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tn a c  IT . urv . imr. U T S  15  b- fo rc  t h : tc ; t .  fTpble I)C)

(11) C o r i r r r t v v o  y y j ' -  r  mcrsur -  iK.nts mnde r: f t c r  t h e  t r l -
q'X^°l  t  ? t  IX) ,  I t  - p -  - r  •• t h r t  t h e y  o recTi  f  f e r e  n t
t o  one a n o t h e r ,  b u t  o f  r o r  o r  l e s s  th- s -n c  o r d e r  o f  r - c -
n l t u d e .

f t  -dy  c o n d i t i o n s  nd thorn- d r i v  d f rom th< t  s t  Vlrr.ul r-f i ni*
tV. dl  i t u r l  id c o n d i t i o n  o f  • n n c f r  t r l  x l n l  t e s t  t he  vn :

in !• 1 1 X • \ ■ r l y  t -v t  11.: .1 <■ o c c u r r i n g ’ un ­
d e r  t h  d i s t u r b e d  c o n d i t i o n s  c- u - ed  t y  t h e  l o  d ing  sp lnd l -  
r dvsnc  i r  • I t ?  > t'K- t  •* c 11,  1 g r  «tc r  th- n ven t r  moxl-
r.um v s l u  o f  1. - Vo r  • - u r o i  a t  "ny t ime  u n d e r  s t e a d y  c e l l
c o n d l t  lor. ■.

In t r y i n g  t o  t u !  ■ t h  c  us  a o f  t he :  * x o e r l m e n t a l  ob-
s r v f i t l o n ; - . i t  • n c- y t o  x r l n -  mo? c l 0 3  . l y  the f a c t o r s  
vff.-.ct I r . f  1 nd v c r i -  t i  no i n  t r  r e t  o f  1 • k' -re f rom the
t o t  c o l l i

for-  c • (. • nt '!’ - t r  * x * ' t - s t ,  it.-. - dy c o n d i t i o n s
e x i s t  in tht. t- it c 1 , c o n d l t i  n. - to  m a in ta in 'd  on ly  by
the s e t  I on  o f  t h e  n - r t  ’ c u l  r  oh "ml r  p r e s s u r e  s. 1 c t e d  f o r  t he

.

.
c r e a s e d  p r i o r  to  >02 ' t i  >nV;-.: t-.. t e s t  .•••-ro) in  o r  d r  t o  r ed u c e

age u n d e r  t h  r r-t $:• c 11 ■ -nd t t  t e n s  1 I n d i e s  t d by th e  l e a k -

'
dl  I n t o  th-  t e . i t  c i l l  r s u i t  i n  «-n Inc -  : chnmb r o r c s s u r -
which c u s * i ■ t '  r : 1 c ! >r f l u i d  ' lo*. 0 ut  o? ? n- t es t .  : . », a

■
l y  how-- v r  t h '  vr 1 imt c ' t h  t, t o'. ■ ' r  !"uC 3 x ‘ 1 ,
due t o  th-  c c r - r  ; l v  1 - :! r p , wh ich  r e s u l t s  In - ‘.cn -n
t h  ch mb?-r : r» - ir r-d i. -nc t n : no f< n • ' •• • ; 1 ..' — -

.

Fbov .

p o i n t  S h e r a ^ h ®  L , " W
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t h  t e s t  c 1 1 ,  n» •h  1 • k- m- su r c d  - f  t  r  t h i s  t o s t  to
b' d l f i  -r  " y i  r  V u - t v c  m. ' s u r  r n t  i ,  bu t  c o p s r e n t l y  of
the s r -  r " , r  ^  ( n ; 's -- th- lonkrr , .  me n ?,ur i m m e d i r t c l y

:
. n t  1 on -i i r  ( 11 )  > : .

P u r t h - i r ,  X -how - c'l - a r l y  fchnt t he  v a lu e  of  1 - kpge de-
c rmti*-- i  f ' - ' c  t ,u - t ' ' * n v py c "?o  gr* t h r.n < ven t he

• n l  n f t  r  t h i s  t i t .  h  r  on ! r c l  - r l y  t h a t  d iv ' ln  th< t o s t
• n I nc r  ' 1 r f o f  1 • ' ' r  n i t  ■ dm tc t h  Incr-.-.nsi 1 ch'sn-
> r  pr- ; ’1 ir c -u«  1 by t-/> • \ v  n ■ o f  th l o a d i n g  s p i n d l e .  Th« 
f e e t  t h P t  t he  M o  1 • ' ?r -u r  n t s  a f t r p  t h  t r  1 • xV-1 t e s t
g m e r r i l y  shew * t t l  , a r r  r. n'  w i t h  th- r  - s u r e  re n t  c a r r i e d  ou t
b>' for(  th  t r  •« x ! • 1 f t ,  1 due t o  t  h< fo rmer  two measurements

Hone , i t  i s  1 :.io 1 r  t h  t  t h  t e s t  wh ic h  i t  w r% hoped

1 1 t< i t ,  v- r no t  on - p - p nt t I o n ,  * ? i t  d i d  n e t  c a t e r  f o r
th- ph n c r -  non  of n i n ’ * 1 r  i «c- : and t h  n I nc r  • n - j  chamber
p r e s su r e  duo t o  d o e r  oac • n i I n o r e  se i n  Sf r o l e  volur- '  r  - nec -  
tiv* l y .

Hot v " ,  r-l t  m n 1 ■ ■ r  : L ■ ?' let  rm in * n r  th< r t e
of 1, akngt unde^  t h  t ! of cur : i c 11 c o n d i t i o n s  o f  an a c t u a l  t e s t
has t h u s ' n e t  t vn solv 1 y t h  i n f o r r  t i o n  ob t  i tn d f rom the
1- •.keg r- 1 s u r e r  nt t   ̂ -  c ^ r r i -  o u t ,  i t  1 s n v e r t  he l e s s
ro • ifcl< , • j a r  i l  t  < *' • **r r  o i n r  d i s c u s s i o n  , t o  obta in r-
bet t c  r  u n d e r s t a n d i n g  of t h  • r  which i s  l i v e l y  "o cnat
mor r e l i a b l e  i t  I-' t  I on  of  t h  r- t  o f  l e s k n g  d u r i n g  ' n a c t u a i
t  s t  b- 1 on t h  ■ r t ■ t ' be i n  ■.

The mi In c one  l a  Ions f rom t h  above d i s c u s s  Ions a r  ' v  t $

(1) a a l o n g  < ' t r  r  i a  ' f l e w  o f  f l u i d  ! o t  o * v t 17 ■ c - . .
(wh ich  i i  indie*--  1 by  • l u  mov " nt i n  t h -  car  : y .u=

thfiPF 1 ? a Drossir«< i- f i c i  ncy In th- t- 3t  . . g -g

Irm- i i ' . t -  1 y r :• t r t ■. i t - r t  1 h '

t h  r a t e  o f  I - • . ’.(ago f rom t v t  . t •

s u l t i n g ^ f r o m  o!  ̂ l y ^ e f n r ^ ' t l ^  m l n ' d ^ n  ^
i s  o b s e r v e d  i n  som« oas< t?nrl:............ 1 e f f e c t  which  was f u l -
ward p o r t i o n  o f  t h e  c u r v r  comm nc 
l y  d i s c u s s e d  I n  S e c t i o n  ’ • •

Ht .noe, I t  I s  c o n s i d e r e d  t h a t  s u b s e q u e n t  t o  t he  r a t -  o f

1oakage . /



- IP  4 -

l e f ,<rr" 
fore  t h  
l y  pccor

I x a s t i n r  un-J r  | ^  r dy c 11 c o n d i t i o n s  Im me d ia t e l y  be-
s t e r ,  ot  - " ' S t ,  r n t o  o f  l e r k e e e  v r - r l t s  apo rox lme te .

.
F \ r .  \ 1

■ ssvmcd

x

: 4 -
i

f

• trc t hi  ■ ct ;V1 V'ilu. ,

JL
Time »--------

v,
O *3

tr:
•O  6)

In  t h i s  d l e g r  m, r  r  pr  a n t s  th* r . - n s u r  »d vr-lu* o f  t h e
r e t -  of  1 hkf-»f 'in ■ r  7t  - dy c 11 - - n l l t l r n a  i m  - d i r f  e.i
t e s t ,  whll- :  o " r  >r .s : n t s  t -  r :  - r- ir-  d valu< o f  t h  • r ' - i  < 1 . *

'
soon r s t h e  t  mt comm nc a r>  re  *n a pr< a .• u r r  " f  r ‘

P)

O ,
X) .

th. .  r e i n  S l u e  VoV‘. menfc

D f l .  ; t  ’ 'r. c>.irv l r p c 
t
some it. xtmum v r l . ,  »» „ s l / s . t i n  ( o r e s e u r e  < x-

. . . . . . . . .  — e :  s
<>t D. When th.

k I r a  t

: :  i:  ^
Eige wh ich  i s  t h e  v r l u  m ' u n ■ , ^ n^t->in 1 m e s s u r ■ -
some whet  l e s s  t h e n  t h  
n e n t s , sorr wh t  p r
' x i s t i n g  Imrr d i r t  1. -  - - -  , .
p o s s i b l y  us  r  p r e s e n t e d  : ^1 ° r  ■

. „ c u r v e  ABODE shown, i t
, r , o r o x i - w ( > n  vy y g i u e  o f  t

was d« c ld t . d  t o  eseumt t h a t  t h  ‘;n .1; ,‘V c o n d i t i o n s  b e f o r e  t e  
r o t e  o f  l< ekt • u n d e  r t t  '  ̂ i l  th(  t u r n i n g  p o i n t  i n
( o r d i n a t e  a t  a )  , r e m a i n s  o o n s y  .. ' l g  r e ached (which i s
the  M- in  S l u g  l ove mt nttD-. f l  c . nnd t h e n  t o  assume t h a t  j

■ ’
ri u v •    j

Mivwn puxn v wa.vi: * ^ - • a 'nr, 1 fo rm lv  t o  t h e  v a lu e  me' eurvIn



Jpscs  where ^ o r  ; t a - n  on vr lu w g  o b t - i n -  i  f o r  t h  r a t e  o f  l e a k -
Pgr . - f t e r  t e : v ' 3C J ■ h i IX) # t h  rv xlnuTi v - l u e  wps u s e d , eg i t
i s  co n s i de r e  d th* t, t h i s  v- l u  would be. clog^ t o  th  r -ctuel  mr-xi-
jrtum v pl u e  1 r ' o 1 r t. t h  v nd of t h  t-'  * t , whi ch  i s  r  o r o s e n t e d
ty  t h  or  d i n '  te ■ 1 •

The: nbov p roce  h ; r  v- • f o l l o w e d  i n  -11 c a l c u l a t i o n s  r e l a ­
t i n o  t o  the it * r r l n e t i o r  o f  I n s t -  n t  - n ous v l u  s o f  S mple D i l a ­
t i o n  (6v/v)  r.nd P o i r s o n * '  R - t l o  ( p i )  . Al though  t he  r  j s u i t s  ob­
t a i n e d  i n  t h i s  w*-y may n o t  h - v  b n s t r i c t l y  a c c u r a t e ,  i t  i s  con­
s i d e r e d  t h r t  t h e y  r  r s u f f i c i  n t l y  a c c u r a t e  f o r  t h  p u r p o s e s  r e -  
quirv "i, a in  Clctu* 1 f a c t . ,  t v p r o p o r t i o n  o f  s l u g  mov- ment du'  t o  
l eakeg.  o n l y  I n  th- ov r a i l  n < uur  d v  l ue  o f  s l u r  movement due
to  t h  t h r u  combin< d e f f e c t s  i s  sm^ l l  ( see  c a l c u l a t i o n  s h e e t s .
Se c t i o n  e . 5  ) .  H net , - n r r o r  in  t h  v l u e  o f  s l u g  movement due 
to  l e a k a g  o n l y ,  docs  n o t  c aus  r  s e r i o u s  ' r r o r  i n  t he  v a lu e  of  
S-">pl< D l l  t  i on o r  P< ’ n ' ,r t  l o .

How v r , i n  o r d . r  t o  d e m o n s t r a t  t h i s  f ' c t ,  the  c a l c u l a t i o n  
of  P c i s s o n ’ s t i e  f o r  t h  I - l e c t  :d o f  ••-ch s t r  . s s : s t r -  i n
curve w s c - r r l  d o u t , u r  i n f  b o t h  t h  mn• sur- d v a l u e  o f  l e ak age  
under  t he  s t c  dy c 11 c o n d i t i o n s  x i s t i n g  b f o r i  t e s t , - s  w e l l  as 
th  ' (maximum) m. ?rur< d v - l u  o f  1-  -k g un d e r  t he  s t e a d y  c e l l  con-

.
s i g n i f i c a n t  d i f f e r  nc* i n  t h '  "v"* lu.' o f  u s e l  o b t a i n e d  ( s ee  S e c t i o n  
9 .5 )

Th v a l u e s  o f  u • • 1 hr red  on th* v a l u e  o f  th< r a t e  of l e a k a g e  
under  s t  r dy c 11 c o n d i t i o n s  5 mr - !!• t 1 y b f o r  t  t , - r e  c c n i -  
d e ra d  t o  b mor r  1 1 - b 1 , > s th e  a c t u a l  r  t  of l v • g-.. l u r i n g  
t e s t  ov r  t h  S e l  c t  d Rang* c o r r e s p o n d s  c l o s e r  t o  t h i s  v a l u e ^  
th* n t h .  on r  1 t i n  t o  c o n d i t i o n s  a t  t h  end o f  the  t  - e- . - - - -
r e a s o n  f o r  t h i s  i s  t h r t  t h  Sc 1= etc d Rang of thr. s t r e s s  i r t r e . n  
curve  alw ys  f  • 11s  w i t h i n  th- t  range  of  t h r  ' •- i n  3-ug  vover- n-. : 
D e f l e c t i o n  c u r v  w h ic h  i s  t o  the 1* f t  o f  i t s  t u r r  n*, t *n » *1**
the  r a n g e  ov r  w . ! c h  t h  r  i s  - p r e s s u r e  del i c . e n c y  ..a - i - - u 
c e l l .  Th r  f o r  , t h  " c t u - 1  r - t -  o f  l e - k - g  ove r  t h e  S e l e c t e d
Range i r  i n  - c h  c* - v l u  whi c  :.c lower  -n'.n .n *
s u r e d  u n d e r  th e  s t e a d y  c e l l  c o n d i t i o n s  Im m e d ia te ly  c< cr 
s t a r t  o f  t h e  t  s t .

