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K.P. G E O R G E D r., P ro fe s s o r, C iv il E n g in e e r in g  D e p a rtm e n t, U n iv e rs ity  o f  M is s is s ip p i, U S A  

M .Z .B . Y U S U F  U n iv e rs ity  T e c h n o lo g y  M a la y s ia , K u la  L a m p u r, M a la ys ia

S YNOP S I S  A l a b o r a t o r y  s t u d y  i s  c o n d u c t e d  t o  e s t i ma t e  mo me n t s ,  t h r u s t s  a n d  d e f o r ma t i o n  i n  a  t u n n e l  
l i n e r  s u b j e c t e d  t o  " e x c a v a t i o n  l o a d i n g . "  Th e  e f f e c t s  o n  t h r u s t ,  mo me n t  a n d  d e f o r ma t i o n  o f  t h e  d e p t h  
o f  b u r i a l  a r e  e x a mi n e d  a n d  t h e  r e s u l t s  a r e  c o mp a r e d  wi t h  t h e  s o l u t i o n s  o f f e r e d  b y  Bu r n s  a n d  Ri c h a r d  
( 1 9 6 4 )  a n d  b y  Mo r g a n  ( 1 9 6 1 )  a n d  t h e  f i n i t e  e l e me n t  s o l u t i o n s  o f  Mo h r a z  e t  a l .  ( 1 9 7 S) .  Th e  r e s e a r c h e r  
c o n c l u d e s  t h a t  t h e  a g r e e me n t  b e t we e n  t h e  e x p e r i me n t a l l y  d e t e r mi n e d  l o a d  v a l u e s  a n d  t h o s e  c a l c u l a t e d  
f r o m Mo r g a n  ( 1 9 6 1 )  i s  s o  g o o d  t h a t  t h e  l a t t e r  a r e  a p p l i c a b l e  t o  t h e  d e s i g n  o f  t u n n e l  l i n e r s  t o  
b e  d e e p l y  b u r i e d  a n d  s u b j e c t e d  t o  e x c a v a t i o n  l o a d i n g .  I n  p r o b l e ms  o f  s h a l l o w c o v e r ,  h o we v e r ,  r e l i ­
a b l e  e s t i ma t e s  o f  t h r u s t ,  mo me n t  a n d  d e f l e c t i o n  c a n  b e  o b t a i n e d  b y  u s i n g  r i g i d  l i n e r  e q u a t i o n s .

I NTRODUCTI ON

Be c a u s e  o f  a n  i n c r e a s i n g  d e ma n d  f o r  u r b a n  t r a n ­
s i t ,  t h e  d e s i g n  o f  t u n n e l  s u p p o r t  s y s t e ms  h a s  
r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  i n  r e c e n t  y e a r s .  

At  o n e  e x t r e me ,  " p e r f e c t l y  f l e x i b l e  l i n e r s "  a r e  
a s s u me d  t o  i n t e r a c t  f u l l y  wi t h  t h e  me d i u m.  S u c h  
l i n e r s  d o  n o t  h a v e  t o  be  d e s i g n e d  f o r  mo me n t s ,  
b u t  t h e y  s h o u l d  b e  d e s i g n e d  f o r  f u l l  t h r u s t  c o n ­
s i s t e n t  wi t h  t h e  i n i t i a l  s t r e s s  d i s t r i b u t i o n  i n  
t h e  me d i u m.  Th i s  p r o c e d u r e  i s  u s u a l l y  u s e d  i n  
d e s i g n i n g  s t e e l  l i n e r s .  At  t h e  o t h e r  e x t r e me ,  
" r i g i d  l i n e r s "  a r e  d e s i g n e d  a s  r i g i d  s t r u c t u r e s  

f o r  a n  a s s u me d  s e t  o f  e x t e r n a l  l o a d s .  Th e  d e ­
s i g n e r  a s s u me s  t h a t  n o  i n t e r a c t i o n  t a k e s  p l a c e  
b e t we e n  t h e  l i n e r  a n d  t h e  me d i u m.  Th i s  p r o c e ­
d u r e  i s  u s e d  mo s t  o f t e n  f o r  t h e  d e s i g n  o f  c o n ­
c r e t e  l i n e r s  ( Pe c k ,  1 9 6 9 ) .

