  

o f f  th e  l in e s .



TABLE 2 .2  : C a l ib r a t io n  o f S h e a r  C ir c u it s

P la te G ra p l to pe
k » v v

L e a s t S q u a re s  S lope 
k g /p V

C o r r e la t io n
C o e ff ic ie n t

B
S lo p e *
P a /p V

1 0 ,02 58 8 0,999300 2 ,7 6

2 0,02272 0 ,02276 0,997787 2 ,4 8

3 0,02400 0,02 41 2 0,999932 2 ,6 3

4 0 ,02230 0,02 21 3 0,996092 2,41

5 0,02347 0 ,02326 0,999200 2,54

6 0,02415 0,02 40 6 0 ,9 9 ? ' ' .  7 2,51

a  "  > 05 ,0  A ,  I P a .  1 N /m *

2 .7  C a l ib r a t io n  fo r  n o rm a l p re s s u r e

A p a n e l h a s  f iv e  p la te  s p a n s  do w n  th e  b ln  s lo p e  a n d  e a ch  

is  s e p a r a te ly  In s tru m e n te d . B e cau se  I t  w as  s u s p e c te d  th a t  

a lo a d  on one s p a n  w o u ld  c a u s e  r e a d in g s  on  a d ja c e n t  s p a n s , 

e te s t w as  c a r r ie d  o u t to  see ho w  b ig  th is  e f fe c t  w o u ld  

b e , a s  I t  w as  In te n d e d  to  Ig n o re  I t .  P re s s u re  w a s  n p p ife d  

to  e a c h  s p a n  In  t u r n  th ro u g h  a r u b b e r  b a g  f i l l e d  w ith  

w a te r ,  F ig .  2 .B . R e a d in g s  w e re  ta k e n  fro m  th e  c i r c u i t  on

th e  second s p a n . In each ca se  th e  w a te r  p re s s u re  w as  In c re a s e d  
In  s ta g e s  up  to  a n e a d  o f on e  m e tre . T he s lo p e s  a n d  c o r r e la ­

t io n  c o e f f ic ie n ts  w e re  d e te rm in e d  b y  le a s t s q u a re s . T h e  

r e s u lt s  a r e  sho w n  In  ta b le  2 .3 .
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'ABLE 2 .3  : T he E f fe c t o f  L o a d in g  O th e r  S p a n s  on  th e  

R e a d in g  fro m  S p a n  2

S p an  L o a d e d

|!1

C o rre  1 a1 1 on C o e f f ic ie n t

1 29 ,5 0,00 87 9

2 35 9 ,2 0,999995

3 18 ,6 0,93 22 0

4 15 ,0 0,95 56 0

5 0

I t  c a n  b e  see n  th a t  (the r e a d in g s  w he n  a d ja c e n t  p a n e ls  

a re  Joa fle rf e r e  s m a lf)  b u l  n o t i n s ig n i f i c a n t .  T h e re fo re  a n o th e r  

‘  m e th od  o f c a l i b r a t io n  w as  t r i e d .  The p la te  w a s  p la c e d  in

“■the lo W fs t ? w s U io n  in  th e  b in  a n d  th e  b in  w a s  s e a le d  w i th

.) ^ la s ti.o ' s h e e t in g  a n d  p la s t ic in e  , a n d  f i l l e d  w i t h  w a te r  in

s ta g e s  ..tip to  e d e p th  o f 0 ,5  m e tre s .

The I'S a V lt f 6 r  s p a n  2 w as  a  s lo p e  o f  4 6 7 ,2  pV /m m  w ith

a c a ^ r ^ l r '.  ' x i  c o e f f ic ie n t  o f  0 ,9 )9 6 2 . T h is  v a lu e  is  g r e a te r  

th a n .1 th e  •V iiw o  a f 3 5 9 ,2  in  ta b le  2 .3  f o r  tw o  p o s s ib le  re a s o n s . 

Pi.rsH  th 6  e f fe c t  lo a d in g  a l i  Ih e  s p a n s  w o u ld  in c re a s e

yivn r e a d in g  a n d  iiB cor'q  th e  r u b b e r  b a g  m ay  n o t h a v e  a p p l ie d  

i^r-esstiPe to  th e  w fu^ 'e  a re a  in te n d e d .

C o n s e q u e n tly  I t  syfls d e c id e d  th a t  c a l i b r a t io n  fo r  n o rm a l

.p re s s u re  w o u ld  be  t ir r f .e d  o u t In  th e  b ln  a n d  th a t  th e  in te r a c ­

t in g  e f fe c ts  o f  le n d  on o th e r  s p a n s  w o u ld  be  n e g le c te d  f o r  

s im p l ic i t y .  E a c h  r.'sr-'sl w as  p la c e d  in  t u r n  a t  th e  lo w e s t 

p o s it io n  in  th e  b l n , T he b in  w as  th e n  s e a le d  a n d  w a te r

p re s s u re  w a s  a p p l ie d  , i t  e ig h t  le v e ls  f ro m  a d e p th  o f 200mm

to a d e p th  o f 550mm a b o ve  th e  d is c h a r g e  s lo t .  T he r e s u lts

a re  g iv e n  in  ta b le  2 .6 ,  w h e re  Ih e  s lo p e s  w e re  c a lc u la te d  

b y  le a s t s q u a re s .



T a b le  2 .4  C a l ib r a t io n  fo r  N orm a l P re s s u re  u s in g  

W a te r on  P la te s  a t  L o w e s t B ln  P o s it io n

P la te S pan S lope
P a /y V

C o r r e la t io n
C o e f f ic ie n t

P la te S p an
P a /p V

C o r r e la t io n
C o e ff ic ie n t

\ 23 ,36 0,999518 4 1 23,11 0,999787

23 ,65 0,999927 2 25 ,2 2 0,999851

18,91 0,999901 3 21 ,8 4 0,999836

4 19 ,98 0,999933 4 2 2 ,9 7 0,9999(14

5 21 ,81 0,99 99 32 5 21 ,1 0 0,999876

2 1 23 ,7 8 0,999811 5 t 33 ,3 8 0,999919

2 3 3 ,1 7 0,999685 27 ,9 5 0,999888

3 24 ,0 2 0,999926 3 3 5 ,6 3 0,999930

4 25,41 0,99 97 39 4 25 ,4 5 0,999913

5 28 ,55 0 ,99375 5 2 8 ,6 2 0,999791

' 3 . 1 27 ,36 0,999822 6 22 ,4 9 0,998926

18,84 0,999938 27 ,5 5 0,999930

25 ,7 7 0,99 99 62 24 ,1 6 0,999904

4 26 ,8 7 0 ,99969 26,11 0,999776

27 ,3 6 0,999677 5 2 7 ,6 7 0,999726

T h e  p la te s  w e re  th e n  p la c e d  in  th e  b ln  In  th e  o r d e r  1 ,2  a n d  3 

fro m  to p  to  b o tto m  on  th e  le f t  h a n d  s id e  a n d  4 ,5  a n d  6 on th e  

r ig h t  h a n d  s id e .  T he  s lo p e  o f e a ch  s id e  w a s  30° to  th e  

v e n iu T l .  T h e  b in  w as  s e a le d  a n d  r e a d in g s  w e re  ta k e n  a t f i v e  

depth--. : f  w a te r ,  T he o b je c t o f  th e  te s t w a s  to  c h e c k  th e  m ethod 

o f r a i l b r s i i o n .



The r e a d in g s  a n d  p re s s u re s  a re  ta b u la te d  in  A p p e n d ix  B 

a n d  a re  p lo t te d  in  F ig .  2 , T h e  c a lc u la te d  p re s s u re s  a re  

sh o w n  b y  th e  ' I r o ig h t  s o l id  l in e s .  I t  c a n  be  seen th a t  

some o f th e  v a iu e s ,  p a r t i c u la r l y  on  th e  le f t  h a n d  s id e  a re

q u i te  f a r  fro m  th e  I fn e .

(n  v ie w  o f  t h is  r a th e r  u n s a t is f a c to r y  r e s u lt  i t  w as  d e c id e d  

to  u se  te s t 25 i t s e l f  as th e  c a l i b r a t io n .  T he d i f f e r e n c e  be tw ee n  

th is  a n d  th e  p re v io u s  c a l ib r a t io n  w as  t h a t  th e  p la te s  w o u ld  

be  in  t h e i r  p o s it io n s  in  w h ic h  th e y  w o u ld  be w hen 

lo a d e d  w i t h  s a n d ,  i t  Is  t r u e  th a t  th e  s p a n s  on th e  h ig h e s t  

p la te s  w o u ld  h a v e  fe w e r  p o in ts  on  t h e i r  c a l ib r a t io n s  b u t

t h is  is  n o t too fim p o rta n t b e c a u s e  th e  p r e s s u r e  w i l l  be  lo w e r

n e a r  th e  to p  u n d e r  s a n d  a n y w a y .  T h u s  e a ch  c i r c u i t  in  top 

p la te s  1 a n d  4 h a s  o n ly  tw o  p r i n t s  o n  i t s  c a l ib r a t io n  c u r v e .  

T a b le  2 .5  g iv e s  th e  c a l ib r a t io n  fro m  te s t 25 th a t  w a s  f i n a l l y  

u s e d . F ig *  2 .1 0  show s th e  c o m p a r is o n  b e tw e e n  c a lc u la te d  

w a te r  p re s s u re s  an d  th e  r e s u lt s  f ro m  te s t 25 . T h e  f i t  is  

f a r  m ore  s a t is f a c to r y  th a n  b e fo re .