8 . 3  Tim E f f  c t -■ d u r i n g  T s t

'

was m e r e l y  t o  com; i o :

m o Z T n l  s / l l n u t e r b e ^ % d  on,  w i t h

(ii) e i t h e r  t h e  ncnin* 1 o r  c - l l b r - t d  r s t e ^ o f  ^ r 1Q„3 ( lnch6g/

o u t  t h e  d u r a t i o n  o f  a t  s t .
/ , \ i ».. tho  r a t e  o f  l e a kag t

r ?  & r »
l o a d i n g  s p i n d l e  i n t o  t h e  t  s t  c e l l  ( s ee  Apr
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r. ,v.  ' n t  VJ.U. ' ' P I n  r  l. r  t  -  t  - r - l r  t h -  r n h . v  ^nov r e n t  v . u  -m . n  r T  r  t  t  - r - i n  th- ' C t d  r l u r  -  v c ^ : n t  In 
milllm> t r  .-r 1- v' 1'• • 0 n . y  1 t h  t e s t  sampl  ^n ly  ver  r n v

.

If th. i ret , .  .,? ■ t, r : In  ur  ’ n," t  sc rcme. i n s  c o ns t  ■ n t , t h i s
o rocedur  ’ ■ In o r  i ^ r .  low v r , 1 • k^r-; f ro t r  th.  t e s t  c e l l  I s  
In the f i r s t  I n s t  nc : no n t  on t l -  . H-nc , w i t h  the -  thod
i l s cus sv  i ' b o v f ,  t h l r  t  r r . in-  t l  n rr-y b< r r l o u s l y  t r  e r r o r  i f
whi le  th- d- t t . rrlri*-1 ion o f  r  t o f  a l u f  movement due t o  1- r-k(

•

s t r a i n  which i s  c o n s l d  r> i to  b c o n s t  nt throughout the t e s t ,  
the e c t i r - 1 r ° t e  of  itr- in  d u r 'n  o r t  o f  the t s t  b<- c o n s id e r e b lv  
lower than th v - l u  us <). Tn r " -on f o r  t h i s  Is t h a t ,  the  
lower th r - t  o f  s t r  i n ,  th  gr i t  r i s  t h 1 n r o p o r t io n  o f  a c tu a l  
slug, movement in t o  1 ■ -  o n ly  in  t> r; sur id v r l w  o f  t o V l
s lu g  movement iv t o  the thr  u combin d f f  c t s ,  the v a lu e s  o f
s lug movement du t o  s p in d le  n t r y  and sf-mrl velum change on ly  
being i n i  p .  no - nt o f  t i n  .

.1 nc , i t  w ■ r c ?• ■ r y  t o  x- r  s: r 11 mersui ted r a t e s  o f
s l ug  movement (v t r  t h  y b i n  u n i t s  o f  m i l l  ire- t r  s / r i n u t -  o r  
m i l l i m e t r e s /  i i v i s -  >n d- f  1 c t i o n )  , • s * ctu* 1 s l u g  movements In  
m i l l i m e t r e s  ov r  t h e  r • r t  1 c u l s r  r* n*-* o f  ? t r r i n  c o n s i d e r e d .
For s l u g  itoven n t  a me s u r  i i n  r l l l l m e t r  Vir Lnut i t  wa s t hus
n e c e s s a r y  t o  de t  - rmir  t • ■ ct).  1 t l "  i n t e r v a l  c o r r e s p o n d i n g
to  th- p a r t i c u l a r  r r r • • o f  " t r "  fn con l i e  r e d ,  Tn ord ' r  t o  o b t a i n

.
c o n t i n u o u s  t i r e  r e c o r d i n g s  d u r ' r e  t  t  r  n t i o n e d  i n  c t l o n  " . S .

In  c s e s  wt -  c o n t i n u o u s  t i n  r< cor  d ings  d-uring t e s t  were 
.

wr s t h e r e  f o r t  pose  Ibl  t  v - 1 u • t  S rpl< D i l a t i o n  (oV/V) r-nu 
Po l s  son  ’e R«-1 t o  (ii) f o r  r cf. I n c r  ■ r In s t r a i n  (working fr-on tne  
3 sme s t a r t i n g  p o i n t  - ch t i n  - u s u  l l y  t he  c o r ” ct  d f t ^ t  o.
t

'

In  case  wt r  c o n t i n u o u  t i m  r- c o r  l i n g s  d u r i n g  t e s t  h -d  
no t  bi n ink i n ,  ( r  r  r k r  In th* r r  s p e c t  ..n S c. ion ■ ' *

.

V l u  o f  1 m l  Dl l  f-ti ->r nd f o i  .* nn ' '  R« t i o  c c r "  --ronai -

*

TAi-LE XI ................../
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n o v ^ e n t  v l u - ' S  I n  r d  r  t  d- t , r - l n  t h r  " C t u r l  s l u g  -  v o r  n t  In 
, 1 1 1 1 m t r  3 di; t  v l u r  c ' i ' n . : , . - r f  t h ;  t '  r t  s rmnl  - n l y  ve r  r nv

.

I f  chv n ' t -  ul  ?t.v ! n l u r  ’.ng t  ?;t rvmr Ins  c o n s t  - n t  t h i s  
oroced' . f’ i n  or  i jr .  How- v r , 1 -r k^g f r o n  th t e s t  cc 11 Is
In t he  f i r s t  I n s t  nc ,  i n no n t  on t i p  . Hence,  w i t h  t he  m.-thod
l i s cuss -  1 • box , t h i s  ■ t r n l r  t i n  n- y h- •• r l o u s l ?  In  n r  or  i f  

whi le  thi  d n t . r r  I nr t  i o n  o f  r  • 1 o f  s l u g  movement due t o  l e n k t  rre
only ( i n  ; ’• t c (■ t . it . . d- * !» c t  on) b< b r sc.-d on some r r - t e  of
s t r a i n  wh ich  I s  co ns  i d  re i t o  t  c o n s t  n t  t h r o u g h o u t  t h  t e s t  
the a c t i r  1 r* t< o f  s i r  - in  d u r ’ n -  or - r t  o f  t h e  t e s t  b c o n s i d e r a b l y  
lower  t h a n  t h  v  1 : • us  i .  Th- r  • - o n  f o r  t h i s  1- t h a t ,  the 
lower t h  r-  t- o f  s t r a i n ,  t  ho -r - t  r  I s  t he  p r o p o r t i o n ’c f  a c t u a l  
s l u  movement  dv >. t o  lc f a g  o n l y  i n  t h  m- a su r e  d v r luc o f  t o t a l
s l ug  mov ment  du t o  t h e  t h r . o comb In d o f f  i t s ,  t h e  v a l u e s  of
s l ug  movement du t o  s o i n d l  n t r y  end s rimpl volume change on ly
be ing  ind oend i t  o f  t l r  .

He- net , i t  V" 3 n- c« • r ;» t  xpr- re r 11 r. a s u r ed  r - t e s  o f
s l u g  movement  (wh th- r  t h e y  be i n  u n i t s  o f  m i l  1 l i n e t r e s / m i n u t e  or
m i l l im  t r e s / d i \  i r ' *'n d e f l  c t l o n ) ,  * s - ctu-  1 s l u g  mov- ments  in 
m i l l i m e t r e s  o v e r  t h -  p r r t l c u l e "  r  ug o f  s t r r i n  c o n s i d e r e d .
For s l u g  movement s  me r s u r  d i n  R i i l l lm e t r -  s / m in u t e  i t  w s  t h u s  
n e c e s s a r y  t o  de to r r  ire t v c t u  1 him i n t e r v a l  c c r r  . s cond ing  
to  t h  p a r t i c u l a r  r - : i f  t r  I n  con - • 13"- r e  d , Tn o r d e r  t o  o b t a i n
an r c t u - 1 s l u "  r o v e r  n t  i n  r  ■ ' 1 i r  t r - ’ . H« nee a l s o ,  t h e  need f o r  
c o n t i n u o u s  t l r -  re c o r d i n g s  l u r i n g  t  t  r  n t i o n e d  i n  c t l o n  " . 5 .

I n  c< s'  s wh »• c o n t i n u o u s  t i r  r-. c o r  r i n g s  d u r i n g  t e s t  w a r  e 
t a k e n ,  th* a c t u a l  t i r  i n t  r v a l  c o r r e s p o n d i n g  t o  ■ ny p r t i c u T a r  
r- n r  - o f  s t r «  in c o u l d  1 d ! r** ' t h y  o b t • in- d . In t h  ■' c-s-. s i t  
was t h e r e  for* p o s r  Ibl  t o  v - 1 u • t  e S r o l e  f l i r t  i n (6 / /  V) r nd 
P o i s s o n ' r  R a t i o  (u)  f o r  e a c h  i n c r -  • s-: i n  s t r a i n  (working from -he 
s rme s t a r t i n g  p o i n t  ' c h  1 1" - usu  l l y  t he  c o r r e c t  d s t - r t ^ o f
t h  st r* " s s t r  in  c u r v  r o r  v i o u s l y  i l s c u s s .  1 in S c t  n * , ' *  
r nd s c  t o  o b t a i n  cu rv  of  l r  s t r n t  - n us earrr l -  f i i  11 "r,: -:t r  f  
(6V/V i f . )  r nd i n s t a n t -  n ou • P o i s s o n  ’s R - t i o  : S t r r i r  >p -u- - / •

I n  c s o s  wl r  c o n t i n u o u s  t im  r- co rd  in  gs d u r i n g  t s t  h a :  
no t  b ‘ n t ab  r , ( r r  n a r k   ̂ I n  t h i c r  sp* c t  >n Sect  i r. * * ,
t h i s  was n o t  p o s s l b L  , a n i  i t  was o n l y  p o s s i b l e  t o  . .etermine t..c 
v - l u  o f  Sa mol* D i l a t i o n  and  P o l s  on ’ a R a t i o  c o r r e s p o n d  ink :o

:
o n ' b l  v n t l  3 t r m i n a t i  -n , i t  w-s n e c e s s a r y  t o  c s t l%^L_

in o rd  r  t o  obt -  in the t i n e  i n t  r v n ! c o - "■ ee-'n n et ‘. t
.

could  b- r< d* , i;  d i s c u s s -  1 in t h  - 1 ° w ap ■ 1 ■
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T>.ELE XI

Test
R,.T1 OF S T R A IN AVERAGE 

h . T F  OF STRAIN 
DURING TEST  
OVER SELECTED 

)
1n c h / m i n .

REDUCTION 
IN RATE: OF
QTP * tm nircx.

~ ~

N o . NOMINAL 

i n c h / r . i n .

C .1LIBRATED(=n)  

i n c h / m  i n .

j  in. m i in UVcn
SELECTED  
R ,N C E ( = l /e )  

nc r c  n t

REMARKS

1 0 . 0 0 2 : C 0 . 0 0 :  55: 0 .0 0 0 9 3 3 5S.D, S e l e c t e d  
Ran - f o r  each

3 O . C O f f - O .O e ' !4 O.OCfe-O . 3 1  A , test  inc lud  s
6 0 . 0 0 2 5 6 0 . 0 0 2 5 0 0 0 ,0 0 0 9 0 3 3C.2 the pronounced 

t  ime - lag  e f ­
4 0 . 0 1 2 5 0 0 . 0 1 c . 004000 31 .2 ' ,

*>/—iv ‘j . ’.1
fects soon af-  
tsr  t e s t  com- 
r nc ment .

I t  wp9 p I so obr  r v  d t h  t  th'. S e l e c t e d  n , nge f o r  e*ch of  t he  
f o u r  t e s t e  H o t  1 r hov , I n c l u d  d t h  rrn-"-' ov r  which  th< o ro -

!
the c°s- o f  th two t i t e  durln  which cont in u ou s  t i n e  record in gs  
hrd not b n t r k n ( 1  i t s  : . 2  °nd f ) ,  th- s t r a i n  r-t which the
pronounc d t l r  - l r - f f e c t r  c o m .  nc :! hed b( n noted down during  
the o r !  l n r,l  t .it obs r v r t l o n s ,  end h nc ’ fc wra known th e t  th e Ir  
S e le c t f  ? R* n< r ( r r chos  i) , 1 o Ir-'lua- th e se  e f f e c t s .