I n  mo s t  t u n n e l  c o n s t r u c t i o n ,  t h e  t u n n e l  i s  e x c a ­

v a t e d  b e f o r e  t h e  l i n e r  i s  p l a c e d .  Re a s o n a b l e  
e s t i ma t e s  o f  f o r c e s  a n d  d e f o r ma t i o n s  i n  t h e  l i n ­
e r  ma y  b e  o b t a i n e d  b y  a s s u mi n g  t h a t  t h e  l i n e r  i s  
i n i t i a l l y  u n s t r e s s e d  a n d  i n  c o n t a c t  wi t h  t h e  me d ­
i u m d i r e c t l y  a b o v e  i t .  Th i s  l o a d i n g  c o n d i t i o n  
i s  r e f e r r e d  t o  a s  " g r a v i t y  l o a d i n g . "  I f  t h e  l i n ­
e r  c a n  b e  i n s e r t e d  i n t o  t h e  me d i u m wi t h o u t  s t r a i n  
a n d  d e f o r ma t i o n  a n d  t h e  me d i u m i n s i d e  t h e n  e x c a ­
v a t e d ,  t h e  l o a d  e x p e r i e n c e d  b y  t h e  l i n e r  i s  r e ­
f e r r e d  t o  a s  " e x c a v a t i o n  l o a d i n g . "  S e v e r a l  g e n ­
e r a l  s o l u t i o n s  f o r  l o a d s  o n  t u n n e l  l i n e r s  h a v e  
b e e n  p r o p o s e d  ( Bu r n s  S Ri c h a r d ,  1 9 6 4 ;  Ho e g , 1 9 6 8 ;  
a n d  Mo r g a n ,  1 9 6 1 ) ;  v i r t u a l l y  n o  d a t a  e x i s t ,  h o w­
e v e r ,  t o  p r o b l e ms  c o n s i s t e n t  wi t h  e x c a v a t i o n  
l o a d i n g .  An  e x p e r i me n t a l  p r o g r a m i s  u n d e r t a k e n  
t o  s u b s t a n t i a t e  wh e t h e r  t h e  a b o v e  e q u a t i o n s  wo u l d  
b e  a p p l i c a b l e  i n  a n a l y z i n g  t u n n e l  l i n e r s  s u b j e c ­

t e d  t o  e x c a v a t i o n  l o a d i n g .

i n  wh i c h  y = u n i t  we i g h t  o f  t h e  s o i l ;  H = d e p t h  
o f  s o i l  c o v e r  t o  t h e  t u n n e l  s p r i n g l i n e ;  R = 
t u n n e l  r a d i u s ;  a n d  K = r a t i o  o f  t h e  f r e e - f i e l d  
h o r i z o n t a l  t o  v e r t i c a l  s o i l  s t r e s s e s  ( i . e . ,  c o ­
e f f i c i e n t  o f  e a r t h  p r e s s u r e  a t  r e s t ) .  Th e  mo ­
me n t ,  M,  a t  t h e  c r o wn  o r  i n v e r t  a n d  t h e  s p r i n g -  

l i n e  wo u l d  be

M. M = -  x ( K s 4 o
1 ) y HR2 ( 2)

I f  t h e  l i n e r  we r e  c o mp l e t e l y  f l e x i b l e  t h e  e x c a ­
v a t i o n  o f  t h e  s o i l  i n s i d e  t h e  t u n n e l  wo u l d  r e ­
s u l t  i n  d e f o r ma t i o n  o f  t h e  l i n e r  u n t i l  t h e  v e r ­
t i c a l  a n d  l a t e r a l  p r e s s u r e s  a c t i n g  o n  t h e  l i n e r  
e q u a l i z e ,  o r  u n t i l  t h e  t u n n e l  c o l l a p s e d  ( Pe c k ,  

1 9 6 9 ) .