2 .8  C a l ib r a t io n  o f  lo a d

th e  s t r a in  g a u g e s  on th e  fo u r  C s h a p e d  b e n d in g  e le m e n ts

p la c e d  u n d e r  e a c h  le g  w e re  co n n e c te d  to  fo rm  a s in g le  b r id g e  

c i r c u i t ,  a s  m e n tio n e d  e a r l i e r .  F o r  c a l ib r a t io n s  th e  fo u r

e le m e n ts  w e re  loa de d  in  p a r a l l e l  in  . a  te s t in g  m a c h in e .

T h e  v o l ta g e  s u p p l ie d  to  th e  b r id g e  w a s  a d ju s te d  lo  m ake

1 m ic r o v o l t  c o r re s p o n d  as  c lo s e ly  a s  p o s s ib le  to  a n e w to n .

T h e  r e s u lt s  a r e  show n In  ta b le  '2 .6 .



2 -1 0

T a b le  2 .5  C a l ib r a t io n  fo r  n o rm a l p re s s u re  u s in g  

te s t 25 (w a te r  p re s s u re )

Span
P a /^ V

C o r r e la t io n
C o e f f ic ie n t

P la te
P s /? V

C o r r e la t io n
C o e f f ic ie n t

26 ,19 - 4 -

23 ,82 - 2 22 ,7 4 -

3 17,34 - 3 -

4 26 ,6 ? - 4 24 ,8 5 -

5 20,71 _ 19 ,62 -

1 26 ,4 8 0,998650 5 31 ,4 8 0,999978

2 24 ,1 9 0,999354 2 30 ,2 9 0,999924

3 22 ,46 0 ,99 98 10 3 -3 8 ,4 8 0,999491

4 22 ,20 0,99 98 23 4 24 ,6 9 0,99 98 63

21 ,06 0,999971 5 3 0 ,5 7 0,99 99 72

3 . 24 ,5 2 0,99 99 80 6 1 22 ,54 0,99 97 92

18 ,22 0 ,99 99 82 2 2 6 ,9 0 0,999760

3 25 ,4 2 0,999989 3 W .5 8 0,999895

4 23 ,16 0,999981 4 27 ,58 0,99 98 95

23,21 0 ,99 99 97 . 26 ,2 0 0,999931

N ote B r id g e  v o l ta g e  *  2 ,0  In  a l l  cases



T a b le  2 .6  C a l ib r a t io n  o f lo a d  c e l ls  w i th  

b r id g e  v o l ta g e  = 2,735

R e a d in g

MV

0 0

500 502

1000 994

1487

1971

2518

2997

3500 3496

4000 3972

0

S lo pe  = 1,0031 N /( jV  

C o r r e la t io n  c o e f f ic ie n t  »  0 ,999946

2 .9  S u m m a ry

T a b le  2 .1  s u m m a ris e s  th e  m e a su re d  p r o p e r t ie s  o f  th e  s a n d . 

T he la r g e s t  w a l l  f r i c t i o n  a n g le  o b ta in e d  w a s  2 0 ,1 °  fro m  

th e  i r i a x ia l  te s t w i th  a s te e l p la te  a t 4 5 " .  T h is  w as  th e

v a lu e  use d  In  th e  c a lc u la t io n s  b e c a u s e  th e  v a lu e s  o b ta in e d  

fro m  th e  a c tu a l  te s ts , ta b le  3 .3  fo r  b ln  1 a n d  ta b le  3 .6  

fo r  b ln  2 w e re  g r e a te r  (2 1 ,0 *  a n d  2 3 ,4 *  r e s p e c t iv e ly } .

T he g r e a le r  v a lu e s  fo r  th e  b ln  (a s s u m in g  th a t  th e y  w ere

n o t a  r e s u lt  o f  e r r o r  In  m e a su re m e n t)  c o u ld  be du e  to

th e  In d e n ta t io n s  a t  c lo s e  c e n tre s  (39 x  40mm) w h e re  th e

c o u n te rs u n k  sc re w s  a t ta c h  th e  s h e e t to  th e  r ib s .  The

g la s s  f r i c t i o n  a n g le  o f 9 ,1 °  sho w s th a t  th e  en d  w a l ls  h a v e

some e f fe c t  on  t h i  b in  b u t m uch le ss  th e n  i f  th e y  w ere

m ade o f s te e l.



a tw o -d im e n s io n a l s tre s s  s ta te .  N o rm a l a n d  s h e a r  s tre s s e s  

c a n  be  m e a s u re d . T h e  w a l ls  c a n  be  In c l in e d  a t v a r io u s  

a n g le s .  S and Is  p o u re d  in  fro m  a b o v e  a n d  Ts le t  o u t  In  

c o n t r o l le d  a m o u n ts  a t a 30mm w id e  o u t le t  r u n n in g  th e  f u l l  

w id th  o f th e  b ln .  S a t is fa c to r y  c a l ib r a t io n  f o r  n o rm a l p re s ­

s u re s  w as  c a r r ie d  o u t b y  l i n in g  th e  b ln  w i t h  p la s t i c  a n d  

f i l l i n g  i t  w i th  w a te r .  C a l ib r a t io n  fo r  s h e a r  s tre s s  w as 

a c h ie v e d  w i th  a s h e a r  fo rc e  a p p l ie d  to e a ch  p la te  w h i le  

s u p p o r te d  on a c a M b ra l lo n  f ra m e . T he to ta l  w e ig h t In  th e  

b in  Is  m e a su re d  b y  fo u r  lo a d  c e l l s .  S a nd I§  c a u g h t u n d e r  

th e  b ln  w i th  a n  a u x l l l l a r y  b in  w h ic h  is  l i f t e d  a b o v e  th e .  

m od e l to  d is c h a r g e  In to  I t  u n i fo r m ly  o v e r  th e  f u l l  w id th .  ... 

R e a d in g s  o f w a l l  s tre s s e s  a r e  re c o rd e d  o n  a d a ta  lo g g e r  

w h i le  th e  g la s s  Is  m a rk e d  w i th  a g r i d  so th a t  th e  s a n d  

s u r fa c e  c a n  be  p lo t te d .
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FIGURE 2 . 2  O v e ra l l  view  o f th e  a p p a ra  us
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FIGURE 2 .3  D e ta i ls  o f  s id e  p la te



C o n n e c tio n s

FIGURE 2 .A  S t ra in  g a u g e  a r ra n g e m e n t f o r  n o rm a l s tre s s  

m e a su re m e n t ;
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FIGURE 2 . 9  T e s t 25 . W a te r p re s s u re  to  c h e c k  c a l ib r a t io n



FIGURE 2 .1 0  T es t 25 w i th  c a l i b r a t io n  fro m  te s t 25
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CHAPTER 3 

TESTS

3.1 T e s t p ro c e d u re

Tw o d i f f e r e n t  b in  sha p e s  w ere  te s te d , F i g . 3 .1 .  S hape ! h a d  

s t r a ig h t  s id e s  s lo p in g  a t  30° to  th e  v e r t i c a l .  S hape 2 h,ad 

a  v e r t ic a l  s id e ,  A B , fo rm e d  fro m  on e  p la te  a n d  a s lo p in g  

-b o ttd m , BC , fo rm e d  fro m  tw o  p la te s  a t  30° to  th e  v e r t i c a l .

b in  o r  le t  o u t  f ro m  I t .  T h u s  te s t 20 , s e t 5 ,  r e fe rs  to  th e  

f i f t h  se t o f  re a d in g s  ta k e n - in  test., 2,0.

T h e  ra w  d a ta  w a s  p ro ce sse d  b y  a c o m p u te r  p ro g ra m  w h ic h  

s u b tr a c te d  th e  I n i t i a l  r e a d fn g  f ro m  th e  r e a d in g  f o r  th a t

- ' s e t .  T h is  v a lu e  in  m ic r o v o lts  -was th e n  m u l t ip l ie d  b y  ,the ^

c a l ib r a t io n  c o n s ta n t $o p ro d u c e  e i th e r .  .^ 'n^rtha l 

a s h e a r  s tre s s '. T h e re  w e re  f i v e  no rm c.i s tre s s e s  

m e a s u re d  on e a c h  p la te  an d - o n e  a v e r a g e  s h e a r  s t re s s .  F o r  

e a ch  s e t ,  d e p th s  o f s a n d  w ere  r e c o n j ^ ' ' ; a t  h o r iz o n ta l  in t e r v a ls  

o f  lOOmm. T hese w e re  use d  to  th e  '"vo lu m e , and"

w i th  th e  m e a s u re d  w e ig h t th e  a v e r a g e -  d e n s i ty  f o r  th e  s e t .

T he w e ig h t w a s  a ls o  c a lc u la te d  f ro m  th e  m e a su re d  w a l l  S tre s s e s .

T h is  w a s  a lw a y s  le ss  th a n  th e  w e ig h t  d e te rm in e d  b y  th e  

lo a d  v e i ls  u n d e r  th e  le g s  o f  th e  b in .  T h e  d i f fe r e n c e  m ust 

be d u e  to  th e  f r i c t i o n  on  th e  g la s s  e n d  w a l ls ' 'a n d  th e  u p w a rd  , 

p re s s u re  a t  th e  30mm w id e  o u t le t .  T h e  s tre s s e s  w ere  th e re fo re  

in c re a s e d  b y  th e  r a t io  o f m e a su re d  to  sum m ed w e ig h t  so th a t  

d i r e c t  c o m p a r is o n s  c o u ld  be  m ade w i th  th e o ry .  T he f r i c t i o n  

on  th e  g la s s  w a s  a ls o  e v id e n t  d u r in g  d is c h a r g e  a s  th e  s u r fa c e  

d ro p p e d  s l i g h t l y  m ore b e tw ee n  th  g la s s  e n d s  th a n  a t  them .