I t  t h e r e f o r  sc m a d  r  • son»bl--  t  co nc lude  t h e t  a o p ro x l m e t e -  
l y  the srmv r  d u c t l o n  i n  r e t  o f  t n h^d o c c u r r e d  over t h e i r  
r e s p e c t i v e  3- l o c t  i  Rrn i, m  w« l o v n d  t o  bo t he  c^se  w i t h  

.

r  d u c t l o n  i n  r r t  o f  4 t r t  *n v r’ t h e i r  S l o o t e d  Rnngc-s ci 30 .9
( c r - lcu l ' - 1< d w i t h  r - ’* c t  t > t h  c l ' b r ' t  . d r a t  of s t r a i n  i n  er.c.-.
c s s  ) w i t h  v r y  11 t t l  v r i ' t  on amon-' i n d i v i d u a l  v v l u e s , i t  w s
dec id- d t o  f doot  r v 0 1.; o f  33 I h  o f  the  c a l i b r ?  t ed  r- t c  of s t r a i n ,
o r ,  when- t h i s  w-s  n o t  • vt 11 b l  ••, s i m p l y  $?>%$ of  t h  nominal  r a t e  
o f  s t r ' I n ,  r ” t h e  a c t u a l  r a t -  o f  s t r r ' n  d u r i n g  t e s t  ov-^r tne  
S e l e c t e d  R - n r  f o r  the two t  s t s  c m c e r n e d .

6 . 4  i n i  11 - 1 Volurv  o f  t ' t  r.am.-tl  3

Und- r  t h i s  h e a d i n g ,  ' c l  n r  d e f i n i t i o n  i s  in  t h e  f i r s t  i n -
-

'11 Bjza&r ,r s. rs: a s  rw z: V>r

l i d a t l o n  p r o c e s s  be d nc ^2* 

t h a t  r : L l r  % y

s l i d i n g . /



TitELE XI

Test
Ri.TE OF STRAIN

AVER xi GE 
R: TE OF STRx IN ! 
DURING TEST 
OVER SELECTED 
h.TGF (=b) 

i n c h / m i n .

REDUCTION 
IN nATEOF 
STRAIN OVER 
SELECTED 
RANGE (=53 ) 

of r c  n t

No. nominal

i nch /m i n .

CAL IBR.'iTED(=r) 

l n c h / m i  n .

REMARKS

1

3
6
A

c . c o r  E C  
0.0021' 

0.00256 

0.01250

f-.OC 5 
0.0C2: 14 

0.002500 

0.01 "92

0.000933

0.000909

0.000903

0.004000

30.5/.

31.

36.2

.

S e l e c t e d  
Far  f o r  eoeh 
test I nc ludes  
the pronounced 
t ime-Isg  e f ­
fects soon af­

*..̂ 33.9 ter t e s t  com- 
n e n c f ment.

I t  n ';l s o  obr  r v  d t b  t  t he  S e l e c t e d  Rrnge f o r  eech of  t h e  
f o u r  t e s t e  l i s t e d  rbov  , i n c l u d  d th« r s n - e  ove r  which  t he  o r o -
nounc" i t l r  - I "  * f f  - c t s  c o u r r • ( d i s c u s s e d  In S c t l o n  7 . 7 ) .  In
the c^s  o f  t h  two t i t s  d u r l n  which c o n t i n u o u s  t ime r e c o r d i n g s
h !-d no t  V .m t r k  n (1 s t s  N o .2 ^nd 5 ) ,  th- s t r a i n  a t  which t he
pronounc d t i m e - 1 "  r  i f f , c t s  conrr need  had  been  no t ed  down du r i n g  
the o r  1 ' n ri 1 t  a t  ob? r v ^  t  i o n s , und h nc-- i t  vr s known t h e t  t h e i r

I t  t h e r e f o r  r 1 r  v ' -ne i l  t o  conclude  t h a t  a p p r o x i m a t e ­
l y  t h  srmt r e d u c t i o n  i n  r a t  o f  s t r c  i n  had o c c u r r e d  over  t h e i r  
r e s o e c t i v c  S . l o o t e d  Rang i , as  wns fo un d  t o  bo t h e  c- ae w i t h  
T e s t • ho .  1 , 3 , 4  end 6 .  As t 1 a t t o r  t e s t s  had shown en average  
r e d u c t i o n  i n  r a t  o f  =? t r  • i n  ov r  t h e i r  S l e c t e d  '  r,ng s Ci 3 >.9
( c a l c u l « t  d wi t - ,  r- ' o c c t  t o  t h-  l i b r " t e d  r a t . ,  of  s t r a i n  i n  es.ca
c a s e )  w i t h  ve r v  l i t t l  v - ' t ' t i o n  a mono i n d i v i d u a l  v a l u e s .  I t  w«s

t ed  r a t e  o a r e  n,
o r ,  wheri t h i s  wf y n o t  a v a i l a b l e ,  s i m p l y  333yv of  t he  nominal  r e  t  
of  s t r a i n ,  ‘-a t h e  a c t u a l  r a t -  o f  s t r a i n  d u r i n g  t e s t  over  the 
S e l e c t e d  Ran • f o r  t h  two t  s t s  conce rned .

6 .4  In:  t l ' l  Vo l u r  ; o f  t  a t  s- mol a

(11) t h  su b s  qu- n t  c h r n r .  In t h i s  J ' , nl Uto,t 0 Dr e l s h o s r

l i d a t i o n  p r o c e s s  be dt n o t e d  -o*

th,t t ithtr»t ' s i i? ™ *  , ^ ; i o ! r : l. r t M tloned



^ r 4 s« , r %
c u t t i n g  c y l i n d e r  0 t h i n  l e y  r  o f  r o l l  v U .  t h a t  which  war p r e ­
v i o u s l y  i n  c o n t a c t  w i t h  t h e  i n s i d e  f"C6 o f  t h e  c u t t i n g  c v l i n d o r  
i s  l o o s e n e d  f r om  t h  t  s t  sample  end 1-3 l o s t .  The re fo r e "  the f i ­
ne! sr.mnlfi d i  ar  m t e r  I s  c l  I f i t l y  l e s s  t h e n  t h e  a c t u a l  I n s i d e  d i a ­
meter  of he c v 1 ' ti-j l ; t j .nder  and henc* , t h e  f i n a l  sanrole volume 
i s  s l i g h t l y  l e s s  t h a n  f u. I n t  r n a l  volum, o f  t he  c u t t i n g  c y l i n d e r .

R e g a r d i n g  item. ( 1 1 ) :  Th c o n s o l i d a t i o n  o r o c e s s  i n  the t r i a x -  
ir. l  t e s t  c e l l  w h i ch  t  s t  s . m o l  9  - v  s u b j e c t e d  to d u r i n g  the p r e -  
shear  c o n d i t i o n ,  l a  • 3 ' d i m e n s i o n a l  e f f e c t .  As y e t ,  the change 
in volume o f  t :tt   ml  d u r i n  - t> i s  typo of  c o n s o l i d a t i o n  o r o ­
cess  can  o n l y  be e v a l u a t '  d w i t h  d i f f i c u l t y  f o r  t h e  case  of  s a t u ­
r a t e d  s a m p l e s ,  b u t  c a n n o t  bo e v a l u a t e d  i n  t h e  case  of  p a r t i a l l y  
s a t u r a t e d  s enro l es  s u c h  as  i s  t h e  c a s e  w i t h  t he  t e a t  samples  
be ing  c o n s i d e r e d .

T h u s . a s  b o t h  t h e  q u a n t i t i e s  cone  m o d  c an n o t  be r e a d i l y  
e v a l u a t e d  ( i f  i f  n i l )  , I t  i s  n c e s s a r y  t o  c o n s i d e r  what a r b i t r a r y  
r e d u c t i o n  i n  t h e  I n t e r n a l  volume o f  t he  c u t t i n g  c y l i n d e r  should  
be a l l owe d  i n  o r d e r  t o  o b t a i n  t he  i n i t i a l  volume of  e t e s t  sam­
p l e .  F u r t h e r ,  as  t h  same c u t t i n g  c y l i n d e r  was u sed  t h r o u g h o u t  
f o r  t r im m in g  t he  t e s t  s a m p l e s ,  i t  w i l l  ^1 so be assumed t h a t  t h e  
i n i t i a l  volume o f  o i l  t a t  s a u r i e s  was t he  same t h r o u g h o u t .

Th< i n t e r n a l  Urn m s l o n s  o f  t h  c u t t i n g  c y l i n d e r  were l & " d l a .  
x 3 ”l e n g t h ,  t h u s  g l v i n :  a volume o f  8 6 9  cub .cm.  Assuming t h a t  
on r emo va l  f r o m  t h e  c u t t i n g  c y l i n d e r  a sanrole i s  y&l inch  s h o r t  i n  
d i a m e t e r ,  i . e .  o n l y  1 ^ 6 4  i n c h e s  i n  d i a m e t e r ,  i t s  volume would ba 
85 .09  c u b . c m . ,  t h u s  < rc i u c t i o n  of  1 . 8 0  c c .  As r e g a r d s  t he  a d d i ­
t i o n a l  d e c r e a s e  i n  volum- d m  t o  t h  ■ c o n s o l i d a t i o n  p r o c e s s  d u r i ng  
t he  p r o - s h e a r  c o n d i t i o n ,  i t  i s  cons  i d  r  d t h a t  t h i s  r e d u c t i o n ,  
as e f f  c t e d  by thr  chrml  i r  o r e s  s u r e  s u s e d  v i z .  l O l c / s q . i n . , 
2 0 1 b / s q .  i n .  and 3 0 1 b / s q . l n . ,  c o u l d  no t  have been  a p p r e c i a b l e , 
s i n c e ,  f r o m  t h e  n o r m ' 1 1 - d i m e n s i o n a l  c o n s o l i d a t i o n  t e s t  w; i c h  was 
cond uc t e d  (S c t i o n  7 . 5 ) ,  t h e  t e s t  s o i l  was found  t o  f a i r l y  
h e a v i l y  or* c o n s o l i d n f  3 ( o c a o p r o x .  8 T o n / s q . f t .  - ^ s e e  r ig . l b ; , 
w i t h  ! n u n d i s t u r t  - 3 c o m p r e s s i o n  i n  lex v ■*Iu v • ^ *

m in e d .

' . 5  C' l e u i ' t  i o n  of  Po 1 s -’on 11 • ‘1 a t  1 P

vorking f rom t h e  c o r r e c t ,  d s t a r t  
e f f e c t s  I g n o r e d ) .

sons! d a r e d :
(1) D e t e r m i n a t i o n  o f  t h e  t i m e  a l e p s e d  over  t he  r an ge  c o n s i d e r e d .

( i i )  D e t e r m i n a t i o n
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( I I ) De t e r r r l n  W o n  o '  t h ,  s l u g  m o vm e n t  ( I n  mm.) due t o  l e n k c r e
o n l y «

( I I I ) p e t o r r l n -  t l o n  of t h  s l u r  mov, -  nt  ( I n  mm.) due t o  e n t r y  of
tr - - n - ■ ' vn : n! 0 '-h-1 t< s t  c e l l  -  u s i n g  t h e  r e  to o f
s l u e  mov ^ n t  du. t o  r o l n d l e  e n t r y  d e t e r r t n o d  «s shown In 
Aor n d : x y , I t 1 .

( i v ) D e t e r m i n a t i o n  o f  t h e  s l u g  mov -  nt  ( I n  mm.) due t o  change
in volur r  o f  t h  t v  . t  s -mnh o n l y , by combining (11) end
( I I I )  ' bov v ! f • ■ t h zn n s u r  d t o t a l  s l u g  mov - ment  duo t o  
the  t h r .  o oomb*n e ■ i v f f  c t s  d u r i n g  t e s t ,

(v) D e t e r m i n a t i o n  o f  t h e  change  I n  volume o f  t h e  t e s t  sample
(<iv) i n  u n i t s  o f  10“ cub . cm.  — u s i n g  th* v a lu e  o f  t he  cross-
s e c t i o n a l  a r e a  o f  t h e  c a p i l l a r y  t ube  employed d u r i n g  the 
t e s t  s e r i e s  w h i c h  was d e t e r m i n e d  es  shown i n  Appendix V , 
I t e m  1 .

(v 1) C a l c u l a t i o n  o f  t h  Samp I- D i l a t i o n  ( j v / V ) - u s i n g  t he  i n i ­
t i a l  voluir-  o f  t  a t  sampl  s as ! t . O c c .  According  to  t h e
d i s c u s s i o n  i n  S e c t i o n  8 . 4 .

( v i i )  C a l c u l a t i o n  o f  P o i s o n ' s  R a t i o  b a se d  on e q u a t i o n  7 . 5  and 
u s i n g  t h e  r u  1 vat  t  a e.lu o f  Young ' s  Modulus ( i . e .  e i t h e r  
t he  p a r t i c u l a r  i n s t e n t a n  ous  o r  F s e l  v a l u e ) as w e l l  as  the 
r e l e v a n t  ch ang  i n  d v l  t o r  s t r e s s  v a l u e .

Mor ' s p e c i f i c  a l l y ,  how v e r , t h  f i r s t  c a l c u l a t i o n s  a p p e a r i n g  
.

end,  f o r  e a c h  t e s t , dv ■>! w i t h  t h e  v a r i o u s  s t e p s  i n  t he  f o l l o w i n g
ord r :

p<»* *t r ngt • D e t e r m i n a t i o n  o f  d a t a  r e l e v a n t  t o  t he  S e l e c t e d  Range
. : ' m g ' s  Modulus

( E g e l )  ; t h  - change  i n  d e f l e c t i o n  ( s t r a i n ;  t he  n e t t
s l u g  move^ ; n t  lu- t o  t h e  t l i r e c  combined e f f e c t s ;  and 
the- t i r  t 1 r ns id ov r  t h e  S e l e c t e d  Range.

Second p< r  : I t -  -is ( i )  t o  ( v i )  i n c l u s i v e ,  as d e t a i l e d  above .
Th i rd  o r g o ;  I t e m  ( v i i )  a b o v e .