Al l  l i n e r s  a r e  o f  i n t e r me d i a t e  s t i f f n e s s ,  n e i t h e r  
r i g i d  n o r  f l e x i b l e .  Th e  l i n e r  s t i f f n e s s  wi t h  
r e s p e c t  t o  s o i l  s t i f f n e s s  c o n t r o l s  t h e  a mo u n t  o f  
d e f o r ma t i o n  a n d  r e s u l t s  i n  r e d u c t i o n  o f  mo me n t  
f o r  a n y  g i v e n  l o a d i n g  c o n d i t i o n .  Mo r g a n  ( 1 9 6 1 )  
d e r i v e d  e x p r e s s i o n s  f o r  t h r u s t  a n d  mo me n t  i n  t h e  
l i n e r  i n  t e r ms  o f  me d i u m a n d  l i n e r  p r o p e r t i e s  

a n d  l i n e r  d e f l e c t i o n  a s  f o l l o ws :

Mc = - Ms = P q R2EI ( 1 +V) / 6 EI ( 1 + v ) + 2 R3Ec

T = i p  R+2 [  
s 3 r o L

p R1*E 
Y 0

-]
1 8 E£ I £ ( l + v ) / ( l - v | ) + 6 R2 E 

p R^ E
* 0_________________ J

‘ C ’  L1 8 E^ I ^ ( 1  + V) / ( 1 - V| ) + 6 R2 E
t P „ r + 4 1-

( 3)

( 4)

( 5)

EXPRESS I ONS  FOR MOMENT,  THRUS T AND DEF LECTI ON

I f  t h e  t u n n e l  l i n e r  i s  c o mp l e t e l y  r i g i d ,  e x c a ­
v a t i o n  o f  t h e  s o i l  i n s i d e  t h e  l i n e r  wo u l d  e f f e c t  
n e i t h e r  t h e  d e f o r ma t i o n  o f  t h e  l i n e r  n o r  t h e  
s u r r o u n d i n g  s o i l .  As  a  r e a s o n a b l e  a p p r o x i ma t i o n  
t h e  a v e r a g e  r i n g  l o a d  ( t h r u s t )  wo u l d  b e  ( Pe c k ,  

1 9 6 9 )  ,
T = i ( l + Ko ) y HR ( 1)

i n  wh i c h  6 = d e f l e c t i o n ;  E „,  E = mo d u l u s  o f  e l a s -
mor a e nt  o f  i n e r -  

v = Po i s -
t i c i t y  o f  t h e  l i n e r ,  me d i u m;  1^  
t i a  p e r  u n i t  l e n g t h  o f  t h e  l i n e r ;  
s o n ' s  r a t i o  o f  t h e  l i n e r ,  me d i u m;  p ^  = y H;  a n d  
R = r a d i u s  o f  t h e  l i n e r .

Th e  p r o p e r t i e s  o f  t h e  me d i u m h a v e  a p r o n o u n c e d  
e f f e c t  o n  t h e  b e h a v i o r  o f  t h e  t u n n e l  l i n e r .  Th e  
r e c e n t  a n a l y t i c a l  wo r k  o f  Bu r n s  6 Ri c h a r d  ( 1 9 6 4 )
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and Hoeg ( 1968)  c an be us ed  t o as s es s  q u a n t i t a ­
t i v e l y  t he s t i f f nes s  of  a l i ner  r e l a t i v e  t o a 

s oi l  medi um.  I n t hes e s t udi es ,  t he r e l a t i v e  
s t i f f nes s  of  t he l i ner  t o t he med i um i s c h a r a c ­

t e r i z ed  by  t wo r at i os  des i gna t ed  as c o mp r e s s i b i ­

l i t y  r a t i o  and f l ex i b i l i t y  r at i o,  ex p r es s ed  by

{ E/ f 1 + v ) (1 - 2 v ) } 
( E£ t ) / ( l - v | ) R

= ( E/ f l * v) }  
( 6E£ I £ ) / ( 1-

( 6 )

( 7 )

i n wh i c h  t  = e f f ec t i v e  t h i c k nes s  of  t he l i ner .  