3 .2  T e s ts  on b in  o f  s h a p e  1

S ix  te s ts  w e re  c o n d u c te d . T hese w e re  te s ts  20 , 21 , 22 , 23 ,

24 a n d  26 . T h e  e x p e r im e n ta l re a d in g s  a r e  g iv e n  In  A p p e n d ix  

C l a n d  th e  d e r iv e d  fa c to r s  a n d  s tre s s e s  in  A p p e n d ix  C 2. T a b le  

3.1 s u m m a rls a s  th e  r a t io s  o f m e a s u re d  to  sum m ed w e ig h t f o r  te s ts  

20 to  25 . The a v e ra g e  r a t io  is  1 ,2 4 . D e n s ity  v a lu e s  a re  summa­

r is e d  in  ta b le  3 .2 .

.  / . m u

In  e a c h  te s t s e v e ra l se ts  o f  3? r e a d in g s  w e re  ta k e n  vipn th e  

d a ta  Ic a o e r .  B e fo re  e a ch  s e t ’, s a n d  w a s  e i t h e r  a d d e d  to  th e
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F ig u r e  3 .1  B ln  s h a p e s , d im e n s io n s , a n d  d a ta  lo g g e r  c h a n n e ls



T a b le  3 .1  R a tio s  o f  M ea su re d  W eig h t to  summed w e ig h t  

f o r  tes ts  20 to  24

~ ~ ^T e s t

S e h ^ .

20 21 24

2F 1 ,3 2 1 ,5 2 1 ,0 U 1 ,4 1,37

: 3F 1,17 1 ,1 9 I . H i'm 1,13

' . i p 1 1 ,2 6 1,23 t , i 7  ; ' , 3 2
5E 1 ,2 8 1,16 ' , 1 , 2 9 ' 1,20

6E 1 ,2 3 1,18 .1 ,1 6 1,31

4 ::i1 ,2 9 1 ,2 5 ' ' :'1 ,2 3 '' ' 1 ,33

BE 1 ,2 3 1,28 1,25 1,31
'

9E 1,24 1,24 1,20 1,24

10E 1,16 1,24 .1 ,1 9 1,19 'r,2 3 ii ■

H E

12E

1 ,0 9 1,20

1,26

1,11 1,31

’’1' •
F , =  f i l l i n g  E = e m p ty in g  A v e ra g e  » 1 ,24

6 S ta n d a rd  d e v ia t io n  = 0 ,0 8  . ii

T a b le  3 .2  Sum m ary of  D e n s itie s  f o r  T es ts  20 to  24 (k g /m * )

' ^ T ^ t 20 22 23 24

8Ft ' 1566 1672 1472 1723 1606

3F 1580 1591 1534 1655 1559

4F 1608 1533 1571 1649 1594

5E 1611 1549 1571 1652 1593

6E 153) 1594 1554 1664 1604

7E 1609 1592 1584 ' 1557 1606

8E 1615 1630 1584 ; 1661 1605 ‘

1620 1611 1583 % 1638 1617

10E 16)6 1628 1606 1632 1599

11E 1617 1612 1577 1532 1582

12E 1736 j.595

F = F i l l i n g  E = E m p ty in g ,• A v e ra g e  1602 k g '/m 3

S ta n d a rd  d e v ia t io n  43 k g /m 3



T h e re  is  q u i te  a ra n d o m  v a r ia t io n  in  d e n s i ty .  F o r  e x a m p le , 

fro m  s e t A to  se t 5 d e n s i ty  s h o u ld  d e c re a se  a s  th e  m ass 

loo sen s  up  to  d is c h a r g e ,  b u t  th e  v a lu e s  c h a n g e  In  th e  

re v e rs e  d i r e c t io n .  T h is  c o u ld  be  m a in ly  du e  to  d i f f i c u l t y  

in  e s t im a t in g  th e  a v e ra g e  s u r fa c e  h e ig h t  a t  ea ch  p o in t ,  

e s p e c ia l ly  d u r in g  e m p ty in g  w he n  du e  to  f r i c t i o n  th e  s u r fa c e  

is  h ig h e r  n e x t  to  th e  g la s s  th a n  I t  Is  in  b e tw e e n . T he 

a v e r a g e  v a lu e  o f 1602 k g /m 1 l ie s  b e tw ee n  th e  e x tre m e  v a lu e s  

fr'i>m sa m p le  te s ts  g iv e n  In  ta b le  2 .1 .

F r ic t io n  a n g le s  a re  ta b u la te d  f o r  e a ch  o f th e  s ix  p la te s  

fo r  e a ch  te s t .  Some o f th e  v a lu e s  a re  v e r y  d i f f e r e n t  fro m  

in  th re e  case s  th e re  Is  no  lo a d  on th e  p la te s  a n d  

s h o u ld  be  Ig n o re d -  F o r  -set 2 th e  s a n d  c o v e rs  th e  lo w e r  

p la te ,  f o r  s e t 3 th ;-  seco nd  p la te ,  a n d  s e t A f i l l s  th e  b in .  

A v e ra g e  f r i c t i o n  a n g le s  f o r  a i l  lo a d e d  p la te s  a re  show n 

In  ta b le  3 .3 .  x-

T a b le  3 .3  A v e ra g e  W a ll F r ic t io n  A n g les  fo r  tests 20 to  24 

(Degrees )    _ 1_ —

S e t-" - 20 21 22 23

2F 18 ,0 18 ,8 16 ,4 18 ,6 1 7 ,2

3F 2 0 ,6 2 1 ,2 19,1 21 ,8 19 ,2

4F 20 ,0 20 ,7 16 ,6 2 1 ,9  . 19,1

5E 20 ,6 18 ,8 1 6 ,9 2.1,7 19 ,3

be 19 ,9 18 ,8 1 8 ,8 21 ,8 19,4

7E 2 1 ,2 19 ,4 19 ,4 22,1 - 19,&

6E 2 2 ,8 * 2 0 ,3 1 9 ,4 23 ,9 2 0 ,0

9E 24 ,3 2 2 ,0 ' • •: S i ,  9 * 2 3 ,2 21,1

10E 24 ,6 22 ,4 2 2 ,2 2 2 ,B 2 2 ,1 *

11E 26 ,4 2 6 ,7 22 ,5 24 ,3 2 2 ,4

12E 2 4 .2 27 .4

F = F i l l i n g E = E m p ty in g

V is ib le  s l i d in g  on  w a l ls  n o tic e d

A v e ra g e  b e fo re  v i s ib le  s l i p  *  1 9 ,8 ' 

A v e ra g e  a f t e r  v i s ib le  s l i p  = 2 3 ,6 "  

O v e ra l l  A v e ra g e  = 21 ,0



T h e re  Is  q u i te  a w id e  s c a t te r  w ith  a m a rk e d  d i f f e r e n c e  be tw ee n 

th e  a v e ra g e  b e fo re  v i s ib le  s l i p  ( 1 9 ,8 ° )  a n d  a f t e r  ( 2 3 ,6 ° ) .  T he 

o v e r a l l  a v e ra g e  Is  .2 1 ° .  T h is  - co m p a re s  w i th  th e  la b o r a to r y  

v a lu e  o f 2 0 ,16 fro m  . t A f l t X W .  t

S e v e ra l g r a p h s  h a v e  be en  p lo t te d  sh o w in g  th e  w a l l  s tre s s e s  an d  

S u rfa c e  le v e ls .  F ig s .  3 .2  to  - 3.11 show  th e  n o rm a l w a l l  

p re s s u re s  fo r  f i l l i n g  a n d  e m p ty in g  i / o r  te s ts  20 to  2 4 , F i l l i n g  

a n d  e m p ty in g  p re s s u re s  h a v e  been show n s e p a r a te ly .  In  a^. 

ty p ic a l  c a s e , F ig .  3 .2 ,  d u r in g  f i l l i n g  n o rm a l s tre s s e s  In c re a s e  

i fro m  ze ro  a t  th e  s u r fa c e  to  a m ax im um  n e a r  th e  b o tto m , th e n  

th e re  is  a s l i g h t  d e c re a s e  a t  thfc lo w e s t p o in t . 1 T h e  p re s s u re  

c u r v e  is  n o t l in e a r  b u t  b u lg e s  o u tw a r d .  T he s u r fa c e  h a s  a 

f l a t t e r  s lo p e  in  th e  f i r s t  s e t th a n  In  th e  t ^ l r d  w h e re  I t  is  a t  

th e  a n g le  o f re p o s e . T h e  f l a t t e r  s lo p e  Is  d u e  to  th e  Im p a c t o f

- t h e - f a l l i n g  g r a in s  w h ic h  f a l l  f u r t h e r  f o r  s e t 1 th a n  f o r  se t 3 . 

A t th e  s ta r t  o f  d is c h a r g e ,  F ig .  3 . 3 . ,  se t 5 ,  th e  p r e s s j^ e  d ro p s  

a lm o s ts  to  z e ro  a t  th e  b o tto m  a n d  in c re a s e s  h a l fw a y  u p .  T hen

a s  th e  s u r fa c e  d ro p s  th e  p re s s u r e  g r a d u a l ly  d e c re a s e s . The

s u r fa c e  f la t t e n s  o u t a n d  bbcom es lo w e r in  th e  c e n t! 'a  s h o w in g

fa s te r  .m ove m e n t th e re , th a n  a t  tw o w a l ls .  T he p r e s s u r e  g ra p h  

f o r  ea ch  s e t is  n o t sm oo th  a n d  s lo p e s  c h a n g e  c o n s id e ra b ly  

lo c a l ly .