T u n  f o l l o w  t h  c a l c u l a t i o n s  f o r  ^  . As p r e v i o u s l y  d i s c u s s e d

For  t h e  r o s u i t s  o f  - n  th.  ,  c s l e u U t l o n s . j l t

ih-iso! c u r v e s  nr- p r  a- nt- i i n enc 1 c 1 , be low the  r e l e v a n t

The , /
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, ho u i r h ™ e v = r ; nL mn " t 6 d : t 6 n e d  e b c u t  th e  • • I w l . t l o n .

An nrro* ebovn f l r u r e n  r n l e t l n g  t o  s l u g  movement should be 
;. *■ jrpre t e  l In ec cord-.nee I t h  t h e  manning g iv en  at  the head o f

. j l e  :X, Cvton . t .  ̂ -n the cn e o f  the c a l c u l a t i o n s  o e r t e i n -
ing to  e l , ucri Vr been o m i t t e d , and In s t e a d ,  a l g e -
brs l c  s i g n s  have be n l  i e e r t e d  In f r o n t  of  t h e s e  f i g u r e s .  These
a lgebra i c  s i  ;na m er e l y  s e rv e  t o  I n d i c a t e  how the f i g u r e s  have 
been combined in  d e t e r m i n i n g  t h e  s l u g  movement due to change in  
volume ci t * * • earn'd o only  (Item ( i v )  on t h e  orev io us  oage),
and were a r r i v e d  a t  as  f o l l o w s :

(a) S lug  movement due t o  l eakage  from the t e s t  c e l l  i s
from r i g h t  t c  1- f t  in  the  c a p i l l a r y  tube - denoted <—

(b) S lug  movement duo t o  e n t r y  of the  l oad i ng  so in d le
In to  the t e s t  c o l l  la from l e f t  t o  r i g h V l n  the
c a p i l l a r y  tube - aeno ted  ■—»

(c) S lug  movemint  duo to th  combined e f f e c t s  o f  l e a k a g e , 
s p l n d l  - n t r y  and sample volume change , i s  from r i g h t  
t o  l e f t  g e n e r a l l y  ( i . e .  ovo" the  main r o r t i o n  of  the  

o l n  S l u g  Movement : D e f l e c t i o n  c u r v e ) ,  and i s
i on o t e d  < in  t h e s e  c a s o s .

Thu.9 , n u m e r i c a l l y :  (b ) + ( c)  -  (a)  = M, s a y ,

g i v e s  thf s lu g  rove  me nl duo t o  change in  volume of  the t e s t  sam­
ple o n l y .

In c r s e s  where the s l u g  movement ( c )  above i s  from l e f t  to  
r ig h t  (ouch as somet imes  he nans at  the  s t a r t  oi t e s t s ) ,  the r e ­

l evant  f i gure  f o r  i ter ,  ( c )  has been g i v e n  a ne ga t iv e  s i^ n .

A n o s l t i v ,  v a l u e  f o r  M l e n o t e s  tha t  the s l u g  movement due 
to  chan-,  in  volume o f  the t o s t  sample only  i s  from r i g h t  t o  
l e f t  in the  c a p i l l a r y  tut , i . e .  , the  sample has exper ienced  a

accordance w i t h  the  s i g n  c o n v e n t i o n  adopted as d i s c u . ^ d  
S e c t i o n  7 . 1 .
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CHAPTER IQ 

CCNCLil 3IQN3

In  c o n c l u s i o n .  I t  I s  n c ?c u r y  t o  r e t u r n  tn  ,

s
new U * o  o f  t h  I n f o r m a t i o n  vh loh  hoe  co re  t o  h«nd

.

which t e n d  t o  r< u s i u r  t h i  c nt  n t l o n  t h  t  the M a s t i c  the or  v 
csn be a p p l i e d  t o  s o i l s . ‘ ^

F i r s t l y ,  t h *  vt  lu< .1 o f  Po l  t s o n ’s R * t l o  o b t a i n e d  from the 
t  s t s  cond uc t s  i , v r<; f o u r  1 by u s l n p  fo rmu l t  ba sed  on c l a s t i c

.

p* ■ nd p s o l )  f  * 11 w i t h i n  t)  ■ r'.ng* o f  v  l u  s ; op ly lng  t o  homo-
.

c us sed  i n  Chi ot r  3 .  Th v l u  r t  in  : r I s o  f 111 I n to  l i n e
wi th  t hose  ar*: I j  t r r  t o  r  * •* 1 - : ith  r  t h  n met '  : , such as con-

.

th  l e s t  i c  t h e o r y  hi  s t $n v o l ! i w i t h  p.. • son f t  I*, s u c c e s s .
Thr t v a l u t  • o f  pf i a s o r  ‘ •" ' ! ' *r ;c o f  0 , 6  v r  not  o b t a i n ­
ed Is  due t o  t h  f a c t  t h a t  I n  e l l  c s , ti s t  eamol s showed a

t -crease  I n  volume *■ i t h !  n t> > e x t  n t  o th- l i n e a r  range  of the
5

.
m n ts  o f  th*.- c l  * ’ t i c  t* t (< s f • u s ; * i c t !  >n 3 . 2 ) .  Had

t a i n  d , i t  wou ld  hnv# :• r v  1 t r  ng nu*. c a t i o n  t h  t  a s c l .
behaves  rr. r* i n  c n o n - e l a s t i c  menn r  nd t: • ■ n p l i c a t ’ on of  the

With  r e g a r d  t o  t h  f< it t* t t h  c u r v e s  o f  I n s t a n t a n e o u s

show, d ( r t  cne c t  tv- l y ) t 1 t t >t i Po l  ion "s c.f t l o  end doung’s
'

t t r  i n  curv« as  i n  r e c o r d ’ tc w i t h  t h  r  q u ' "  y  ; l( , r'~"
t i c  t h e o r y  ( s i  Chi n t  r  P) : The cr, o f  t h e  ; ^ ^ r . r t . e n s  h i t  - 
a l r e a d y  b< ;n f u l l y  11 scuz- i :  I n  t h  c f of •• «n  ̂ 0 ‘,xt ‘ai .

.

t l o  and Young ’s T o d u l u r  w i t h i n  t ho  • xt. ■ •

t h e o r y  t o  s o i l s .

s t s ,  r o c i  n t  r  s u i t e  o f  a c t u e i  P r % , h„ t h  t h e o r y  of
ompa r I son  w i t h  t h .  r* s u i t s  o f  cp . l cu . "  *on* ,I t l o n  t h ’ t  the
1‘ s t i c  1 t y , l e n d  i n c r -  - s i n  • vidonCv •••> • ,  Lx compar ison

'f m ea su r e d  and  c a l c u l a t e d  v e r t  1 -v-1 •'* • i  % ,,n3’i i . d  su r f a ce
u n i fo r m  l a y e r  o f  s a n d y  d r y  os ' r ^ :'u ‘ L , Dp i i  I p r v ’su re a

,r ‘ s a u r o s  , showed v< r y  good a green,  o 1 o r 0 duced by r e  *
'arc o f  a t r a n s i e n t  typ< s i m i l a r  t o  t..3

t r a f f i c  ................. /Z
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I t  o n  t h  r e f  >r b c o n c l u d  d th r . t  r. I t  hough s o i l r  do not
comply r 6 - ■ • •ri •’* P ' t  •*' >• t h  th t  r  . a u i r  monts of  the  r.i Pq
t i c  t h e o r y ,  t h  r  l a  v r - l n c r c a l n r  «vld,ance t o  a t r e n p t ^ n n  t h /  
b c l l ' f  t h r t  h t h-  ry  c m  r  p o l ' .  1 t o  s ^ l i ,  w i t h  r ^ m o m 'b l *
c o n f l d  no ■ nd p a ' b l y  In  11 e r a s  f l e n d i n g ,  o rovldod ( r e c o r ­
d ing  t o  t h  '3 5 -. n i  • ' n Ir  • t i m  € . ]  ) t he  i n d u e . d s t r e s s e s  r re
low c o m e r  d t o  t h  s r  q u ’-  d t  p r o  due f  • U u r :  i . e .  p rov ided
the i ndue  d t r  s s  s r  - n i b l y  w i t h i n  the  l  . s t l c  range  of
l o a d i n g .

With  r  g r d  * P 1 n ’s Hr t i e  t h e r e f o r e  , I t  c m  be- c o n c lu ­
ded t - . - t  c ' !  ' o r  lr r  * 1 ; • • 1 ■ t i e  c nc p t  and i t s  meaning
is  s o l d  r  c m  1 • r  d t h  r  t h a n  i n  r  l a t i o n  t o  t he  e l a s t i c  s t a t e , 
i t  r : r  l y  nt  r  ' ' 1  r k  t h  r  t h r n in  conn c ^ ' o n  w i th  ap­
p l y  ' r.- * • • 1 " c h r  • l i e .  Fu r  t h , m o r e ,  v.h.n t h i s  i s
the e s c ,  P- ! a n ’ • R 1 1 c m  r ly  nt . r  in  3 -dime na ion a 1 problems
o f  s t r  c :■ ■ r i ■♦-a I n ,  1 nc i t  w- s shown i n  Cha p t e r  4 t h a t  the
e l a s t i c  c n o t  r t  n t f r c t  t h  s t r  ss  d i s t r i b u t i o n  i n  2 -
i in .-r 1 1  . -  i no ! 1  o r  blerr c r-n r- s u i t  fro.n
any t y p  f  ■ u t r  1 1 p ' n t  1  in;  o r  f i n i t e  m  ■- l o a d i n g ,
such  - 3 - r  1 1  in," wh 1  1  ad du t o  r r' i l  o r  r o r d t r u f f l e  or i
s t r u c t u r a l  V un ' ' * i n  f  of  r e c t a n g u l a r ,  squar?  or
c i ^ c u l  r  f  t i n  . v v r ,  • war p r i n t  d ou t  i n  S e c t i o n  4 . 4 ,  »n
the C "  f  • r  "j1 t r '  • j__n i n  3 - d i r  n s l o n o l  p rob l ems ,  Pols*
son 1 r' R■ 1 1 nTy no r  - I n  t h  < xnr  s s i  m s  f o r  c e r t " i n  of  the
s t r  . : comp n t  - ,  t h  v r t ' c  1 n r r  1 s t r e s s  6z which i s  most
f r  :qu r . ' l  ' 1 r k ,  • um ft' *ct i  by i t .
mum So r  S t r  ( r . x ) In  3 - d i r  - n s ' n< 1 c a s  i s  I so  ^ ‘̂ c t e d
by P o l r s o n 1 R - ' l o  v ■ he n i n  Chrpt  r 6.  j t ,  f  r  -- -v
car?' f  - V r t ' e 1 n i n i  1 - d , P 1: sc r. ’ : R a t i o  was i n  g e n e r a l
found  t  ■ f’ 1 r ’ -n f i c m t  - f <v c t  be lew n cer t *  i n  oompf i r ^ t . v - i ,
a h u l l  • i t  ! - t h  I I ,  t h  t r  ’ d i s t r i b u t  ion ( » r a r x /  ba-
low such d -  t h  • n t r i  u s l y  r f f  ct 1 by ■ npl-. t. . anbd c
v l u  t tw n z r  - n !  f ( ! . 1 4 ) .  F u r t h  r : sore ,  on t . k  .
of  din,*,  whto ' c  * 11 y f  nrlm-v In ne r '  nc- t ' *'*

s  n r
d i n g  v  l u  f  • x .

As f  r  • n t r  - d i • ■ * r  I b u t  * on . n s 1 ; 1:'1 _1 _ . v .-1 lv not  o f  ve-
cc rn  d.  I t  "pn - r n  t h  t  P I*" t i e )  s e t t l e m e n t  of

Br  o t  ' n i f ’c nc  . Th jmm* d < d b7 v a r i a t i o n  in
I ound- t i  n s  n n i l  3  1 , h  w v<- r ,  more ' - • w ( j '  .  n2) i n  the
the v  .u f  p i s  n 1 k t i  , : Inc 1 h ' ' ; r n r r l v  l oaded  r e c -
e q u a t i r n  4 .1 1  f o r  t h  s t t i t  m n t ol *' un i t  , OPSo of  the
t a n g u l - r  • r  - , ( f • c t  r  wh i ch  • 1 oi: _ nf r 3a m i - i n f i n i t e
r"3cpr " s i  n f o r  t  t t l  m n t  '"f t h  ' ; c .% q 3 7 6 ) ,  v a r i e s
s o l i d  du t  ' v r t  ' c ' - l  p i n t  I c  d - * ' *z ’ r o  and 0 . 5 ,  =n0
betw n o . - 5  and u n i t . ,  f  r  p v a r y i n g  b v t ^ / t I : n  ^ f  25< i n  the
is t h e r e f o r e  1 1 a b l  t r c ^ u s  a maximum v

Immediate    "/
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im o 'd in tc  , « t t U » n t  v .X« o b f  ‘n e d .  Ye t ,  t h i s  ,» ,» „ »  ,

s t r e e t
only o f

As ' r e s u l t  o f  the l l s c u  ! s i n n3 
lowing c o n c l u s i  n r  c  n I ■ I r ^ ’vn

In
f o l -

g on * Ret  I- 1 r  -I - o 1 • 1  ^ p o u -

f o l l o w i n g  Inform.- t l o r  Is  -n-' t i n t !  f r '  rrl &h' n t er  9* ’

( ) D . S . I . R .  f i n  i tn  :

(1)  Fo r  ■

(11 )
(111)

l y  20/
'11 t y  c l o y  t  n m o i s t u r e  c o n t e n t  

(r I - ' s t i c  l i m i t )  , p = o . 4 5  
r  t h  r’r " 11 '• t  mo i s t u r t  c - n f  n t  o f  5f-, n = 0.25.