Bur ns  5 Ri c har d  ( 1964)  s howed t hat  t he moment s  
dev e l oped  i n t he l i ner  ar e p r i ma r i l y  f unc t i ons  

of  t he f l ex i b i l i t y  r at i o  F and t he c oe f f i c i en t  

of  ear t h p r es s u r e  at  r es t ,  K ; wh i l e  t he t hr us t  

depends  on t he c o mp r e s s i b i 1i ?y  r a t i o  C and Kq . 

The i r  equat i ons ,  wh i c h  ar e v a l i d  f or  a deep l y  
bur i ed  t unnel  onl y ,  ar e g i v en be l ow. To r  c r own or  

i nv er t ,  s p r i ng l i ne

Tc ’ T s = l U l  + V b j i  j ( l - Ko ) b 2 } YHR

i ( l - Ko ) b 2YHR2

c ’
Ws = j ( ( 1- v ) ( l +Ko ) b! C

2 1- v

3 1-  2 v v" “ o
( l - Kj b 2F } £ ^

( 8 )

( 9 )

( 1 0 )

i nv er t  and s pr i ng l i ne .  The r ead i ngs  f r om eac h 

set  of  b a c k - t o - bac k  gages  enab l ed  t he s t r a i ns  i n 

t he l i ner  t o be r es o l v ed  i nt o d i r ec t  and f l e x ­
ur al  s t r ai ns .  The d i amet r a l  c hanges  of  t he c y ­

l i nder  wer e meas u r ed  by t he t wo LVDTs .

Tes t  Pr oc edur e

One f oot  of  s and,  wh i c h  s er v ed as bedd i ng  ma t e r i ­

al ,  was  pour ed  i n and c ompac t ed  pr i o r  t o p l ac i ng  

t he l i ner  t ube as s hown i n Fi g.  1.  Sand t hat  

p r ov i ded  t he ov e r bu r den  p r es s u r e  was  pour ed  a-  
r ound t he l i ner  and c ompac t ed  t o app r ox i ma t e l y  

un i f o r m dens i t y .  I n o r der  t hat  t he med i um ar ound 

t he l i ner  wou l d  be s t r es s - f r ee  du r i ng  t he l oad i ng 
wi t h  s and,  app r op r i a t e  ai r  p r es s u r e  was  app l i ed  

i ns i de t he l i ner .  The t wo LVDTs  wer e mon i t o r ed  

t o i ns ur e  t hat  t he l i ner  r e t a i ned  i t s  or i g i na l  

c i r c u l a r  s hape dur i ng  l oad i ng.  When t he f i l l  
r eac hed  t he s pec i f i c  he i ght ,  H,  ai r  p r es s u r e  i n ­
s i de t he l i ner  was  g r adua l l y  r educ ed  t o z er o,  and 

t he r es ea r c he r  r ec o r ded  t he s t r a i ns  and d i s p l a c e ­

ment s  be f o r e  and a f t er  t he r e l eas e.

RESULTS AND DI SCUSSI ON

The i n t e r i o r  c r own and i nv er t  as wel l  as t he e x ­
t e r i o r  s p r i ng l i ne  gages  r ec o r ded  t ens i l e  s t r ai ns ,  

wh i l e  t he o t her  f our  gages  meas u r ed  c ompr es s i v e  
s t r a i ns .  The meas u r ed  s t r a i ns  wer e r es o l v ed  i n ­

t o d i r ec t  and bend i ng  s t r a i ns ,  by  us e of  wh i c h,  

r es pec t i v e l y ,  t he t hr us t s  and moment s  i n t he l i n ­

er  wer e  c a l c u l a t ed  as f o l l ows :

i n wh i c h  bi  = 1 - aj ;  b 2 = l +3a 2- 4a 3 ; aj  = { ( l - 2v)  
( C- l ) } / { ( l - 2 v ) C+ l } ;  a 2 = ( 2F + 1 - 2 v ) / ( 2F + 5 - 6 v ) ;  

a 3 = ( 2F- 1) / ( 2F + 5 - 6 v ) ; and E = { E / ( 1- v)  } / ( 1 + v ) 
( l - 2v) ,  t he c ons t r a i ned  modu l us  of  t he medi um.