S om etim es lo c a l p e a k s  fo rm ,  f o r  e x a m p le , te s t 22 , F ig  3 .6 .  Two 

c o r re s p o n d in g  t /e a k s  fo rm e d  on e i th e r  s id e  ju s t  w h e re  th e  u p p e r  

p la te  o v e r la p s  th e  lo w e r .  T h is  s u g g e s ts  th a t  th e  s l i g h t  s te p s  

le n d  to  a c t  a s  a r c h  a b u tm e n ts . T he lo c a l p e a k s  re m a in e d  

Im p r in te d -  tin  th e  e m p ty in g  d ia g r a m , F ig .  3 .7 .  In  te s ts  23 an d  

2 4 , F ig s .  3 t9  to  3 .1 1 , p e a k s  fo rm e d  a t  th e  lo w e r la p s  o n ly .

T he m ax im um  f i b ' "  ' a n d  d is c h a r g e  p re s s u re s  fo r  e a c h  te s t a re  

c om p ared  in  to  3 .1 6 . A v e ra g e  s h e a r  s tre s s e s  a re  a ls o

sh o w n . In  • , th e re  Is  a m a rk e d  d i f f e r e n c e  be tw ee n

f i l l i n g  a n d  emH , , .  N o tic e  th e  s h e a r  s tre s s e s  In c re a s e  to w a rd s  

th e  bo tto m  In  f i l l i n g  a n d  th e n  d e c re a se  on th e  b o tto m  p la te  a r id  

In c re a s e  on th e  m id d le  p la te  fo r  e m p ty in g . T h e  v e r y  s l ig h t  

d ro p  in  s u r fa c e  le v e l show  th a t  th e  g r a p h s  s h o u ld  h a v e  

a p p r o x im a te ly  th e  sam e arenas.



T h e  n o rm a i f i l l i n g  p re s s u re s  a n d  th e  s u r fa c e  le v e ls  f o r  te s ts  20 

to  25 a re  c o m p a re d  In  F ig .  3 .1 7 . I t  c a n  be  seen th a t  a p a r t  

fro m  th e  p e a k s  th e re  Is  c lo s e  a g re e m e n t. T h e  n o rm a l e m p ty in g  

p re s s u re s  f o r  te s ts  20 to  24 a re  co m p a re d  In  F ig  3 .1 8 . A g a in  

th e re  Is  c lo s e  a g re e m e n t e x c e p t fo r  th e  p e a k s .

3 .3  A tte m p t to  d e te c t s w itc h  p re s s u re  In  b in  o f s h a p e  1"'

An a t te m p t w a s  m ade In  te s t 26 to  d e te c t th e  s w itc h  p re s s u re  

p o s tu la te d  b y  Jen Ik e  . F ig ,  3 .1 9  sho w s th e  u s u a l no rm a  I 

p re s s u re s  d u r in g  f i l l i n g .  F ig .  3 .2 0  sho w s th e  la s t  f i l l i n g  se t 

a n d  s e ts  5 ,  6 a n d  7 d u r in g  e m p ty in g .  F ig  3.21 sho w s  s e ts  7 to  

10 d u r in g  e m p ty in g .  B e fo re  e a ch  e m p ty in g  s e t o n ly  1 k g  o f 

s a n d  w a s  d is c h a r g e d .  T h e re  Is  a s u d d e n  c h a n g e  f ro m  f i l l i n g  to  

e m p ty in g  p re s s u re s  fro m  s e t A  to  s e t 5 { F ig .  3 .2 0 ) .  T h e re a f te r  

to  s e t 10 th e r e  is  a g r a d u a l  ch a n g e , f u r t h e r  to w a rd s  th e

e m p ty in g  d i s t r i b u t io n  b e tw e e n  s e ts . T h e re  Is  n o  e v id e n c e  o f  a 

la r g e  p o in t  lo a d  m o v in g  do w n  th e  b ln  a s  p o s tu la te d  in  th e  

s w itc h  th e o ry ,  F ig .  1 .17 .

3 .4  T e s ts  on  b ln  o f  s h a p e  2

F iv e  te s ts ,  27 to  31 , a s  n e a r ly  Id e n t ic a l  a s  p o s s ib le  w e re ^  

c o n d u c te d  o h  r h a p e  2 . F o r  se t 1 th e  b ln  w a s  e m p ty , a n d  fo r  

se t 2  I t  V f is i- -r „e m p le te ly  f u l l .  In te r m e d ia te  f i l l i n g  case s  w ere  

le f t  o u t a s  th e y  w o u ld  b e  th e  sam e a s  fo r  s h a p e  1 . T he

e x p e r im e n ta l re a d in g s  ( ra w  d a ta )  a r e  g iv e n  in  A p p e n d ix  D1 

a n d  th e  d e r iv e d  f a c to r s  e n d  s tre s s e s  a r e  g iv e n  In  A p p e n d ix  02 .

T h e  r a t io s  o f  m e a su re d  to  sum m ed w e ig h t  a re  su m m a ris e d  in  . 

ta b le  3 .4 .  T h e  a v e ra g e  Is  1 ,1 8  e n d  Is  le fts th a n  th e  a v e ra g e  o f 

1 ,25  f o r  s h a p e  1, ta b le  3 .1 .  D e n s ity  v a lu e s  a re  su m m a ris e d  In

ta b le  3 .5 .  A t 1596 k g /m 3 th e  a v e ra g e  Is  le ss  th a n  th a t  f o r  b ln

I a t  1602 k g /m 3 . In  v ie w  o f th e  s iz e  o f th e  s ta n d a r d  d e v ia t io n  

w h ic h  Is  43 k g / m 3 f o r  s h a p e  I a n d  24 k g / m 1 fo r  sh a p e  2 , th e  

d if f e r e n c e  Is  n o t s ig n i f i c a n t .



T h e  m e a su re d  w a l l  f r i c t i o n  a n g le s  a r e  g iv e n  In  ta b le  3 .6 .  l i  

w as  fo u n d  th a t  th e  f r i c t i o n  a n g le  w as  g r e a te r  w hen m ovem ent 

w a s  n o t ic e d  I n 1 b ln  I ,  ta b le  3 .3 .  T h e  f r / e t lo n  a n g le  f o r  b ln  2 

a v e ra g e s  2 6 , t 6 on th e  v e r t i c a l  w a l ls  a n d  22 ,1 on th e  s lo p in g  

w a l ls ,  w i th  a n  o v e r a l l  a v e ra g e  o f 2 3 ,4 "  co m p a re d  to  th e  o v e r a l l  

a v e r a g e  o f  2 1 " f o r  b ln  I .  The h ig h e r  v a lu e  f o r  b ln  2 Is  ca u s e d  

b y  i t s  sh a p e  w i th  v e r t ic a l  w a l ls  w h ic h  m o b il is e  f r i c t i o n  m ore 

e f f e c t iv e ly .

T a b le  3 .4  R a tio s  o f M easu red  W eig h t to  Summed (W eight 

f o r t e s , ^  < 3 ,  \  '
' ...

28 30 31

2F { 1 ,2 ! 1 ,37 1,23 1,18

3E - 1 ,1 8 1,13 1,21 1,15

4 £ - 1 ,1 9 1,14 1 ,2 0 1,16

v  .
6E

- 1,16 1,14 1,20 M 6

1,19 1,119 1,14 1,21 1,20

I ?E 1,17 1 ,1 9 1,16 1,22

1,15

1,12

F *  F i l l i n g  e E m p ty in g  A v e ra g e  *  1 ,18  

S ta n d a rd  dev#-g t*b n  = ,0 ,0 3 .
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T a b le  3 .5  Sum m ary o f D e n s itie s  fo r  tes ts  27 to  31 ( kG /m 1 )

27 ,,, 28 29 30 31

2F 1607 1539 1573 1585 1578

3E 1599 1569 1585 .. 1579 1566

4E 1615 , 1606 1584 1604 1579

5E 1612 1614 1581 1605 1592^

6E 1623 1607 1596 1606 1601

7E 1622 1629 1593 1610

6E 1621

9E 1673

= F i l l i n g  E = E m p ty in g  A v e ra g e  = 1596 k g /m *  

S ta n d a rd  d e v la H o n  » 24 k g /m s

T a b le  3 .6  A v e ra g e  W a ll F r ic t io n  A n g les  fo r  tes ts  27 to  31 

(D e g ree s)

"""--s^est

S e l ' \
27 28 30 31

2F 23 ,2 22 ,4 21 ,6 22 ,9 23 ,9

3E 2 3 ,2 22 ,9 22 ,2 24,1 2 3 ,9

4E 2 3 ,2 23,1 22 ,5 2 3 ,3 2 4 ,0

5E 2 3 ,5 22 ,4 22 ,4 23,1 23 ,5

6E 23 ,6 22 ,8 2 2 ,0 2 3 ,2 24 ,6

7E 2 5 ,8 22 ,9 22 ,5 2 3 ,0

8E 29 ,7

9E 23 ,9

A v e ra g e  on v e r t ic a l  a id e s  = 2 6 ,1 °  

A v e ra g e  on s lo p in g  p a r ts  = 22,1 

O v e ra l l  a v e ra g e  = 2 3 ,4 "
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F ig s .  3 .2 3  to  3 .3 2  show  e x p e r im e n ta l p re s s u re s  a n d  s u r fa c e  

le v e ls  fo r  th e  f i v e  te s ts  27 to  31 on  b ln  s h a p e  2 . F o r  te s t 27 , 