N" V' l ’; • f  r  s e n d r  •• ro  g i v e n ,  b u t  t he  view w p s  ox- 
n r u s o  d t h '  * t n  v Hi • f  n f o r  sends  were b-'l-'w 
t h  n f  r  c l  v •.

of  anproxlmete-

of  S f I
(b) Find In by th  . S .  An Corps f  Engineers :

(1)

( H )
(111)

F o r  < 
t  inum 
F o r  o

1 an c l  y 
p = 0 , 5 0 .

• t  rr * t u n  co n t en t  near the op-

dry ,
R e s u l t s  f i ) 
p v ri 1 v • f  o r  s m d s

"r l v  f i n  , -ni fcrm s*nd,  p = 0 . 3 0 .  
nd (11 ) i n  t h i s  

a r e  b e l  -w
case  a l s o  ind i c a te  that  
th s f o r  c l a y s .

( c ) F i n d  In,- f r  t> 1 - rat  r y  work d i s c u s s e d  in t h i s  re-  
p r t :  F t‘ r s i  1 ' , g ano r t  t rr i s t u r e  conten t  o f l~2i»,

.

From t h  ab v d- :■ i t  i s  thus  c l e a r  tha t  P o i s s o n ’s Rat io i s  
depend nt n m 1 t u r  c nt- n t  In • II t ypos  o f  s o i l s ,  i e . ,  a c c r r -

Furth rm r  , i t  l a  c l e a r  th» t  in  the c a se  o f  p a r t i a l l y  saturated  
s o i l s , p v- lu  -? * r  ■ nd.- - r t • 1 '.v those  f o r  c l o y s .  Hence, i t  *s 
sugg : t e d  t h  t  th .  P I s s  -Vs Rat  ; : Degree o f  Saturat ion  r c l a t l o n -

0 . 5

D, r  o f  S - tu ra tl  n̂ (Sp)
1 0 0 * 0 ^

I
1
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 .P.l^CUoSlO:' _0I- TEST RESUT.T̂

t ’on s h e e t s  as the  aver* o f  th  v a l u e s  for  th< range over which
Ui can b< cons '  )er  i t o  c o n s t a n t .  This r«nge of  vs lu e s  he s in
each c ase  been  mark. 1 on th< c e l c u l o t i o n  s h e e t s  by e v e r t i c e l  l i n e  
a l o n g s id e  th< r  l e v a n t  < igur* ?, which extends  between arrow heads'  
demarcat ing t h e  l l r t t r  o f  th* r mg' .

The c u r v e s  shov c i ,  • ” l y  tn * t  the rang*1 of  s t r a i n  over which 
Hi, i s  c o n s t a n t ,  io- not  < Lv.eyc f a l l  f u l l y  w i t h i n  chat range of  
s t r a i n  cor  re spot i f  ng t o  th* l i n e a r  rang- o f  the  ««t r e s s :  s t r a i n  
c u r v e . In t h r e e  ou t  o f  f our  ir > ta nc cs  ( F i g s . 4 9 , 5C and 51) ,  the 
bulk o f  th- range  o f  *tr;  in over  which p \  i s  cons tant  f a l l s  out-

Purtherr.or< , be for-, c sm- * nr.--- n t  o f  t h i s  range of  s t r a i n ,  /t< de-
'

t o  th*: n  . • c t i v -  (cor t .) v ’ in * h r g l o n  o f  0 . 14  - 0 . 24 ,

s t r a i n  curv< . Subs- iu< n t  t o  1 he >i<. ( const.) r8nSf‘ » Pt again s t e a d i ­
l y  in c r e e s r  ■ in value .

Regard ing  t • 1> t* r o r l n t “ mention d, th« ir causes  can be
e x p l a i n e d  by c o n s i d e r i n g  a g a i n  t qua t i on  7 . 5  from which Po is son 's  
Rat io  was e v a l u a t e  i :

1 = '\_L " T*ir] ...................7,6
s r ,  more a c c u r s t  l y ,  _ f  <5v E ]  9 1

L  T ' ^ J ................................................

cut  Young ’s M odulus (E) “  ...................... ............................................
i l l  6v 66a J _ l  

• •  V = I 1 -  V T T & f d J

"  *|_i'  & # 0  ............................................. '*

cn th e  rr ■ n..' d v a l u e  ol civ ( . . < • • c t, d bv any peak-
l 'S t  sample  d u r i n  t  s t )  • n t I t  O' nn ' 1 would seem to  be p o s-
shancd v a r i a t i o n  In  Y o u n g ' s  Modulus ( ) % '
s i b l e  f r om e q u a t i o n  7 . 5 .

F u r t h e r ,  w i t h  r e g - . r  I t o  t h e  !• ^hows t h a t  v a lu e s  of  P t
the curve  , t h  so" e q u a t i o n  ' * v a l u e  of  Sv used »s

^ L : : i  1 th::
o n ty  w h i c h  was u s e d  f o r  t he  ‘ f 1 ■ 11 . ^ i n g  movement duv to

bl( d e f l e c t ' o n  ( I . e .  s t r a i n ) ,  and hwncc,



In  the  err,  o f  p - t  " l l y  r r t u r r t c  i s o i l s  t h e r e f o r e  ^

the i n f o r m n t i c n  g i v  n • : v . ve,v r ,  r-n o c c a s i o n  t h e r i  mev 8l =0
b, OV, r r l d l n r  c r- t o r .  , u rh  - - %h-n th'.. c o n d ' t l n n  o f  c
s o i l  mess ns o who] t r  <• ’ ' : m o i  • nd I t  become.-’ n e e -as pry t o
ndopt a p r r t l c u l — v l "  o f  P c l a s c n ' s  R ^ t l n  ( such  r s  in  the r n , e
of the 'Vo a t o r  £..........\ qu' ••! ns)  , i n  or d r  t o  o bta in  r r e s u l t  in
c lose  f gre rncnt wi t  h a c t u a l  c n d l t i  n s .

F i n a l l y ,  i t  j h ' u l d  ■ r ’ n v • :;tr a s -d thefc in e l l  cpges the
concept  o f  P o i s a o n ’n Hr t i c  It: s o i l s  on ly  her e r a t i o n a l  meaning
when v iewed In rv V-t ' n t 11 c o nd i t i o n s  which c m  be conslde-

‘

t i c  I ty  i s  o p p l l c e l  1< . Such r o l l  c o n d i t i o n s  the re fore  co ns t i t u t e  
th n l y  hurt i f l  o 1- n which th n i g n ’ f l crnc-  of  Po i s s on ’ s
Rat io  in  the  d. t rr.ln* ' ’ u. f  s t r  is nd s e t t l e m e n t  in s o i l s  can
on any o c c a s i o n  b« v n s i  i e r e d .



0f  cfv. In  e f  t ' e c t , t h i r  m enr  t h n t  I f  t ’on „

t i n 1:  to° ln^  ■

.

r o r  *' ' ' S: •• ' ' J °  Pbbe of  1 "k' ige cou ld  cause  a s l c n i -
'

and t $ j.u> rr.ov' nt *uc to  sa:1 olu volume change Increases  in 
re 1 at . n t o  t h .11 .$< ' ov :• nt 1 u* to  1 e *. 1<ag' t an er>r*or In the rate
of  1< ekagt It  s c o n t i n u a l l y  l o s t  s i g n i f i c a n t  a f f e c t ' o n  the value*
of  dV and fit, ofct 1: d .  On ’ - curve of  p  : c  t h i s  i s  manlf- s ted  
by s t e a d i l y  doer  as  in  r p i  vr lu-  • u h t i l  the >it( const) range Is ob­
t a i n e d .  I t  i s  t i e r  f o r  cons  11er< i  t h » t  th  v a l u e s  o f  >it(ccmt.)  
ere the  ror* r< l i n t  1 - n / 111 t h e r e f o r e  be u - e d .

' 1 t h  r r •" r d  t o  t h  f n t  t h a t  p^ f>r i n  i n c r e a s e s  i n  v  luc- sub ­
sequen t  t o  t h  (co n s t.)  i* 1 n r  , I t  w! 1 1  be no t e d  t h a t  t h i s  subse ­
que n t  i n c r  r se in  v a l u t  o c c u r s  s i m u l t a n e o u s l y  w i t h  t he  t u r n i n g  
p o i n t  i n  t h  - i n  f  l u g  " v -• of :D< f l e e t  < n c u rv  fc- ing ap p ro ach ed , 

.  .

renon o f  sample x- n; i ■ on a no r c a ch ln r  f a i l u r e  c o nd i t i o ns  ( see 
.

( r e l a t i v e  t o  t h  • r i.»- * r. 1 s • mpl volur< V) an t ,  as can be s e n  
from co i- t i e r  9 ,  , ! • tt c  u c  ol t auk cuent  increas ing  v e ­
in* 3 Of p { , .

How v- r , th< f  c t  t h  t  th< (const.) r  ing which p r e c e d - s  the 
r ang  o f  i n c r  es  ’ ng v  l u  •, > x t e n d s  o u t s  l i e  t r  - 1 i r  i t r of t e ­
l l  no r r  r - n - - o f  t) . • * r< s* sst  r< i n  curv  , i s  co n s id e r -  i t o  o% j j *
to  i n c l u s i o n  o f  s-mpl* v o l u r -  chi-ng due to  c o n s o l i d a t i o n  • 1 - ^

&
as a r  s u i t  o f  th* on; 11cm? " nn o f  the dev I at or  r t  r<. •;? vd r,n-- r ^ s“ 
s l b l y  o n l y  be  com o f  s i g n i f i c a n t  e f f e c t  ne a r  and beyond r he cna 
of  t h e  l i n  n r  r o n r  -  i p r i o r  t o  t h  commencement the  pheno­
menon o f  s ample  * xo- m i e n  on 9 o p r  c a c h i n g  fa > l u r e  con

■
irenc* s f rom th.  - nd o f  tl- l i n -  a r  r a n g  ' ,  i s  ’ l l t Jm
i n d i c a t i v e  o f  th*. i n c l u s i o n  o f  c o n s o l  i let -on can" doss ib ly

the l i n e a r  r -  nr o f  th< r.tr< ■ '! st  r  it. *- 1

As t h o s e  c o n s o l i d a t i o n  e f f e c t s  r- r  s ' i n c l u d e d  i n  sample
r ing  s t r a i n  (so*.. Ch,- pt< r  2 ) ,  ^hoy canno t h f , p u r p o se s  of
volume c h a n g e s  dui t o  c l a s t  c i t y  vt __ _ t h e i r  i n c l u s i o n  i s
c a l c u l a t i n g  P o l s s o n ' s  R a t i o .  i'h; s o t h e r w i s e  hove been
to ca u se  a l a r g e r  valu< o f  diV t h e n  v‘ou . q ,3 i s  t h e r e f o r e

r . o r . n rd lnr t o  e q u a t i o n  ■ • ,the



--------------

- 168 -

APPENDI X I

p o s s i b l e  A i r  b r -  l c  S i m -  o f  the Modul i  of  F . l n s t i o l t v  
“^ T T n d J l  ------------

( e )  Y o u n g ' s  Modulus  ( E ) :
y Hook. ’ L w ( Chapt  r  2 ) ,  E = ™ .... ..................... ( 8 )

S i n e  , I f  <5 Is  +v , 6. I s  r ssc n t t a l l y  +ve,
r n d  i f  <5 is. -v- , £  i s  ( sscr  1 1 a l l y  - v .  ,

T her f o r '  , E I s  r l w a y s  p o s i t i v e .

(b)  Modulus  o f  R i g i d i t y  (G) :
Frorr b f - s i c  s t ^  n g t b  o f  M a t e r i a l s  (R f . 8 , p . 5 5 ) ,

^ ...................................................................................  (b)

Sine  , i f  3s *v« , X i s  s a o n t l e l l y  +ve,
and i f  T i s  - v e , i  i s  e s s e n t i a l l y  - v e ,

T h er e f o r  G i s  ■ I ’.v ;/s p o s i t i v e  .

( c )  Bulk Modulus fK) :
Fror  quat  i on  3 . 2  : For f l u i d  pres sure  co nd i t i ons
v/h n e 1 = 6 say .

A r, 3 8    (<*)
nnd > ' d i s c u s s  J i f (a)  above:
; f  c  in 4-v E I s  + v e , t h e r e f o r e  in (c)  :A i? ve when

6  1 -rve,
and i f  6  - ve  , 6  i s  - v  , th< r< fore  In ( c ) : A i s  -vo when

O 1S e V •

Honee , i n  tquutton 3 . 4 :  K = 6A

I f  A i s  +vc when ^  I s  *ve , then i s  *'-’r .
and i f  A  i r  - v  when #  i s  - v  , t ■ n /A s *

Th r fo r i  K I s  a lways  p o s i t i v e .
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Tho,'. v - l u ,  s shorn r-  ' ^ r .  ^r .  n t  w i t h  th o se  o b t a i n e d
by Rf? s r c h  wor ,  -r ' o f  1 ' - I . ; .  I . ' I ,  ^  Ro*d Rcze r^ch  L e b o r r t o r ^

’n - s i t u  r.t s a w  r en t  ' rr< i< o f  lh- i r / ioh-nlc-  1 p r o p e r t i e s  o f  - o i l

I t  was f o u r  i t b n t  ?o'. r -on 1 R; * ’ o f o r  s i l t y  c l a y  w i t h  a l i q u i d  
l i m i t  o f  50 . v ■ a n ^ r o x l m s t c l y  0 .4 5  < t  a m o i s t u r e  con t  n t  q u i t e

.

son * 1 R r t i o  w? 0 . 1 • * I r ' tur* »nt- n t , th u r  i n d i c a t i n g  r
'

cl  y e v r l i  i i1 1 .1 3V 0 .4?  * 1 so b« i n d i c a t e d .  No da t a
ere a - y< r « v« i l '  bi  f c r  - n d s ,  1 i t  }v. o p i n i o n  was ex o ru sae d  (23)
t  t  t:  v< 1 111 t • 1 t.h f  r c l a y s ,

I n f  o r  it a t  i  r. ot t ' :  i f r o m t u. D i r  c t o r ,  rst< rweys Exper iment
$t- * * ■ n,  r  . s . Army ' - r r  f  ■ •' r , Vic b u r s ,  Miss i s  ’i p p i  , '29

.  . . ■ .