EXPERI MENTAL  STUDY

The ex per i men t  was  des i gned  t o s i mu l a t e  c l os e l y  

t he manner  i n wh i c h  t he t unnel  l i ner  de f o r ms  as 

a r es u l t  of  t he p r es s u r e  r educ t i on  ( due t o s oi l  

r emov al )  dur i ng  c ons t r uc t i on .  The t es t  b i n c o n ­
s i s t ed  of  a 1. 2 m x 1. 2 m x 2. 4 m h i gh  box  wi t h  

12. 7 mm t h i c k  p l y wood  wal l  ( Fi g.  1) .  The ho l l ow 
c y l i nd r i c a l  Pl ex i g l as s  l i ner  0. 8 m l ong,  114 mm 
i n d i amet e r  and S. 5 mm t h i c k  had one end s eal ed;  

t he o t her  end had a po r t ho l e  f or  l ead wi r es  and 

ai r  c onnec t i ons .  St r a i n  gages  wer e moun t ed  c i r ­
c umf e r en t i a l  l y at  mi d - l eng t h  of  t he c y l i nde r  on 

bot h  t he i nner  and out er  s ur f ac es  of  t he c r own,

j  E^ A( ei +e2) 

E^ I ^ ( e2- Ei ) / t

( 1 1 3

( 1 2 )

wher e  A = c r o s s - s ec t i ona l  ar ea per  un i t  l eng t h  of  

t he l i ner ;  ej ,  £2 = i n t e r i o r  and ex t e r i o r  s t r ai ns .

The modu l us  of  e l as t i c i t y  of  t he med i u m E wh i c h  

i s as s umed t o v ar y  wi t h  t he dept h  i s ob t a i ned  d i r ­

ec t l y  f r om t he r e l a t i on  ( Wu,  1966)

E( k Pa)  = 1960 + 420 03 ( 1 3 )

wher e  o ^ k Pa )  = K yH.  Ang l e  of  f r i c t i on  of  t he 

s and i s as s umed t 8 be 34° ,  t he s oi l  un i t  we i gh t  

y = 15. 7 k N/ m3 , t he Po i s s on ' s  r a t i o  v = 0. 362,  
and modu l us  of  e l as t i c i t y  of  t he l i ner ,  E = 31 x 

106 k Pa .

Thr us t  on t he Li ner

The l i ner  t hr us t s ,  c a l c u l a t ed  us i ng  t he equa t i ons  

of  Mor gan  ( Eqs.  4 and 5) ,  and of  Bur ns  § Ri c har d  

( Eq.  8 ) ,  as wel l  as Eq.  11,  ar e ana l y z ed  as a 
f unc t i on  of  dep t h  of  c ov er .  The ana l y t i c a l  as 
wel l  as ex pe r i men t a l  l i ner  t h r us t s  ar e l ar ger  

t han t hos e c ompu t ed  by  Eq . 1;  howev er ,  t he f or mer  

ar e i n good ag r eemen t  wi t h  t he app r ox i ma t e  s o l u ­

t i on  due t o Pec k  et  al .  ( 1972) .

- T_  .  l ( l +Ko ) ( 1 . 2 - 0 . 2C)  ( 14)

The gr aphs  s hown i n Fi g.  2 ar e r e l a t i ons  be t ween  

t h r us t  c oe f f i c i en t ,  T / y HR, and t he d i mens i on l es s  

dept h  of  c ov er ,  H/ D.  I n al l  s o l u t i ons ,  no s i g n i ­
f i c ant  c hange i n t he c oe f f i c i en t  i s obs er v ed  when 
H/ D ex c eeds  10.  Compar i ng  t he t hr us t  c oe f f i c i en t s  

ob t a i ned  f r om v a r i ous  t heor i es  one f i nds  t hat  
Fi g.  1 Tes t  Bi n and Model  L i ner
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l . f

H
Z
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o
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s
H