F fg .  3 .2 3 , a  f u l l  b ln  se t 2 , h a s  a  s u r fa c e  s lo p in g  a t  th e  a n g le  

o f re p o s e  a n d  a n  a lm o s t l in e a r  In c re a s e  o f p re s s u r e  do w n fro m  

th e  s u r fa c e  on  th e  v e r t ic a l  w a l ls .  On th e  s lo p in g  w a l ls  th e  

p re s s u re  In c re a s e s  a lm o s t l i n e a r ly ,  d e c re a s in g  in  a s l i g h t  

c u r v e  fro m  th e  l in e  a t th e  to p  a n d  b o tto m  o f th e  s lo p e . A t th e  

s ta r t  o f  e m p ty in g ,  s e t 3 , th e re  Is  no  d e te c ta b le  d ro p  In  th e  

s u - fa e e  b u t  m a rk e d  c h a n g e s  In  p r e s s u re . On th e  v e r H c a l  w a l ls  

th t i s h a p e  Is  u h -.h a n g e d  b u t  p re s s u re s  In c re a s e . On , th e  s lo p in g  

w a l ls  th e re  Is  a c o m p le te  c h a n g e  In  s h a p e . T h e  p re s s u re  d ro p s  

to  n e a r  z e ro  a t  th e  o u t le t  a n d  th e n  in c re a s e s  u p  th e  s lo p e  to  

c ro s s  th e  f i l l i n g  l in e  a n d  th e n  d e c re a se s  a b i t  a t  th e  to p  o f 

th e  s lo p e . A p d is c h a r g e  p ro c e e d s , th e  s u r fa c e  d ro p s , s e ts  3 to  

6  a n d  th e r e  i s  a g r a d u a l  In c re a s e  In  p r e s s u r e  o n  th e  v e r t ic a l  

w a l ls  w i th o u t  m uch  c h a n g e  In  s h a p e , to  a b o u t 50% m ore th a n  

th e  f i l l i n g  c a s e , s e t 2 .  T h e  p re s s u re s  on th e  s lo p e s  c h a n g e  

s l i g h t l y  w i t h  f u r t h e r  d is c h a r g e .  Some o s c i l la t io n  Is  e v id e n t .  

F !g .  3 .2 4  sh o w s  th e  c h a n g e  In  p re s s u re s  a s  th e  s u r fa c e  le v e l 

d ro p s  e v e n t u a l ly  to  th e  w a l l  ju n c t io n .  T h e  s u r fa c e  f la t te n s  o u t  

a n d  e v e n t u a l ly  s fo p e s  to w a rd s  th e  c e n tre  s h o w in g  fa s te r  

m ovem ent th e r e ,  I t  w a s  n o t ic e d  th ro u g h  th e  g la s s  th a t  a 

c e n t r a l  c o lu m n  o f  250mm w id th  m oved d o w n w a rd s  w i th  ' l i t t l e  

n o t ic e a b le  m ovem ent o u ts id e  I t .  A s th e  s u r fa c e  d ro p s  th e  

p re s s u re s  on  th e  v e r t ic a l  w a l l  d e c re a s e . On th e  lo w e r  p a r ts  o f  

th e  w a l ls  th e  p re s s u re s  re m a in  v i r t u a l l y  u n a lte r e d  b u t  

p re s s u re s  re d u c e  a t  th e  to p  as  th e  s u r fa c e  d ro p s , u n tU  th e y  

a ^e  z e ro  w he n  th e  s u r fa c e  Is  a t  th e  J u n c t io n  o f  s lo p in g  a n d  

v e r t ic a l  w a l l .  T h ro u g h  a l l  th e  te s ts ,  F ig s .  3 ,2 3  to  3 .3 2 , no  

p re s s u re  p e a k s  w e re  fo rm e d  as  f o r  s h a p e  1.

M ax im um  f i l l i n g  a n d  e m p ty in g  p re s s u re s  a re  co m p a re d  fo r. te s ts  

27 to  31 In  F ig s .  3 .3 3  to  3 .3 7 . S h e a r s tre s s e s  a r e  a ls o  sh o w n , 

A m a rk e d  d i f f e r e n c e ,  F ig .  3 ,3 3 , c a n  be  seen be tw ee n  f i l l i n g  

a n d  e m p ty in g .  T h e re  is  a b ig  In c re a s e  In  p re s s u re  on th e  

v e r t ic a l  w a l ls .  T h e re  Is  a ls o  o n  In c re a s e  In  s h e a r  s tre s s , T h e re  

Is  a b i g - c h a n g e  In  p re s s u re  d is t r i b u t io n  on  th e  s lo p in g  w a l ls .  

T he p re s s u re  In c re a s e s  a t th e  to p  o f th e  s lo p e  and d ro p s  a lm o s t



to  z e ro  a t  th e  b o tto m . T h e  s h e a r  s tre s s  c h a n g e s  fro m  a 

fv iax im um  a t  th e  bo ttom  o f  th e  s lo p e  to  a m ax im um  a t  th e  to p .

M a x im u m  f i l l i n g  p re s s u re s  a re  co m p a re d  In  F ig .  3 .3 8 , T h e re  is  

v e r y  c lo s e  a g re e m e n t. A s l i g h t  a s s y m m e try  is  e v id e n t  b e tw ee n  

s id e s  w h ic h  show s a s m a ll In a d e q u a c y  in  th e  m e a s u r in g  s y s te m . 

P re s s u re s  in c re a s e  a lm o s t l i n e a r ly  on  th e  v e r t ic a l  w a l ls  do w n 

fro m  th e  s u r fa c e .  P re s s u re s  o n  th e  b o tto m  a re  a lm o s t H n 6 a r ,  

d r o p p in g  o f f  s l ig h t fy "  a t  th e  to p  a n d  bo tto m  o f  th e  s fo p e . 

M a x im u m  e m p ty in g  p re s s u re s  a r e  c o m p a re d  In  F ig .  3 .3 9 . T h e re  

t is  e x c e l le n t  a g re e m e n t on th e  v e r t ic a l  w a l ls  a n d  e v id e n c e  o f  

'^ g m e  o s c i l la t io n  on  th e  s lo p in g  w a l ls  a lth o u g h  a g re e m e n t Is  

g o o d . A g a in  s l ig h t  a s s y m m e try  is  e v id e n t .

On th e  v e r t i c a i  w a i fs  p re s s u re s  in c re a s e  a fm o s t f ln e a r / y  a n d  •

^ r e = a b b u t 50% g r e a te r  th a n  f o r  f i l l i n g .  F ig .  3 .3 8 . P re s s u re s ___

a r e  s m a ll  a t  th e  bo tto m  o f  th e  s lo p e  a n d  in c re a s e  a lm o s t 

l i n e a r ly  a t  f i r s t  to  re a c h  a m a x im u m  a t  a b o u t 70% o f  th e  s lo p e  

le n g th  a n d  th e n  d e c re a se  a b i t  a t  th e  to p  o f th e  s lo p e .

3 .5  A tte m p t to  d e te c t s w i tc h  p re s s u r e  in  b in  o f  s h a p e  2

T e s t 31 w as  use d  f o r  th is  p u rp o s e . F ig .  3 .3 0  show s th e  f i l l i n g  

c o n d i t io n ,  s e t 2 , a n d  th e  s t a r t  o f  e m p ty in g ,  s e ts  3 to  6 .  V e ry  

s m a ll  a m o u n ts  o f s a n d  w ere  d is c h a r g e d  be tw ee n  ea ch  s e t ,  a b o u t 

1 k g  a t  a t im e . T h e re  Is  a m e a s u re a b le  d i f fe r e n c e  in  p re s s u re s  ,

b e tw e e n  se ts  3 to  6 , w i th  some o s c i l la t io n  lo w e r  d o w n . F ig .

3.31 c o n t in u e s  to  m o n ito r  v e r y  s m a ll c h a n g e s  fo r  a d d i t io n a l  

d is c h a r g e .  F ig .  3 .3 2  show s la r g e  d ro p s  In  s u r fa c e  lev<?l -and

e v e n tu a l d e c re a se  in  p r e s s u r e .  No s w itc h  p re s s u re  in  th e  fo rm

o f a m o v in g  p o in t  lo a d  w a s  d e te c te d  a s  p o s tu la te d  b y

J e n ik e  (22 ) , F ig .  1 .1 7 .



3 .6  S u m m a ry

In  t h is  c h a p te r  th e  e x p e r im e n ta l r e s u lt s  a re  g iv e n  

fo r  e a ch  b in  s h a p e  re a s o n a b le  a g re e m e n t w a s  ob t/ 

f i v e  te s ts  fo r  fV l l ln g  a n d  e m p ty in g , 

d if fe r e n c e  b e tw e e n  f i l l i n g  a n d  e m p ty in g  

p re s s u re  c o u ld  be  d e te c te d . Even an 

s a n d  w o u ld  caL ise a - ta r g e  c h a n g e  f n  

p re s s u re s  o v e r  th e  w h o le  w a l l  w ith o u t 

D e n s it ie s  af>.d w a l l  f r i c t i o n  a n g le s  w e re  I 

w i th  v a lu e s  m e a s u re d  on S a m p les .