T h e i r  wo r k  h? • t :n l i t '  cl 1 nt compa r ing  c a l c u l a t i o n s  by the 
t heory  o f  - l a s t  i c i t y  r  l t> t h i n i v a l  nt  s o i l  measurement s .  For 
a 1- an d r y  - is t m o i s t u r e  c o n t o r t  n e a r  t he  oot imum, a P o i s n c n ’s 

.
f i n :  , u n i f o r m  - a n d ,  r v* lu  o f  0 .  i was ' n d i c < t '  3, v/h! c • thus ve-  
r i f ’ s th« od I t   ̂ n ;>f t v D . S . I . R . ,  work- - -  t h a t  the  P o i s s o n ' s  
R a t i o  V! lu .. 3 f o r  s e n d s  a r t  t low then-  f o r  c l a y s .

• • •

ment i cm  d,  t h f v> l u e  o f  Pc I s £ >nf s Ra t  * o f o r  a s i l t y  c l a y  drops
.

.
■

' nd  0 .2 3 9  f o r  - c i l t y  sand  e t  1 - 2 m o i s t u r e  c o n t e n t  would

to  p a r t  i t  l l y  ratur*-1<. d r o i l  c o n d i t i o n - .

.c o n t e n t  v a l u e r ,  w i t h  t t v  r* 1 svant  v - < "

(Sr ) ■ /
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However,  r e f e r e n c e  w i l l  be mnde t c  pares  in  Timoshenko's * T h e o r v \ f  
E l a s t i c i t y  ( R e f . 3 )  wherein  the  d e r l v r t l r n s  ere o u t l i n e d  in  f u l l  
I t  i s  important  t o  o c l n t  cu t  t h n t  Timoshenko u s e s  the seme n o t e t i o n  
p s  used by Love end other  m as t er s  o f  the  e l a s t i c  theory in  t h ^ t  
p i s s o n fs R a t i o  i s  deno ted  by the Gr ek l e t t e r  V (Nu) , whereas in  
t h i s  r e p o r t  P o i s s o n ' s  R a t i o  i s  I n  pH c a s e s  denoted by u .  However, 
s i n c e  Lame ' s  e l a s t i c  c o n s t a n t s  which ap nea r  i n  Element ' s  ppp^r  e r e ’ 
denoted b y A - n d  p ,  P o i s s o n ' s  Rat io  w i l l  1q t h i s  Appendix on ly  be 
denoted by ^ , tr ' v id c o n f u s i o n  in th e  work t o  f o l l o w .  ‘T u r th e r -  
more, the  u n i t  v o l u m e t r i c  s t r a i n  or D i l a t i o n  which th ro u g h o u t t h i s  
rep r t  i s  denoted by ^  , i s  denoted  by 6  i n  Timoshenko's book as 
w e l l  as  i n  Flnm-n t ' s  p a p e r .  Therefore  the  D i l a t i o n  a l s o  w i l l  in  
t h i s  Appendix on ly  be dt n o t e d  by the sy m b o l e .

The f i r s t  s e t  < f  b a s i c  r e l a t i o n s h i p s  which are i nvo lved  i n  
Flamant ' s  work art t h  se g i v e n  by Timoshei.k''(3) i n  hi s  eq u a t i o n s  
(2) , p . 7 ,  v i z . ,  th  t  i f  w i t h  r e s p e c t  t o  a s e t  o f  three mutual ly p e r ­
p e n d i c u la r  axes  OX.OY ^nd OZ the sma l l  d i sp lacements  o f  p a r t i c l e s  
r f  a deformed b dy b< r s lv d i n t  comn-'nents xl, <o, and 4u*>paral­
l e l  t o  t h e s e  r s p e c t l v e  cc rd lna tc  a x e s , then:

(1)  th' l i n  ar s t r a i n  c mn n n t s  6 r re expr- s s i b l c  by:
= r = | j ir .........................................  (a)

component sr nd

~ 7? ’ by 

( i i )  t h e  s h e a r  s t r a i n

xz' yz'

k pro e x p r e s s i b l e  by:

...................  (b)

The s econd  a t  o f  b a s i c  r e l a t i o n s h i p s  w h ic h  are 1"? Ived arc 
th^so g i v  n by Tim s h e n k ° (3)  in  h i s  e q u a v o n s  ( 1 1 ) , o .  , - S
the s t r e s s e s  and s t r a i n s  in  n 3 -d imons i  'nrl  system:

)x
6y
6 z

= X(‘ 
= xe 
= Xc

2p(x (c)

wh r in:
( i )  A and jj ar< Lame f s e l a s t i c  c ns t e n t s  v 3 g iv  - n by:

A = U L
(14 r) ( i - 2 r )

(d)

e n d -  G
E (d)

whe re  E * Y u n g 1s Modulus 
V = F r i s s o n ' s  R a t i  
G -  Mod t l ua  o f  R i g i d i t y

T *— phear  s t r i  ss
\  i: s h e a r  s t r a i n

(11)  e  I s  t h e  u n i t  v o l u m e t r i c  s t r  lr.  ’ g i v e n  bj
( f )

k  '  + U  * f" ’‘ . t I c n l  t o  e q u o t l o n s  3 .5  en-i

F r .m  e q u n t l o n  (o)  ob , v e .  »  sh o u ld  be n o t e d  t h - . .

T  =/-■ X
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(Sr)  " l o n g e d '  . t r o w  th ,  i- t- p r ,  d i t  r i
t h e t  no c o n c i u r i o n  c n b, d r , w n  t r  th- n f f  c-li r ,  how v e r ,
t e n t  or  Dcg- o f  - b u r n t  'o n  on t h '  3* m o is tu re  oon-

•
t e n t  I s  t o o  r - r l l  t o  how u: nny s l r n l r , m o i s t u r e  con­
found t y  th ;  Rond R«. r,r,.) i -  , r ^ t c r -  '' ' r  ^  r s  t h c t

‘

.-{©nC' , ! t  ; nv wi ' ■* > r/ ' i f t h  low - r  t -  • v ~  I d  r ^ ^ ' o
end c h r r b . - r  n r e s a u r -  t h  1  » "h- I n ' t !  1  v o lu n ,  L c r .  - s e ^ o f

.

f e e t  i -'■ ■1 ■ •' " n • r" " ir  r t  " o .  1 ' - v< r  n t l v
o u tw e ig h e d  t.he o f f  : t  c f  t lev. -r vol . :  r r - t l o  end r e s u l t e d  in
a l e r r -  r  v o l u r  1 • ; r  ? •- - i ' ] -s r  t e n  ncv f r y  - t ro lure  in -
c r  -•»» t h » n  i f  th- c • <••' : <t % .. . ft ; t  o f  - lower
void  P f - t i o  ' t  t l  S'  r- c h '    r  r.-r u r  1 c le  <«rlv I n d i c a t e d  i n
the ccs- o f  If  •' i ' 5 . 5 A* 1. In h c • o: • ;o. v w i th
bo th  low v o i d  r e t  i c  m d  c h s ^ t  rtr  or*, su r :  , th* oh none non of  
semple e x p a n s i o n  sui • ••  t o  r i n  * t ' 1  c o m p re ss io n  t o  the
e x t e n t  o f  y i c l  l i n g  -rr le  volu-* in  xc .• of  I t s  r  V  > 1

$
d e c r e a s e  i n  v o l u r  t o  t h n t c o r r  r v o n . : i n ;  t o  an l n : r  esc  in  
v o l u r  , w  i r. • * :• 1 y  - s f f t c t  ! .

T h e  e f f e c t  o f  v e r V - t  i o r .  i n  c h ' . m b e p  p r e s s u r e  a* # c o n s t r n t  
r ' t  o f  i t r  • i n ,  o r  t r  >Y ■ r  t r  n.  ' h  o t  • • * n< : ,  ‘ t l y  p r  -

.

be r  p r e s s u r e s  f o r  th  - twe r c  t  c t  tv- r  t- s c f  s t r  i n  i» r  
.

n t  a n ; l o  o f  f r  l e t  l o r  ( f  ) s h o w n  i n  T . i< (XV) 1 v  column
.

*Pt s l i g h t l y  l i f f  -“ -it f o r  t tw r  - t  • o f  ; i t r r In ,  ‘ r. ■ ' .e r
r a t e  o f  s t r ' ' n ••! 1 ' r f ■ h ’ oh -r v * 1 u- of »*pr • " _of _ ' -;ry
f r i c t i o n  and t h  low r  v l u  o f  eoh  s I on.  Inoivldu* 1 - y -  
c i r e l  f o r  t  c f o f  ♦>, f  r " r  1 o f  ' t r  ' n ,  f - *'•
t o r  w i t h  t  r  1 v e n t  o h r  r u o t u r  1 i . < o n  in  t h  ce? y
the low r  r t  o f  e t r r  1' . P r  ” t h e  *' I t o v . ■ ! ' c.' ( .

date pr ..., nt- ' i n  T 1 XVI. ! t  w'13 t- V. ' '
prossur- end r a t  o f  t r  In p r o b a b l y  hev< no . i l u  .i*
- " i s i r ,  t h i n  oho n o n  n o n .

The e f f e c t  f  b o t h  v  r i ' t i  n i r  c ;'jT''' r f ’ Vtr- in - t  R oon- 
t f n t  r -  t e  o f  s t r -  in  rn d  v  r 1 " t l  ;r :n r e  u ' " tho VPi u t  n of 
t f  n t  ch* mb' r  p r  . s s u r  • ( I ' > Xv -r, ! • 1 *

Young’s /
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Z

INITIAL

MOISTURE

CONTENT

CO 
p en c e -f t

in it ia l

DEGREE

OF

sa tu r a tio n
$ r

e r r a n t

POISSONS

RATIO

/ *  Set

p 0 lS S O 6

RATIO

•01*1

2 2  2 9 0 6  6 4 0  1401

3 1 6 2 0 6 2 4 0 13 9 0 0 1 7 9 3

S 1 7 5 0 6 4 2 0 1 4 2 5 —-

6 I 6 6 0 6 2 7 0  <429 0 <46*t

4 0  6 5 6 2  4 2 0  2 0 9 9 0  2 3 7 2

1 0  3 * 6 1 93 0 1 3 6 7 0  3 3 3

DETA ILS Of
RATIO

3 0

2 0 0  76  4
Mv* 0 7*%

O 7 ( 4

- W :
2 0

0 ( 4 2 90  7 0 2 CoffV M«3tO'4>t «,

3 0
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M
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E
R

J a b l t  x y

n o m in a l

RATE

OF

STRAIN

m eh ta /m m

0  0 0  2  5 6

0 0 0 2 5 6

0  0 0 2 5 6

0 0 1 2 5

NOMINAL

CHAMBER

p r e s s u r e

/h/.-vj in

50

SHEAR

8 9  6

2 0  | 6 5  3

COC5ION(c: 
AND 

. ^ ic t ,o n ^  
s t r e n o t h  a x » o i t m :

s
lb/6̂

OF
SHEAR

STRENGTH

YOUNGS'

m o d u l u s

E » /

hi

1 0

■

3 0

0  0 1 2 5

0 0125

2 0

1 0

C

4
= 3 O '0 6

6 0  6

1 0 2  0

8 3  9

5 3  0

C

“ 9 in 

= 31* 4 2

8 1 6 3

7697

8 1 2 5

7 7 5 0

POISSONS'

RATIO

Z w

POISSONS' 

RATIO

■^(iunihvn)

0  1 3 6 7

0  , 3 9 0

0 < 4 2 9

01535

0  1 7 9 3

0  140*

9 5 6 7

7 2 1 2

0  2 0 9 9

0  1425

0 1 4 6 4

0  2 3 7 2

XVI

INITIAL
YOUNGS'

C h a m b e r VOID

r a t io

RATE
STRENGTH MODULUS

E *«• C

-b,'.Vj hi prrxgnt!b/»̂  ,f»

8 6 36 9  6

0  695
1 0 2  0

I 6 2 0
2 0

0 713o esf9 5 6 70  0 1 2 52 0

0  7 0 2I 6 8 06 0  6
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1 Ul»c ■ .  .  .  . . .

r c g e  S F  ■
j u l k :  (E: i ) ,  : t  -  r o t n b l  , ( ' i s o   ̂ f / ^ f o u n E ' s  \'o-

w r s  %  i .  c , « i  s s & s  A ’s e h s
fo r  -  c c v a c .  Prom t h  i'-t-, h o r n .  ! t  c n c l  ^ r i y  be ^ e n  t 'hnt
the  d l f f  r- nc « In  3 h - r  C t r - n f t h  n 1  Y ounp 's  Yodului  v i u ' / ' c n  
i m t  f o -  v " "  ' ' ' r- n - ' i y  i th--. r  r n , _ c t ' v '  v - l u - '  o f '
I n i t  11 I v o i  : r -  t ' o  n : i n i t i ' l  n o t  ir#. c o n t e n t .  In the ca-e  o<*

.  .