1.2

0. 6

1 1 I
- - - - - - -  Bur ns § Ri char d

1 1 1

- - - - - - -  Mor gan ^ _
— . —  Exper i ment al  [ „  

—  - - - - Eq.  14

0. 01 t o 0. 03,  
1. 0 t o 2. 7 J

O O O Mohr az et  al . ,  C = 0. 57,  F = 15. 3

T  _  - e -  - O -
*

___— ••

1 1 1 1 1 1

1 3 5 7 9

F i g . 2

DEPTH RATI O,  H/ D

Var i a t i on  of  Th r us t  Coe f f i c i en t  

( Spr i ng l i ne)  wi t h  Dept h  of  Cov er

Bur ns  and Ri c ha r d ' s  equat i ons  gi v e t he mos t  

c ons e r v a t i v e  v al ues .

Moment s

The moment s  dev e l oped  i n t he l i ner  ar e p l o t t ed  

wi t h  r es pec t  t o t he dept h  of  c ov er  ( Fi g.  3) .  

Equa t i on  2,  wh i c h  as s umes  no i n t e r ac t i on  b e ­
t ween t he l i ner  and t he medi um,  g i v es  a l i near  

v a r i a t i on  of  moment  wi t h  r es pec t  t o H.  I n t he 

i n i t i a l  s t ages  when H i s s mal l ,  al l  of  t he 
c ur v es  f or  t he moment s ,  i . e. ,  c a l c u l a t ed  a c c o r d ­

i ng t o Eq.  9 ( Bur ns  and Ri c har d ) ,  Eq . 3 ( Mor gan) ,  

and Eq.  12,  ar e c l os e t o c ur v e 1 s howi ng  l i t t l e  
or  no i n t e r ac t i on .  As H i nc r eas es ,  t he moment s  

( c ur v es  2,  3,  4 and 5)  dev i a t es  f r om t he l i near  

r e l a t i on  of  Eq.  2.  The r educ t i on  of  moment  i n ­

d i c a t es  i n t e r ac t i on  t ak i ng  p l ac e  be t ween  t he 

l i ner  and t he medi um.

The moment  c oe f f i c i en t s  c a l c u l a t ed  us i ng  t he 
equa t i ons  of  Mor gan  and of  Bur ns  5 Ri c har d  ar e 

not  on l y  l ar ger  t han t he ex pe r i men t a l  v a l ues ,

but  a l s o  dec r eas e  f as t e r  wi t h  H/ D ( Fi g.  4) .

Thi s  d i f f e r enc e  may  be a t t r i bu t ed  i n par t  t o 
t he i nab i l i t y  t o ma i n t a i n  t he c i r c u l a r  s hape of  

t he l i ner  du r i ng  l oadi ng.  Some ov a l i ng  of  t he 

l i ner  was  obs er v ed  dur i ng  t he app l i c a t i on  of  
s ur c har ge ,  t he r eby  i nduc i ng  pas s i v e  p r es s u r e  on 

t he s i des  of  t he l i ner  and r e s t r i c t i ng  f ur t her  

s t r a i ns  and de f o r ma t i ons  upon r e l eas i ng  t he ai r  

p r e s s u r e .

Fi g.  4

DEPTH RATI O H/ D

Var i a t i on  of  Moment  Coe f f i c i en t  wi t h  

Dept h of  Cov er .

The o b s e r v a t i on  t hat  t he moment  c oe f f i c i en t s  
c ompu t ed  f r om t he ex pe r i men t a l  r es u l t s  ar e 

nea r l y  t en t i mes  t hos e r epor t ed  by  Mohr az  et  al .  

c an be ex p l a i ned.  The bend i ng  moment  i n a l i n ­

er  i s p r i ma r i l y  gov e r ned  by  t he l i ner  f l e x i b i l ­
i t y .  The r es u l t s  of  Fi g.  5 a t t es t  t o t hi s  f ac t .  

As s hown i n Fi g.  2,  t he f l ex i b i l i t y  r a t i o  i s 
2. 0 f or  t he p r es en t  ex pe r i men t  and 15. 3 f or  t he 

r es u l t s  ob t a i ned  by  Mohr az  et  a l . ( 1975) .