F ig u r e  3 .2  T es t 20 : F i l l i n g
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F ig u re  3 .3  T e s t 20 ; E m p ty in g
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F ig u r e  3 .4  T e s t 21 i F i l l i n g
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Figure 3.5 Test 21 : Emptying
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Figure 3 .6  Test 22 : F illing
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Figure 3.7 Test 22 : Emptying
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Figure 3 .8  Test 23 F illin g
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Figure 3 .9  Test 23 : Emptying



Figure 3.10 Test 24 t F illin g



F ig u r e  3.11 T e s t 24 : E m p ty in g



F ig u r e  3 .1 2  le s t  20 : F I I l in g  a n d  e m p ty in g
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F ig u re  3 .1 3  T e s t 21 : F l l l l n g  a n d  e m p ty in g



F ig u r e  3 .1 4  T e s t 22 : F I l l ln g  a n d '  :m p ty ln g





F ig u re  3 .1 6  T e s t 24 : F i l l i n g  an d  e m p ty in g ,
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F ig u r e  3 .1 7  Comparison of tests 20 to 24 : F illin g
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F ig u r e  3 .1 8  Comparison of .tests 20 to 2 4 1 Emptying
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F ig u r e  3 .1 9  T es t 26 i F I 11 Inci
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Figure 3.20 Test 26 : Switch pressure detection (1)



F ig u re  3 .21 T e s t 26 : S w itc h  p re s s u re  d e te c t io n  (2 )
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Figure 3.22 Test 26 : Switch pressure Detection (3)
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Figure 3.27 Test 29 (1)
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F ig u re  3 .2 9  A T e s t 30 (2)
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F ig u re  3 .3 6  T es t 30 : F i l l i n g  a n d  e m p ty in g







F ig u r e  3 ,3 9 Tests 27 to 31 •; "Comparison of emptying pressures
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CHAPTER 4

THEORETICAL PRESSURE DISTR IB U TION S -  B IN  1

4.1  M e 'thods f o r  a n a ly s in g  p re s s u re s

A d is t in c t io n  Is  m ade be tw ee n  m ethods a p p l ie d  to  th e  f i l l i n g  

case a n d  m e th od s  a p p l ie d  to  th e  e m p ty in g  c a se . A l l  th e  m ethods 

h a v e  t h is  In  common : th e y  a re  s im p le  a n d  e a s i ly  a p p l ie d .  

F o r re fe re n c e  e a ch  a n a ly s is  Is  g iv e n  a n u m b e r w i th  a 1 p r e f ix  

F fo r  f i l l i n g  a n d  E fo r  e m p ty in g . N um be rs  f o r  b in s  1 and^ 

2 m a y  no t n e c e s s a r ily  be  th e  sam e.

4 .2  G e om etry  f o r  f i l l i n g  X  J

F o r  b ln  1 , f i v e  te s ts ,  2o to  24 , w ere  co m b in e d  f o r  co m p a r iso n  

w i th  th e  v a r io u s  th e o r ie s . F ig .  4.1  sh o w s  th e  c o n f ig u r a t io n  

a n d  ta b le  4.1  sho w s th e  d e r iv a t io n  o f  th e .  a v e ra g e  v a lu e s .

3 4 6



T a b le  4 ,1  V a lu e s  for B ln  1 to  b e used In  A n a ly s is  

o f F i l l in g

A v e ra g e  d e n s ity  = ( 1608+1533+1571 +1649+1594)/5  = 1591 k g /m 3 

N ote; I t  w as  d e c id e d  to  use th e  o v e r a l l  a v e ra g e  v a lu e  fro m  

ta b le  3.1  o f  y = 1602 k g /m 1 = 15716 N /m s

S u rfa c e  h e ig h ts  mn

Tes t - 2 4 5 6 7 8

20 520 600 660 720 780 725 660 605 570

21 4 575 590 650 71 S. 780 725 660 600 575

4 570 590 660 720 700 725 665 605 580

575 595 650 ,715 780 720 655 600 575 •

. .  . f
580 610 675 740 785 730 670 610 x

A v e ra g e 564 596 659 722 781 725 662 604

A v e ra g e  b o th s ide s 781 723 660 600 %570

S u rfa c e  s lo p e  = a tn  ( 781 3q0600 )

= 3 5 ,1 °  (co m p a re  w i t h  3 1 ,0 *  ta b le  2 . f )  

C o n ta in e d  w e ig h t -  15715 x  (0 ,8 0 7  x  0 ,3 4 4  -  0 ,01 5  x  0 ,0 2 6 )

= 4357 N p e r  m e tre  w id th

4 .3  F i l l i n g  p re s s u re s  -  b ln  1

4 .3 .1  F I ^ A c t iv e  s ta te  p r e s s u r e

The v e r t ic a l  p re ssure) a t  a n y  d e p th  is  g iv e n  b y

°x = r h  4 .1

a n d  th e  h o r iz o n ta l p re s s u re  b y

'V *  rk u  4.2

w h e re  k “  a c t iv e  p re s s u re  c o e f f ic ie n t



F o r  e q u l l ib r iu m  p e r p e n d ic u la r  to  th e  s lo p e , F ig .  4 .2

0̂ = 0*  s in 1,30 + o y  c o s ‘ 30

== (0 ,2 5 *0 ,2 8 4 6  x  0,73-) -  0 ,4 6 3 5 0 ^  4 .4

F o r  e q u i l ib r iu m  p a r a l le l  id  th e  s lo p e  

t w *  ( -  <^)s ln3 0co s30

«= 0 ^ (1 -0 ,2 8 4 6 )  x  0 ,5  ■% 0 ,86 6  = 0 ,3 0 9 8 o x  4 .5

A t bo ttom b * 781 mm

«"» Qx * >5716 x  ,,7 61 .. - 12274 M /m 1

\
* 0 ,28 46 x 12274 « 3528 M /m ’

° 0 ,46 35 x 12274 = 5688 N /m a

Tw - 0 ,30 98  x 12274 = 3802 N /m 3

A n g le t w ■e B tn  jw = a tn (38 02 /56 88 )=  3 3 ,B6

T h is  exce ed s  th e  w a l l  f r i c t i o n  a n g le  = 2 0 ,1 3 * .

T he s tre s s  Is  show n p lo t te d  In  F ig .  4 ,2 .  N ote -  I t  Is  assum ed 

th a t  th e  s h e a r  s tre s s  on th e  v e r t ic a l  a n d  h o r iz o n ta l  ( / i . in e s .

4 . 3 .2 .  F2 E q u i l ib r iu m  o f fo rc e s  -  l in e a r  d is t r ib u t io n  o f o ^

T he r e s u lt a n t  h o r iz o n ta l  fo rc e  H a t th e  c e n tr e l in e  a c t in g  

on h a l f  th e  c o n te n ts ,  F ig .  4 .3 ,  Is  assum ed to  a c t a t  one 

t h i r d  th e  h e ig h t .  T h is  fo rc e  to g e th e r  w i th  th e  w e ig h t o f



4-4

h a l f  th e  c o n te n ts  m us t b a la n c e  th e  r e s u lt a n t  .fo rc e  

.the s id e  w h ic h  Is  In c lin e d  a t  th e  a n g le  o f w a ll 

to  th e  n o rm a l.  The p re s s u re  d i s t r i b u t io n  on th e  

assu m ed  to  b e  l in e a r .  From  th e  v a lu e  o f  R a n d  I ts  

th e  e x tre m e  v a lu e s  ca n  be  fo u n d .  T h is  does no t 

a z e ro  p re s s u re  a t  th e  s u r fa c e .

F ig u r e  4 . 2 : A c t iv e  s ta te  p re s s u re

W = 4382 = 2191 N fro m  ta b le  4 .1 .

F o r vertica l equlliliVlum R s in 5 0 ; i3 a *  W = 2191 N 

R ■ 2855 N

N orm a l com p on en t N *  R c o s 2 0 ,t3 a = 2681 N

P, ■ -p- 6 ‘ 8 1 - X 2661 X ( 2 /3  X 0 ,6 6 6  -  0 ,25 96 )

= 6653 N /m 1

p2 = T 6 S e T  *  2681 X (0 ,2 59 6  -  0 ,6 5 6 /3 )

= 1496 N /m a

f r ic t io n

p o s it io n

p ro d u ce

4 .6

4 .7



4 -5

4 . 3 .3  F3 E q u i l ib r iu m  o f O rces -  p a r a b o l ic  d i s t r i b u t io n  o f <?w

T h is  m ethod Is  an  im p ro v e m e n t dV er F2 as i t  a l lo w s  a ze ro  

w a l l  s tre s s  a t th e  fre e  s u r fa c e .  T h e  a r ra n g e m e n t o f  fo rc e s  

16 s t f l l  a s  In  F ig .  4 .3 .  T h e  p a r a b o la  used is  show n In  F ig .  

4 .4 .

L e t th e  e q u a t io n  be p  # a x  + b x z .

+ b x )  d x  H y - , a  + ^ . b  = N

f  p x d x  = f  ( a x * +  b x )  d x  = ^ T * a + T  -b
J o

0 )

N .g  ( l i )

346

■115,31

115.3

20,1

266,3

26

In te rs e c t io n  o f " ^  w i th  s id e

F ig u re  4 .3  F2 : E q u t lib r lu m  o f fo rc e s

w ith  L in e a r  d is t r ib u t io n  o f o ^



F ig u re  4 .4  '• F3 E q u i l ib r iu m  ( i f ,  fo rc e s  w i th  

p a r a b o l ic  d i s t r i b u t io n  o f

( t )  a n d  (

From  4 .3 .5  

from  F ig .

b = 

V a lu e s  o f

f l )  a re  s o lv e d  fo r  a a n d  b  :

4 .10

1 N -  2681 N 

4 ,3  L  *  0 ,658m ,

g  -  0 ,6 5 8  -  0 ,2 6 0  = 0 ,3 9 8  m 

7 2 (0 ,6 5 8 /4  -  0 ,3 9 8 /3 )  2 6 8 1 /0 ,6583 »  21 569 

7 2 (0 ,3 9 8 /2  -  0 ,6 5 8 /3 )  2 6 8 )/0 ,6 S 8 4 « - 2 0  936

p re s s u re  w i t h  s lo p e  d is ta n c e  fro m  th e  fr e e  s u r fa c e  

In  ta b le  4 .2  .