(53  = 0 1 1  .1  ' ; . -• *'• ( 6 3  = I C l t . / s q . t n . ) , t h e  h ig h e r
Young’ f rodu lu r -  v  l u  o c c u r  t o g  th< « w i t h  the  low^r m ois tu re  con­
t e n t  v e l u  , w h i l  In  t h  • a f  th« She ur S t r e n g t h  v a l u e s  f o r
the sen- t  a t  n 1 " , *h h i  h  r  She r  S t r - n r t h  v«lu< o c cu rs  together
w i th  t h  1 c r  v o i d  - t ' v lu  -. \ "■ ■ -  t h -  h ig h  r  value o f  mois­
t u r e  c o n t e n t  and  v o i  r a t i o  o c c u r  r I m u l t a n o o u s l y  In any one o f  n 
r l r  o f  t -  i t s ,  t h  r  iu >♦ 1 n In  tv t] r  S t r e n g t h  and Young's

.

.

5tr  ngt h • n i Youn '  o !u 1 u r- f f  : r i by th e  I n i t i a l  m o is tu re  
cont  n t  nd in* t ’ " v 1 r  t !  o f  th i  r - p ]  I c i n g  t o t e d ,  w i th
v o id  r '  t  o n v ‘ r. • p- r f l e  .1 r  f. or, dh. nr S i r  n g th  and raois-
■ ir  c o n t  n t  -  r t ' 0  - r  f  f  c t  n Youn; *c Modulus.

•
h ig h  r  m o i s t u r e  c o n te n *  1  .ccompanl-. 1 by the  low er  v o id  ” r:1 1 0  in  
the  c 3 o f  t  N . " - c - v r  s< 1 y i n t .  c -■ e,2 I  ̂_ • - *_ .
the t  ' t  w i t h  t h  1 w r  v ' i r  t l o  h a s  t h  h l g n c r  Sr.var i . r  ng..n,
end t h  t- t  w i t h  th- 1  v r  mol tnr< c nt n t  h a s  the high- r  va lue  
of Youn*' * 3  " - ' - l u l u s .  I t  I t h u  n o t  nect  s s s r i l y  the h i g h e r  r= v- 
o f  s t r a i n  w h ic h  1- ds t o  t h e  n i  h  r  Shi  nr  S t r  n g t h ,  as  vcu ;d  . r -  
p e a r  t o  b t h  e r r  by com ^ r i m  th< Shea r  s t r  n g t h  va w f - r
th-i t  s t  n r  i r  " 0  . ; • n : No . 1 & 4 ,  c • ^ 1 1 J  * "
o'- i r  No . t- •- -hov v h i  h r  vt-hv o f  : - rr’ s *r " nf  ‘ 
lew r  r- t - f  ^ t r  I n .

r e l a t l v -  l y  l o w e r  - nd h i r h -  r  t r  n g t h  tn . 'e ^ y  . ^ 1 ott nd above 
t h e s e  t  s t " . , 1 - "d in. - t o t v  ' r  the  “t o s t  group
the r.'ohr env- Ion  r  so? c t  ‘v ’ y .  In * , '  ‘ agreement and
Nos. 2 ,  4 - . , ' t  v o i  : r  ' ' r  *1*"
hence gnv 0  b t t  r  f i t  on t h  oh.r - v e i o t  .

The e v e r r g v o i  i r  1 1 1 f o r  th< ; , ^ fc c r h ., t v S t  group Nos .2, 
O. 7 3 1  comp' r ; d v 1 t h  n v r  o: ( . 3 s o f  th'.
4 * 5 ,  H e n c e , th- h l  ;h<-" nv r  s t r e n f  • Mohr enve-
f - ' t t  r  t e s t  g r o u p  en d  *hu t h e  st ot v l n  a p p a r e n t  angle
i 0 P® In  t h i s  cos- , 1  " d ! n  t o  th*
°- f r i c t i o n  ( 0 .,) be two n t h  tx'O t 1 s f 1
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An e f f e c t  w h i c h  h< i  n o t  b c - n  
s t r e i n t  i t  t h  n ' o f  r -n o ]  d u r ' n p  t - t  the  r e -

Inf  IP I t n c  E T l I  , t h '  f : - ^  ^  i" 4 , * 1 ?* l o  d_

.

TAIL! XVII

TE:>T 
’ r :-••

AVERAGE
TEST

T P" PK PA T: 3 E
oc

P0ISS0NS'
RATIO

>ls e l

P0IS30KS* 
AT 10

>;v(consv. j

1
, e C.13L7 0 .1 5 3 5

2 . ? i 0 .1 4  1 -
4 . 0 . 2 0  J C. 5^2
5 2 4 . C 0 .1 4 2 5 -
3 0 . 1  ?-»o 0 .1733
6 2 0 . 7 0 .1 42 3 0.14C4

I t  i s  c l  nr  t h r  t  no  c c ' d  i s l  n cf-n b i r  wn - t o  t h  o o s f i b l  * 
e f f e c t  o f  t v p r: r t  i c u l ' r t >t t  •*”'* r  • t o r  on the v a lu e s  ' f  Po ls -  
sor . 1 ? Rr 1 1 o : t  r ~in  i .
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w he nce  e q u e t i o n s  ( b )  - b  v c - n  r i g '  be  v / r l t t e n :

7 x 5 T x z  = /I JTxz; T yz  -  ji Vvz .....................  (g)

p r e s s t r n e  f o r  t b  s t r e s s e s  » x , Hz . „ d  Tv which In the n - t e t l - n  u«", 
In  Chr -)t r  4 f  t h i s  r o n n r t , m e  t h e  s t r e s s e s  r i ld >- " n_ '
DC6 C 14 67 B e f . 1 2 ,  F I  r e n t  f i r s t l y  : b t  Ins the e x o r e L l ' n s f ' r  the 
d i s c i e c e r n e n t s  U, v ^  f  »ny c  i n t  ( x , y , z )  b e l  v, the  h m ^ z m t n l  
s u r f a c e  f  t h e  s - m i - I n f  I n i t r  s o l i d  s u b j e c t e d  t o  rn  i n f  i n i  t e l  v ex­
t e n d e d  l i n e  1 - " " n j  o f  p p e r  u n i t  l . n r t h .  These m e g iv en  s s :  '

P , x r  u x \a -  —— -  — ~ — —  m e  t e n  —}
£ itV  \  a  + u  z /

(; *
A +21

2  Tfp \x 'c + z ‘ >. -t- p

Hence ,  b r s d n equ 1 1 ns  ( ) :

1 g V x^+z^

O  Ex = 1 ^ =  x ^ - K x S * ^ , - ^  ( ^ .  -

Z 2 yC:

X

2

P
2  if p 

P
217 p 

_P__

2%" p

JL̂ ZL
x^+z- ( X- + z : )

-  hB- / 1

X
5^,

A + p  I z x^+z^i
J L .

( x 2 +z2 ) z  -  2 x2 ,  -  - z t x - t z g )

( x^+z^) 

z ( x # + z 2 ) ( l _ / ^ p )  - 2x^3
( x? +z'

• •.

A+p x ^ +z "
_ (x 2 +z 2 )

t i U  E y  =  ^  = 0  ^  t j

( i l l )  E z = | f  I ( x ^ r 1. * +*:■{-!.< & z * r f a  *
(x 2 +z2 ) ^ 2 z{

3s? •or
27T p  x ^ + ? /  ( x ' +liC '

z 2 ) . 2 z
s i r  j ,  L ( x : ; + - ; v

_ k S n .

r r e + * s ) . e r . -  —
/_P^ .2f  J

p
A+2 P

ix fx f+ zS )  ( 2 -X±ti ) - 2 z?

277 p ( x f  + z%)‘

X z 2 z3

l e .  £ z = =
F

2  r rp
. —r*"-- rr

\ y  X- + ' "  (x2 +z2 r j ’ '

<5 V _ c + ^ + £„
Now by e q u a t i  n  ( f ) :  c' “  y x ,>T

4  c



?
Tip

F

X+p x: 

c 2  * 7 . 2 /

^ + 2%)
 ̂x2 +z2 ) ■

{xz+z^/yx+fj 

z

- 1

il p  \  x ' - * 7 , 2

r

J L .
X+i

ffX

Pence  , by • q v • 1 1 >ns (c )

( i )  6 X = Ae -► 2 ph

= A^

l e .

#(A+p) x^+z^

j  X  z
11 A+p x- * z 2

21  x :'z

* e J - L J - L  _
2N ul X*n X‘fp(A*p x2 +z 2  ( x2 * z 2 )2 )

2 — A z _L _2 xf% _
^ A+p x2*%2 7T ( x2 * z2)2

#  ( x 2 +z 2 )
(1)

. 4

P z +2p ?  f  A Z 2Z3 . . J
ff(A>p) x : +z-

}
2Tjp'A+p x2+z2 (x^-kz2 ) J

.  JL F 2i?

I .
2P
R ( x 2 + ? 2 ) ‘

( 2 )

:

F r  t h e  c a l c u l a t i o n  o f  t h e  She»r  S t r e s s  Ty ( l e . t x t ) .  t h e  e9UctlCn

= is. + is? i ' •% -  + &0? iv- f i r s t l y  us<: d ( e q u a t i o n  (: ))
°xz  dz ox

-— j  x z ( x ~  + z '  ) -  y+jT rrc t ' n Z (

j ( x f > z E , - l . x t x y ( - l ) ( x 2 « E r  ’. 2 t  "  ^  ? )  ( l ^

+ - M -  "

a  -   { x z ( x  +z ) -  ^~7 rrc  t n
2 Wp 1  ̂ P

& , = _L_
2 #p

r
2fTp x'2 ^ 2  (x2 +z2 F  "

( - ^
V2 I I I ) I x 2 +W ' '  w l "
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So

<tj -

()# =
dx

2 TI>j

r
STT̂ i

:e . ( x i  ' z S ) - l + ii2a l o g  [ 2  C{ x2  + z2 ) ' aj

I
2 TTp

 2 a z ' \ .
( x 2 + z^)  A+̂ i \%2 +2 ^

F u r t h e r ,  b \  e q u a t i o n s  ( g ) ;

T x x  = Y-Xxz  = >>(fz - Sx

So Txz = >' 2 Tp

1 6  • T'xt = -  Tf ( x 2+z 2)

&x/

-X 2 a%" .  _  _  . 2 xz 2
A^i x 2 * z 2  ( x 2  + z2 )& X-Lp  x2 + z 2  (x2 +z2 )&

2 P x z 2
(3)

I t  s h o u l d  be n o t e d  t h r . t  I n  •:r ch  c - s  t h e  s t r e s s e s  <5X, 6 Z end7 ^  
f i n f i l l v  do n o t  s o n t  - i n  t e r m s  o f  Lr-meh c o n s t a n t s , which in  t u r n  
c o n t e i n  t h e  m o d u l i  o f l e l r s t i c i t j  i n c l u d i n g  P o l s s o n ’s R r t l o .

Th- e q u r  t  i o n s  ( 1 ) ,  (?)  nnd (3)  c n be t r a n s fo r m e d  i n t o  P o la r

.

cos'*- =
y x 2  + z2

sinTf

cos^>=
(%2 + z 2 ) 2

Hence i n  e q u a t i o n  (1)

V x ^  + z^

co 2 -x s l n 2 > = ; c o s 3 > s in > =
(x?+zd r  \ xc+zc )

c5 v = —
X 2 Z

T (%2 +z 2 ) 2

2 r 2 , 2x^z

ffz ( x 8 ^ £ ) 2

!- . 6 ,  = -  "  =o s f > - a i n 2^  

----- >
x

in  e q u a t i o n  (b )
2 1

6z T
2P

{x *z‘ )
„4

= "  iTz (x2 +z2 ) 2

tc, = ~  —  c o s 4 >'
- • z ITZ

2 F xz" -
2 F
Tz (x2 *z5 )in  e q u a t i o n  ( c )  : / xz -----  <  {x2 +z 2 ) 2

l e .  T x z  = -  n , _ . , r r  i s
I t  s h o u l d  be n o t e d ,  h o w e v e r ,  t h e t  T e r z s g h l  s^ s  each  cese  te k e n
such t h a t  th e  e x p r e s s i o n s  f o r  AiV 
t o  be p o s i t i v e .
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APPENDIX I I I

(l) C o m p ar ison  of* v a l u  s o f  3max as  l e t ' r m i n e d  from:
(1) S

( r )  s

max

mm x

J ^ - 6 r ) 2 + .................................... .........

M Z"(51, \  + ' “ <5z-&t)   Eqn

1 0

15

20

30

60

TABLE XVII

5.3

5,5 0)

0

5
10
20
30
45
60

0
5

10
20
30
45
60

0

5
10
20
30
45
60

0

5 
10 
20 
30 
45 
60

0

6  

10 
20 
30 
45 
60

C
5

1 0

20
30
45
60

0

5
} 0

20
30
45
60

0
5

10
20
30
15
60

= 0

Eqn .3

1

1

0 ,

0 ,
c,
0 ,

0 ,
0 ,
0

0

0

0

0

0

Eqn 5 ,5
3 0 . 9 4 6 8  

3 .1 9 4 2  
0 . 3 4  4 5 
0 .0 9 1 0  
0 .C 5 3 6  
0 .0 2 8 3  
C .017 5 
7 .7 3 6 5  
3 .2 2 5 0  
0 .7 9 0 3  

.
0 .0 3 1 6  
0 .0 1 9 3  
C .0132

.
0 .0 7 5 1  
r . 1 7 2 i 

.
0 .0 1 3 7  
0 .0 0 8 0  

.