0. 10

0. 08

Fi g.  S Va r i a t i on  of  Moment  Coe f f i c i en t  wi t h
Fl ex i b i l i t y  Rat i o  ( Pec k  et  al ,  1972) .

Fi g.  3 Var i a t i on  of  Moment  wi t h  
Dept h of  Cov er

- Eq.  5 

Bur ns § Ri char d 

Mor gan 

Exper i ment al

DEPTH OF COVER,  H,  Ft .

0. 02

FLEXI BI LI TY RATI O,  F
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Fi gur e  5 r ev ea l s  t hat  as t he f l ex i b i l i t y  r a t i o  

dec r eas es  f r om I S. 3 t o 2. 0,  t he moment  c o e f f i ­

c i en t  i nc r eas es  t en - f ol d.

De f l ec t i on

The c a l c u l a t ed  de f l ec t i ons  f r om Bur ns  S 

Ri c har d ' s  equa t i ons  ( Eq.  10)  as  wel l  as t he e x ­
pe r i men t a l  v a l ues  ar e p l o t t ed  wi t h  r es pec t  t o 

t he dep t h  of  c ov er  ( Fi g.  6) .  The v a r i a t i on  of  

de f l ec t i on  c ompu t ed  us i ng  t he r i ng equa t i on  ( Eq.  

15)  i s l abe l l ed  c ur v e 1.

S = ( 1 - K o ) y H R V 1 2 E ^ I £  ( 1 5 )

The d e f l ec t i on  c ur v es  2,  3,  4 and 5 ar e obs e r v ed  

t o be c l os e t o t he r i ng  equa t i on  c ur v e 1 at  l ow 
v a l ues  of  H;  howev er ,  as H i nc r eas es ,  t he f o r mer  

c ur v es  dev i a t e  f r om t he l a t t er ,  an i nd i c a t i on  of  

i n t e r ac t i on  be t ween  t he l i ner  and t he medi um.
I n bo t h  s et s  of  dat a,  t he v er t i c a l  de f l ec t i ons  
ar e l ar ger  t han t he ho r i z on t a l  de f l ec t i ons .  A 

c ompar i s o n  of  t he ex pe r i men t a l  r es u l t s  and t hos e 
ob t a i ned  f r om Bur ns  6 Ri c har d  r ev ea l s  good a g r e e ­

ment  be t ween  t he t wo.  The app r ox i ma t e  e x p r e s ­

s i on of  Pec k  et  al .  ( 1972)  s omewhat  u n de r p r ed i c t s  

t he ex per i men t a l  d i amet e r  c hanges  of  t he l i ner .

Fi g.  6 Va r i a t i on  of  De f l ec t i on  wi t h 

Dept h of  Cov er .

CONCLUSI ONS

1.  Co mp r e s s i b i l i t y  r a t i o  and f l ex i b i l i t y  r a t i o  

ar e i mpor t an t  pa r ame t e r s  i n de f i n i ng  t unne l  
l i ner  s t i f f nes s .

2.  I n t unnel  l i ner s  of  s ha l l ow c ov er  ( H/ D<2) ,  
r e l i ab l e  es t i ma t es  of  t hr us t ,  moment  and d e ­

f l ec t i on  c an be ob t a i ned  us i ng  r i g i d  l i ner  

e q u a t i o n s .
3.  Gener a l  ag r eement  ex i s t s  be t ween  t he e x p e r i ­

men t a l l y  de t e r mi ned  moment ,  t h r us t  and d e f l e c ­
t i on  and t hos e c a l c u l a t ed  us i ng  t he equat i ons

of  Mor gan.  Thes e  equat i ons  ar e r ec ommended  
f or  t he des i gn  of  deep l y  bu r i ed  t unne l  l i ner s  

s ub j ec t ed  t o ex c av a t i on  l oadi ng.
4.  Sa t i s f ac t o r y  es t i mat es  of  t h r us t  and d i a ­
met e r  c hanges  of  t unnel  l i ner s  c an be made 
us i ng Pec k  et  al .  mod i f i ed  equat i ons .
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