-  7 2 (L /4  -  g /3 )  S

-  72 (g /2  -  L /3 ) - ! i-



0 0 ,05 8 .0 ,1 5 8  0 ,25 8 0,35 8 0 ,45 8 0,558 0 ,65 8

p N /m 2 0 1181 2895 4171 5038 5487 5516 5127

4 . 3 .4  F4 W a lk e r  th e o ry  f o r  t i l l i n g

T h is  m e th od  Is  s im i la r  to  F I In  th a t  s h e a r  on v e r t ic a l  p la n e s  

Is  assum ed to  be z e ro . T h e  s lo p in g  s u r fa c e  is  a v e ra g e d  

o u t a s  s u rc h a rg e  a n d  tHe h o r iz o n ta l  p re s s u re  Is  d e te rm in e d  „ 

so th a t  th e  c o r re c t f r i c t i o n  a n g le  Is  o b ta in e d  a t  th e  w a l l ,  

F ig .  4 .5 :

Figure 4 .5 :F t W alker's  Theory for fillin g



V e r t ic a l  p re s s u re  c>w = Y h

fo r  v e r t ic a l  e q u i l fb r f u m

°\n s in 6 w + 0w t a n * w co s6 w = cx  • co se w

°w "  1 + ta n $ w c o t9^  = 0.6117 4.11 -

Y = 15716 N /m , * w= 2 0 ,1 3 °  6 = 30 =

»w = 15716 h x  0 ,61 17 = 9613 h N/m"

A t to p  h = 0 ,10 43  m , = 9613 x  0 ,10 43  = 1003 P a .

a t  b o tto m  h = 0 ,67 43 m , ' a w ‘ = 9613 x  .0 ,6 7 4 3  = 6482 P a .

F ig u re  4 .6  i F5 C o -o rd in a te s  /o r  B o o th 's  P i le  T h e o ry  

4 .3 .5  F5 B o o th ’ s p i l e  t h e o r y ^

T he  s tre s s e s  w i t h in  a p i l e  o f g r a n u la r  m a te r ia l ,  F ig .  4 .6

a re  re p re s e n te d  a s  p o ly n o m ia l fu n c t io n s  in  r ,  th e  r a t io

o f th e  h o r iz o n ta l d is ta n c e  fro m  th e  c e n tr e l in e  o f  th e  p i le

to  th e  p o in t  c o n c e rn e d , to  th e  h o r iz o n ta l d is ta n c e  fro m  th e

c e n tr e l in e  to  th e  s u r fa c e .  I f  th e  b in  is  now im a g in e d  w i t h in



. "  . q  :

- . . .  l . . . ' : . ? #

th e  p i l e ,  F ig .  4 .7 ,  th e

V",

m a y  be  c a lc u la te d  a lo n g  

a n d  Tx y . F ig .  4 .7  a ls o

fo r  p o in ts  on th e  w a l l .  In

: t a n * w w f l l  n o t be  s a t is f ie d .  

T h e re  Is  no  d is t in c t io n  m ade b e tw ee n  th e  a n g le  o f  rep ose

a n d  th e  in te r n a l  f r i c t i o n  a n g le .  T h e re fo re  th e  s u r fa c e  ha s

been a d ju s te d  s l i g h t l y  to  a n  a n g le  o f re p o se  o f  34* w h ic h

is  c lose  to  th e  In te r n a l  f r i c t i o n  a n g le  o f 3 3 ,8 ° .  T h e  nominal 

p re s s u re  on  th e  w a l l  is  show n as  th e  d o tte d  l in e  In  V l g .

___ ___

T/ I  &

a  p i le  o f  sand



Values of constants for fric tion  angle 6 = 3.4*.

T = 15716 .N/m 3

k = 0 ,20272 e = 0,52362

A = 0 ,04 97 , F e 0 j36662

B = 0.06242

C = - ~ t),63575

V e r t ic a l  c o m p re ss ive  s tre s s

<5* = Yb ( A r4 + B r 3 + C r2 + E)

H o r iz o n ta l c o m p re ss ive  s tre s s

{ |  A r4 + ^  B r3 + g- C r2 ) + Y b kE  4 .13

S h e a r  s tre s s  Y h r  ■? a i  i  i 9 • , —
' k y  ‘  " E S t 1 5 A r  4 1  B r  4 3 C r - E )  + T b r  4 .14

T he w a l l  s tre s s e s , F ig .  4 .6  a r e  g iv e n  b y  th e  s ta n d a r d  c o n v e rs io n  

ow  = ox s in , e ■¥ o ^ c o s ’a + a f ^ ^ s in a  c oso  4 ^

*  r ^ y fc o s ’ o -  s i 'n ’o ) + ( -  oy ) s in “ co s«  . 4 .1 6

Figure 4 .8  : Determination of wall stresses



T a b le  4 .3  g iv e s  th e  s tre sse s  a t v e r t ic a l  in t e r v a ls  o f  100mm. 

T he seco nd la s t  co lu m n  show s th e  r e s u lt in g  a n g le  .,;bf w a l l

'C

p i le

The r e s u lt s  fro m  B o o th 's  p i le  

p ro d u c e  th e  r i g h t  f r i c t i o n  a n g le  a t  th e  w a l l .  T h is  Is  e q u iv a le n t  

to  in t r o d u c in g  a n  a d d i t io n a l  h o r iz o n ta l s t re s s ,  F ig .  4 .9 :

. s i n ^  + a ) = ow s ln a

ow = 2 0 ,1 °  a n d  a = 3 

%  = 0 ,61 2  o x  + 1,0!

■ =. -
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4 . 3 .7  F7 F ra m e w o rk  th e o ry  10^

I f  th e  m a te r ia l in  th e  b ln  ha s  i t s  I n te r n a l  f r i c t i o n  

f u l l y  m o b ilis e d  i t  Is  s a id  to  be In  a c r i t i c a l  s ta te ^ 17i  I t  is  

p o s s ib le  to  show  th a t  th e re  a re  tw o se ts  o f  p la n e s  on w h ic h  

l im i t in g  f r i c t i o n  o c c u rs . T he se p la n e s  a re  In c lin e d  a t  9 0 - fi!1, 

e a ch  o th e r ,  F ig .  .4 .1 0 .  T h e  d i r e c t io n  o f th e  m a jo r  p ^ ln c lp a t i  

s tre s s  Ug - b is e c ts  th e  a n g le  so th a t 0| Is  I n c l in e d  - to .  e l th eh  

se t o f s l ip  l in e s  a t  a n  a n g le  o f  |j = 45 -  6 /2  4 .1 9

F ig .  4 .1 0  show s th a t  th e  r e s u lt a n t  s tre s s  on ' a  s l ip  l in e  

o f one ty p e  Is  p a r a l le l  to  th e  o th e r  ty p e  o f s l i p  l in e  . F o r 

a n a ly s is  th -s  e n a b le s  th e  re p la c e m e n t o f  th e  m a te r ia l  (s a n d )  

b y  a fra m e w o rk  m ode l in  w h ic h  th e  w e ig h t o f  th e  m a te r ia l 

. in  th e  d ia m o n d  s h a p e d  e le m e n t is  c o n c e n tra te d  a t  a  node 

p la c e d  a t  th e  e le m e n t c e n t r o id .  M em bers th e n  fra rp e  In to  

th e  node p a r a l le l  to  th e  s l i p  l in e s ,  F ig .  4 .1 1 . S tre sse s  a re  

fo u n d  a t  a w a l l  o r  a lo n g  a g iv e n  l in e  b y  d i v id in g  th e  fo rc e s  

b y  th e  m em ber S p a c in g  a lo n g  th e  w a ll  o r  l in e .  I t  h a s  been 

show n th a t  e x a c t r e s u lt s  a re  o b ta in e d  f o r  th e  c la s s ic

a c t iv e  a n d  p a s s iv e  p re s s u re  s ta te s  In  a u n ifo rm  m ass w ith  

" h o r iz o n ta l s u r fa c e .  T he p r in c ip a l  l im i ta t io n  o f  th e  m ethod

'I s  In  d e te rm in in g  th e  c o r r e c t  o r ie n ta t io n  a n d  e x te n t  o f  th e  

s l ip  l in e  f i e l d .  D u r in g  f i l l i n g  th e  m a jo r  p r in c ip a l  s tre s s  

w i l l  p r o b a b ly  be  v e r t ic a l  on  th e  c e n tr e l in e .  F ig .  4 .1 2  show s 

a fra m e w o rk  w i t h  s t r a ig h t  m em bers a r r a n g e d  so th a t  o g 

Is  a lw a y s  v e r t i c a l .  T he d o tte d  l in e s  In d ic a te  e x t r a  h o r iz o n ta l 

m em bers r e q u ir e d  to  p r e s e r v e  th e  c o r re c t w a l l  f r i c t i o n  a n g le  

fo r  v e r t ic a l  e q u i l ib r iu m  a t  a sup po rt

R s ln 5 0 ,10 = F c o s 2 8 ,10 + W

R = 1,149F  + 1 ,303W 4 .^ 0

T he re a c t io n s  a n d  n o rm a l s tre s s e s  fro m  th e  s u r fa c e  down 

a re  show n In  ta b le  4 .4 .  T he s p a c in g  dow n th e  s lo p e  Is  40mm.

T h e re fo re  th e  n o rm a l s tre s s  is  g iv e n  by

ow = R cos20,1 c 25 ,33F  + 26,9eW  P a .