.
0 . 6 7 3 6  
0 .2 2 0 1  
0 .0 7 6 7  

,0700 
.co:%

, 0

. 182 
0 . 2 2  4 
0 .0 9 3 8  

.0304 
. " 1 0 0

,7 .0 2 
, 600 

0 . 1 6  ‘ 
0 . 0 9 7 6  

,0413 
.

.
0 . 1 3 : 7  
0 .1 2 7 1  
0 .1 0 2  
0 . 0 7  60 

.
0 .0 2 4 5  
0 .0 7 7 2  
0 .0 7 6 5  
0 .0 7 4 4  
0 .0 6 4 8  
0 .0 5 4 3  
0 .0 3 6 1  
0 ,0 7 6 5

3 0 .9 4 6 8  
0 .6 0 2 7  
0 .3061  
0 .1 3 9 0  
0 .0 7 0 6  
0 .0 3 4 0  
0 .0 1 9 9  
7 .7 3 6 5  
2 .04 2 7  
0 .1 5 3 6  
0 .0 7 6 3  
0 .0 5 2 5  
0 .0 2 9 4  
0 .0 1 7 5  
2 .7 8 5 2  
1 .6 0 1 1  
0 .  703 
0 .0 0 4 0  
0 .0 2 7 8  
0 .0 2 2 2  
0 .0151  
1 .2 3 7 4  
0 .95 4 9  

.
0.C 795 
0 .0 0 2 4  
0 .0127  
0 .0 1 1 1  

.

0 .59 8 4  
0 .3 9 9 6  
0 .1 1 6 3  
0 .0 2 6 3  
0 .0032  
0 .00 7 2  
0 .3 0 8 8  
0 .2 ^ 9 7  
0 .^ 3 8 7  
0 .1 2 3 4  

0517 
0119 
0008 
1369 

_ ,1337 
0 .1 2 1 8  
0 .0 8 7 6  
0 .0541  
0 .0231  
0 .0 0 96  
0 .0772  
0 .07 5 6  
0 .0724  
0 .0597  
0 .0 4 46  
0 .02 4 7  
0 .0 1 3 6

0 ,
0 ,
0 ,
0 ,
0

= 0.125
Eqn 5 ,3
29.0415 

3.2351 
0.3610 

,0520 
,0336 
.0192 
.0128 
. -604 
,1563 

0.8089 
0 .0897 

,0212 
,0100

0 ,
0 ,
0 ,
0 ,
7,
3,

C,
0 ,
0 .0087 
2.5857 
1.6709 
0 .  614 
0 .1776 
0.0471 
0 .0100  

0
1.1929
1.0072
0 .6560
0.2196
0.0787
0.0212

0
0.6717 
0 .6088 
0.4684 
0 .2 2 6 2

0.0316
0.0112
0.2984
0.2845
0.2513
0.1650
0.0960
0 .0415
0.0206
0.1328
0.1301
0.1226
0.0987
0.0728
0.0421
0.0244
0.0740
0.0731
0.0712
0.0628
0 .0526
0.0353
0.0250

Eqn 5 ,5
25.8415 

1.6515 
0.2165 
0.1038 
0.0529 
0 .0255 
0.0150 
7.4602 
1.9761 
0.1749 
0.0540 
0.0390 
0 . 0 2 2 1  
0.0131 
2.6817 
1.5426 
0.4581 
0.013? 
0.0191 
0.0165 
0.0113 

1932 
,9201 
,4755 
,0803 
,0066 
.0087 
,0081 
,6715 

0.5770 
0.3850 
0 .1148 

0275 
0008 
,0050 
,2978 
,2791 
,2300 

0.1190 
0.0505 

,0125 
0017 

,1320 
,1289 
,1173 

0.0843 
0.0523 

0225 
0095 
,0744 
,0730 
,0698 
,0575 
.0430 
0239

1 .
0 ,
0 ,
0 .
0 .
0 ,
0 .
0 ,

0 .
0 .
0 .

,

0 ,

0 ,
0 ,
0 .
0 ,
0 ,

0 ,
0 .
0 .
0 .
0 ,
0 ,
0 ,
0 ,
0.0131

te
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- : ■ t .3

6

10

15

20

30

45

60

= o . : :5

30 
4 5 
60 

0 
5 

10 
20 
30 
46 
60 

0  
5 

10 
20 
30 
45 
60 

0  

5 
10 
20 
30 
45  
60 

0  
5 

10 
20 
30 
45 
60 

C 
5 

10 
20 
30 
45 
60 

0  
I  

1 0  

20 
30 
45 
60 

0 
5 

10 
20  
30 
45 
60

. - . 7 :c3  
3 .3 2 1 4  
0 .4 2 2 9  
0 . r ' : t ' 4  
0 .0 1 3 7  
O .c i c :  
0 .0 0 7 !

*>,097 i 
0 . - 3 0 -  
0 . 1 0  ■ 1

0 .0 2 2 9  
0

0

••••. *
1 . 1 4 '
0 . - 5 1 4  

.
1 . C : 41 

.
0

1 .1 4  41 
.

.
C.O f 4 
r .0240

0 .

0 .4 5 5 1  
f . .
0 . 0 9 6 0  

.
.

0 .: 7> 
0 , 1  - 4 7
o.i: ,31
0 .1 6 0 7  .
0 .0 4 2 1  
0 .021V 
0 . 1 2 7 2  
0 . 1 2 5 ,  
0 . 1182 
0 .0 2 5 8  
0 .0 7 1 2  
0 . 0  15 
0 . 0 2  Vi 
0 .0 7 1 6  
0 .0 7 0 7  
0 . 0  691 
0 .0 6 0 2  
0 .0 5 1 2  
0 .0 3 4 3  
0 .0 2 4 5

.

.7363 
0 .7  01 
0 ,1 2 7 0  
0 .0 6 8 5  
0 .0351  
0 .0 1 7 0  
0 . 0 1 0 0  
7 . 1 : 3 9  
1.4094
o . i  -ci
0 . 0 3 1 -
0 .0 2 5 m
0 . ' 1 4 "
0 .0 C -7

.
1 . 4  - i l  
0 ,4 4 6 0  
0 .0 2 3 4  
0 . 0 1 C 7 
0 .0 1 0 7  
0 .0 0 7 5

0 .  >852 
.

0 .06 1 1
0 .0 1 0 7
0 .0 0 4 8

.
0 . 0  V ' 
0 .5 5 5 5  

.

C . i l l  
c . r : •'
C .0015  
0 .0 0 2 5  
0 .2 ^ 0 9  
0 .2 6 8 5  
0 .  15
0 . 1 1  1 ( 
r . n i 9 3  
0 ,0131  
0 . 0 0 2 " 
0 .12 7 3  
0 . 1 2 , 1  

0 .1 1 3 0  
0 .0 8 1 2  
0 ,0 6 0 5  
0 .0219  
0 .0 0 9 5  
0 .0716  
0 . 0 7 0 i 
0 .0 6 72  
0 .0 5 5 3  
0 .04 1 3  
0 .0231  
0 .0127

0.375

Eqn 53
27 .-311

.
0 .5176
0 .0 4 6 3

0
0
0

6 . . 073 
.

0 ,8 -2 7  
C .1  1
0 .0 3 5 0  

.
0

2 ,4 9 6 0  
1 . ' ’612 
0 .5 4 6 4  
0 .1 .  90 
0 .0 6 3 6  
C.0173 
0 .0 0 5 5  
1 .1 0 5 3  
0 .9 3 9 ' 
0 .6 2 4 3  
0 .223 .- 
0 . 0 8 8 2  
0 .0 2 4 7  
0 .0 0 9 5  
0 .6 2 1 5  
C.r"5C 
0 . , 4 0 2

.
0 .0 3 6 7  
0 .0 1 5 0  
0 .2 7  61 
0 .2 6 4 1  

.

.
0 .0941  
0 .0  13 t 
0 .0 2 3 0

0 .1 2 0 7  
0 .1 1 3 9  
0 .0 9 2 5  
0 .0694  
0 .0 4 1  >'

.
0.0692 
0.0663 
0.0667 
0.0581 
0.0497 
0 .0335 
0 .0245

Eqn 5.5

0 ,
0 ,

27.6311 
0 .8 6 8 9  

0375 
0333 

0 .0 1 7 5  
0 .0084
0 .0050  
6 . - 0 7 5
1 . - 4 2 8  
0 .2174

.
0.012C
0 .0 0 2 3  

,

2 .4 8 6 8
1. 256 
0 .  ,339 
C.0332 
0 .0016  
0 .0 0 5 0  
0 .0038  
1 .1 0 4 9  
0 .8604  
0 ,4 4 0 8  
0 .0820

.

0 . 0 0 2 2
0.5217
0 .5340
0.3559
0 . 1099
0 .0 2 9 8
0 . 0 0 , 0

0 .0 0 0 6
0 .2 7 6 0
e . - s e o

.
0 . 1 1 0 2
0 .0481
0 .0137
0 .0037
0 .1 2 2 5
0 .1194
0.1036
0.0780
0.0487
0.0213
0.0095
0.0688
0.0678
0.0646
0.0531
0.0398
0.0223
0.0124

.



0
5

10
20
30
15
60

0
5

10
ro
30
45
60

C
5

10
20
30
45
60

C
5 

1 C 
20 
30
45 
60

0

6  

1 0  

20 
30
46 
G O

1 0  
2 0  

30 
46 
60 

0  
5 

1 0  

2 0  

30 
15 
60 

0  
5 

1 0  

2 0  
30 
45 
6 0

P  = 0 .5 0

Eqn 5,3
RrT&'T 

' . 6 1 6 6  
0 . 62U 

.0  65 

.0260 
C.0C70 

0

•.'*312
3 . 0 0 - 6
0 . -03 . -
0 .1 5 7 0
r . 0 5 0 0
0 .0 1 5 1
0 . 0 0 0 ?
5 .3 -73 
1 .7 0  1 
0 .  434 
C..M40 
C .07 51 
( . 0 2 . 5  

.

1 ,0407
.

0 .6 1 0 7
.
.

C.0335 
0 .0 1 3 5  

.
C  .  t  : V 6
c .  i c n  

.

0 .0 1 9 0
0.2F5C

.

0 . 2 : 42 
C.1635 

.
( . 0  . i5 
0.01-45 
7 . 1 1 7 ’“
0 . H 6 1
0 .1 0 9 5
0 .0 5 9 6
0 .00 7 6
0.0412
0 .0255
0 .06 6 0
0 .0657
0 .0 6 3 6
0 .0561
0 .0482
0 .0331
0 .0 2 4 5

Eqn 5.5
2:.5.15:

0 .9576
0 .0 : 9 0  
0.0016 
0 .0002  
0 . 0 0 0 1

0

r ,6312
1 .? 7 6 l  
C.2367 
0.0127 
0.0016

0

0
2.3473 
1.3671 
0.4217 
0.0<5C 
0.0071 
0 .0008 

0
1.0617 
0  . If ’ 
0 .4233 
C .0827 
0.0191

0 . 0 0 <i

0 .5175 
0 .3 4 .4  
O . I C - '  
0 .0310 
0 .0063 
0 ,0016 
0.2650 
0,2476 
0.205? 
0.1058 
0 .0 ,7 0  
C. 0 1 ;= 
0.0047
o . l l  " 
O .H  16 
0.1042 
0 .0 7 -9  
0 .0  70 
0 . 0 2 0 ^ 
0 .0095 
0.0660 
0.0652 
0.0620 
0.0510
0.0382
0.0215 
0 . 0 1 2 0
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—— "     — ■* — :13_. s max

6 r
' If (r +■ ) M r ? + z 2 +z.J^r2 +z2

.B(n )

On t 1 O l  f Z ;

<6 r> ~

£>¥rp 

2  fid-

( I - 2 P )
~

( l - 2 p )

( 1 -Pp)

.

v a l u e s  r  » ' 1 1  v ii.  ? f .

i i

- f 2li6~
(s)

f.h r  6 ,> -  t .% r .'.c , l r t f r  r  nd r r  t
■

( 1 1 ) Th H •-1 " j  • n t '  1  -t r  - . ’ s given  '-y r ‘ 881 ^

 £    _ 1
(I ̂  “ — -----   ̂ l — - J-i )

Tt s w !
( )

r  * z  ♦ z . I r ^ * z 2  j 

C • t  - ■ /  , -

6 ; = "  j f -  !

( l - 8 >i)
?T' r 2

1  . r '
1 1 6 .

( 1 - y)

On t :  p i  • ,i /  , 6 ' ’ ! :
v l u  3  f  r  1 1  v  1 u f  |i •

e - . l e u l -  t l  n t :  b '» e  E l i i i i K -

H<^nc :
r  =

J  2  II6 1
-4—  ( 1 -: n )

(b)

(1 M )  Th _ \_ L  : r r  S t r -  - ' _£izl ±
^2

. x  ’ s  S i ,  "  b y  t h .  e . p r c s l o n :

. .  5.3

Smrx ' f < S z - 6 r ’ : * i r ™

On . /



t i o n  s u b s t i t u t i n g  r  = 0 ,  t h l  • F i v e ,  the  P, ximun S h e '4  s t r e s s  s  
on t h e  piet if  z = 0 • max

Rm<x

[o

5= +

= "t

( - H r )
C l - 2 p)

_3_ 
r li

Z firP

2 If Srnex
( 1 - p>

On t h  p l a n  z r- 0 ,  Sr . x 5 - f >und by c'- lcul?  t l  n to  b* p o s i t i v e  
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