Figure 4.10 Stresses associated with slip lines

frame 
v  members

'slip lines

F ig u r e  4 .1 1 C o n s t r u c t io n  o f  s u b s t i t u t e  fram ew ork



,12,16 N 
\  force 
/  added 
per node

/R  w\ 
wait reaction

F ig u re  4 .1 2  : F7 Fram ew ork f o r  f i l l i n g



T a b le  4 .4  F7 Fram ew ork

PO IN T REACTION R 
N

NORMAL STRESS O • 
P a . -w

55 759

2 74 17 37

3 101 23 71

'4 129 30 28

5 147 3451

6 175 4 1 0 8

7 180 ;  42 25

8 184 4 3 1 8

9 193 4 5 3 0

10 200 46 95

11 207 48 59

1 2 211 4 9 5 3

13 217 5094

14 225 52 81

15 23 0 5 3 9 9

16 258 60 56

4 .4  G e om etry  fo r  em p ty ing .

T a b le  4 .5  g iv e s  th e  c a lc u la t io n  o f. th e  a v e ra g e  s u r fa c e  h e ig h ts .  

T he r e s u lt in g  p r o f i le  is  p lo t te d  as Lhtr d o tte d  l in e  In  P ig . 4.1



T es t Set P o s it io n

1 2 J 4 5 6

20 5 570 600 660 710 770 710 660

21 575 590 645 705 770 715 655 600 575

22 570 590 655 710 770 715 660 605 580

575 595 640 700 760 710 645 600 575

580 610 660 710 750 700 660 610

A v e ra g e 574 597 652 ■; 707 764 710 604 576

A v e ra g e b o th  s id e s : 600

D e n s ity  /  15 7t:6 M /m 3 '

S u r fa c e  s lo p e  = ''' ^ t 'n  = 2 9 ,1 °

C o n ta in e d  w e ig h t = 15716 x  (0 ,7 9 2  X 0 ,3 *6  -  6 ,01 5  x  0 ,0 2 6 )

= . 4301 N p e r  m e tre  w id th  o f b in

4 .5  i ' . r ip t y in g  p re s s u re s  -  b l i

4 .5 .1  ‘ . W a lk e r  th e o ry  f o r  e m p ty in g '(n>

W a lk e r  a n a ly s e s  th e  fo rc e s  on s .. h o r iz o n ta l s l ic e  in  a b in ,  

F ig .  4 .1 3 . As he  u se s  Ih e  a v e ^ s g e  -y,eB-ti,ca-k' s t r e s s V  ( In  h is  

n o ta t io n )  he ha s  to  r e la t e  i t  t? .tn e  v e r t ic a l  s tre s s  a t th e  

w a l l  V . He does th is  w ith  th e  D

V , = DSr 4 .2 2

He s ta te s  th a t  I f  D Is  ta k e n  . .n J ty  I t  w i l l  g iv e  s u f f ic ie n t ly  

a c c u ra te  v a lu e s  o f w a l l  s t re s  .n- As m e n tio n e d  In  c h a p te r  

1 , D m ust In  fa c t  be one o r  v e r t ic a l  e q u i l ib r iu m  w i l l  be 

v io la te d ,  (see A p p e n d ix  E ) .



Figure 4.13 : El W alker's theory for emptying

o - '

F ig u re  4 .1 4  : N o ta tio n  fo r  J e n lk e 's  g r a p h s  f o r  

r a d ia l  s tre s s  f i e ld



In  th e  fo llo w in g  c a lc u la t io n s  W a lk e r 's  n o ta t io n  Is  p a r H a i ly  

u s e d , an d  Is  d e f in e d  w h e re  n e c e s u a ry , r e fe r r in g  to  F ig .  

4 .1 3 .

In te r n a l  f r i c t i o n  a n g le  6 °  3 3 ,8 ° ,  W a ll s lo p e  a = 30®

W a ll f r i c t io n  a n g le  *w = 20 ,)®

,  '  * ( * .  + " In Q L ) )

B » 2S»,2e

T h e  v e r t ic a l  s h e a r  s t r e s s  a t  th e  w a l l  ry Is  r e la t e d  to  V w 

th e  v e r t ic a l  n o rm a l s tre s s  o f th e  w a l l  b y

w h e re  B ®

C B 

• v™ •  

fro m  e q n s  4 .2 7  a n d  4 .2 6

T he n o rm a l s tre s s  Is  g iv e n  In  ta b le  4 .6  fo r  d i f f e r e n t  h e ig h ts  

a n d  Is  p lo t te d  In  F ig .  4 .1 3 .

T a b le  4 .6  W a lk e r 's  T heory

0,601 0,52 6 0 ,42 6 0,326 0 ,2 2 6 , 0 , f  26 0 ,0 2 6

“ w
Pa. 1526 2547 3705 4562 4982 4672 248?

Tv = B V w 4 .2 4  ”

S ln 6 s in 2 ( a  +B  )
1 -  s ln ic o s 2  (a+B) » 0,3870 4 .2 5

C  - = 0,6702 4 .2 6

Vw -  1,022 4 .2 7

LJ  » , e



In  Jhe fo llo w in g  c a lc u la t io n s  W a lk e r 's  n o ta t io n  is  p a r t i a l  ly  

u s e d , a n d  is  d e f in e d  w h e re  n e c e s s a ry , r e fe r r in g  to  F ig .

In te r n a l  f r ic t io n  a n g le  6 =  3 3 ,8 ° ,  W a ll s lop e  a =  30° 

W a ll f r i c t i o n  a n g le  *  = 2 0 ,1 °

6 = 29,2° ’

the . v e rt ic a l shear s tre s s  a t the w a ll t  Is re la te d  to Vw

the v e rt ic a l normal s tress  o f the w a ll b y

t v = B Vw " 4.24

w = " 1  -  s in ficosZ U + B ) \  = 1’ 022 4,27

.*. from eqns 4.27 and 4.28

T he n o rm a l s tre s s  is  g iv e n  in  ta b le  4 .6  fo r  d i f f e r e n t  h e ig h ts  

a n d  is  p lo t te d  in  F ig .  4 .1 3 .

T a b le  4 . 6  W a lk e r 's  T h eo ry

0 ,42 6



4 . 5 ,2 .  E 2 . R a d ia l s tre s s  f ie ld  w i th  l in e a r  c u t - o f f

A  r a d ia l  s tre s s  f i e ld  h a s  been show fi to  e x is t  in  th e  v i c in i t y  

o f  th e  o u t le t  b y  J e n lk e * 16  ̂ . In  a r a d ia l  s tre s s  f i e ld  the

-s tre s s e s  a re  p r o p o r t io n a l  to  th e  r a d ia l  d is ta n c e  from  th e

a p e x  w h e re  th e  tw o  in c l in e d  s id e s  In te r s e c t .  T h u }  th e  n o rm a l 

s tre s s  on th e  w a l l  w i l l  in c re a s e 1-' l in e a r ly  fro m  z e ro  a t the

a p e x . J e n ik e  g iv e s  v a lu e s  o f c ’ /T B ,  F ig .A .14 ( o’ = 0 w ) ,

in  g ra p h s  f o r  s = 3 0°  a n d  5 -  40®, re p ro d u c e d  h e re  a s  F ig s ,  

4.15 a n d  4 .16 . I t  Is  th u s  f& c e s s a ry  ^ to  in te r p o la te  fo r  th e  

r e q u ir e d  v a lu e  o f  5 = 3 3 ,8 ° .  T he v a lu e  d e p e n d s  on  th e  w a ll 

f r i c t i o n  a n g le  ( #‘ = ^  X a n d  , th e  b in  w a l l  s lop e  ( S ' )  = a-.

, J h e  th ep py  f o r  th e  r a d ia l  s tre s s  f i e ld  i s  g iv e n  In  A p p e n d ix  

•G w h l^ h  a ls o  d e ta i ls  a p ro c e d u re  a n d  a p ro g ra m  In  B a s ic fo r

c e lc u l^ t f n g  th is  fa c to r .  < » r.',Q ' '  .

T h e  c o n s ta n ts  use d  w ere

t  15716 N /m 3

6 =  33 ,8 4 "

♦ w = 20 - 10
* '-9 0 ® a g  = 2 9 ,2 "

Fro,nt. F ig .4 .1 5  fo r  « = 3 0 f  o ' / t B  = 1,300

From  F ig . 4 .1 6  f o r  « = 40 " a ' /Y B  ? 0 ,98 2

In te r p o la t in g  fo r  6 = 33 , 64® o ' /T B  = 1 ,3  - (1 ,3 - 0 ,9 8 2 )  *

= 1,176

From  A p p e n d ix  G o ' Y 6 = o ^ /Y r  = 1,3354 0 '/ .y g  

w h e re  01 = Sw

T he la t t e r  f ig u r e  Is  p r o b a b ly  m ore c o r re c t th a n  th e  fo rm e r 

becau se  o f th e  g r e a t  c a re  ta k e n  In  I ts  c a lc u la t io n ,  b u t by  

th e  s ta g e  I t  h a d  been d e r iv e d  a l l  c a lc u la t io n s  h a d  a lr e a d y

be en  r e la te d  to  th e  v a lu e  o f 1 ,178 so t h is  is  th e  v a lu e  used

As th e  r a d ia l  s tre s s  f i e ld  w o u ld  g iv e  a la r g e  v a lu e  a t  th e  

s u r fa c e  a n d  b e cau se  ve  : ' i a l  e q u i l ib r iu m  m us t be  a s s u re d  .some



Function o’/ r  B, B « 30*

Plane symmetry (synmetric plane flow)

F ig u re  4 .1 5 : N orm al s tre s s  in  th e  r a d ia l  s tre s s  f ie ld  

fro m  Je n ik e  ^16  ̂ fo r  6 = 30°






































































































































































































































