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A B S T R A C T 

T h e C a n a d i a n N a t i o n a l R a i l w a y s T u n n e l i n V a n c o u v e r , B . C . 

i s the f i r s t t u n n e l i n N o r t h A m e r i c a to be d r i v e n w i t h a t e m p o r a r y a n d 

p e r m a n e n t s u p p o r t s y s t e m of c o a r s e - a g g r e g a t e s h o t c r e t e i n l i e u of 

s t e e l a r c h se ts a n d f o r m e d c o n c r e t e . In o r d e r to d e t e r m i n e the 

f u n c t i o n of the s h o t c r e t e l i n i n g a n d to a i d i n the d e c i s i o n to u s e the 

l i n i n g as a p e r m a n e n t l i n i n g , a n i n s t r u m e n t a t i o n p r o g r a m w a s u n d e r 

t a k e n . S u r f a c e p h o t o e l a s t i c s t r a i n gauges a n d i m b e d d e d h y d r a u l i c 

p r e s s u r e c e l l s w e r e u s e d to d e t e r m i n e i n s i t u s t r e s s e s a n d s t r a i n s . 

T h e m e a s u r e m e n t s show that the l i n i n g h a s a c h i e v e d a 

r e l a t i v e e q u i l i b r i u m l e v e l at t h r e e r e p r e s e n t a t i v e m e a s u r e m e n t p o i n t s , 

and tha t n o w h e r e h a v e the m e a s u r e d s t r e s s e s and s t r a i n s b e e n e x c e s s i v e , 

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

of the s h o t c r e t e l i n i n g as a s u p p o r t s y s t e m has b e e n s h o w n to d i f f e r 

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

T h e u s e of s h o t c r e t e f o r s u p p o r t of the C a n a d i a n N a t i o n a l 

R a i l w a y s t u n n e l r e s u l t e d i n c o n s i d e r a b l e e c o n o m i c s a v i n g s . 
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I N T R O D U C T I O N 

In o r d e r to i m p r o v e r a i l w a y c o m m u n i c a t i o n s b e t w e e n the 

n o r t h s h o r e of B u r r a r d In le t , w h e r e t h e r e a r e b u l k l o a d i n g and 

h a r b o u r f a c i l i t i e s , and the s o u t h s h o r e , f r o m w h e r e m o s t r a i l w a y 

s y s t e m s c o n v e r g e on the c i t y of V a n c o u v e r , the C a n a d i a n N a t i o n a l 

R a i l w a y s i s b u i l d i n g a t u n n e l and b r i d g e c o m p l e x u n d e r the c i t y and 

a c r o s s the i n l e t . The t o t a l c o s t o f t h i s p r o j e c t i s to be $ 2 5 , 000 , 0 0 0 . 

W h e n c o m p l e t e d i n the f a l l o f 1968 the c o m p l e x w i l l p r o v i d e a 

v a l u a b l e c o m m e r c i a l l i n k to p r e s e n t t r a n s p o r t a t i o n f a c i l i t i e s . 

T h e t u n n e l r o u t e was p l a n n e d so as to p a s s t h r o u g h m o s t l y 

y o u n g s e d i m e n t a r y r o c k s w i t h a m i n i m u m of t u n n e l i n g i n s o i l . T h e 

f i n a l a p p r o v e d r o u t e w i l l be 10, 760 feet l o n g , of w h i c h 9, 340 feet 

w i l l be d r i v e n t h r o u g h r o c k and o n l y 1, 400 fee t w i l l be d r i v e n t h r o u g h 

m i x e d r o c k - a n d - s o i l and s o i l c o n d i t i o n s . The t u n n e l s e c t i o n i s 

h o r s e s h o e - s h a p e d , n i n e t e e n feet w i d e b y t w e n t y - e i g h t feet h i g h at 

the c e n t e r of the a r c h . 

T h e d e c i s i o n was m a d e to u s e c o a r s e - a g g r e g a t e s h o t c r e t e 

f o r t e m p o r a r y , and p o s s i b l y p e r m a n e n t , s u p p o r t of the t u n n e l i n the 

r o c k s e c t i o n , i n l i e u of c o n v e n t i o n a l s t e e l a r c h se ts and l a g g i n g , 
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f o l l o w e d b y a f o r m e d c o n c r e t e p e r m a n e n t l i n i n g . A l t h o u g h t h i s 

m e t h o d of r o c k s u p p o r t has b e e n w i d e l y u s e d i n E u r o p e o v e r the 

p a s t d e c a d e i t s u s e h a s b e e n n e g l e c t e d i n N o r t h A m e r i c a u n t i l n o w . 

I n s t r u m e n t a t i o n of the s h o t c r e t e s u p p o r t s y s t e m was c a r r i e d out 

b o t h as a s a f e t y f e a t u r e , and a l s o to a i d i n the e v a l u a t i o n of the 

s u p p o r t i n g f u n c t i o n of the s y s t e m . 

T h e s i s S t a t e m e n t 

T h i s t h e s i s i s an a n a l y s i s o f data o b t a i n e d f r o m the 

i n s t r u m e n t a t i o n p r o g r a m c a r r i e d out on the s h o t c r e t e - l i n e d p o r t i o n 

o f the C a n a d i a n N a t i o n a l R a i l w a y s B u r n a b y - V a n c o u v e r t u n n e l . T h e 

data w e r e o b t a i n e d f r o m i n s i t u m e a s u r e m e n t s of s t r e s s e s and 

s t r a i n s i n the s h o t c r e t e l i n i n g , u s i n g p h o t o e l a s t i c s t r a i n gauges and 

h y d r a u l i c ( s y s t e m G l o e t z l ) p r e s s u r e c e l l s . T h e a n a l y s i s w a s 

c a r r i e d out to e v a l u a t e the f u n c t i o n of the s h o t c r e t e l i n i n g i n s u p p o r t i n g 

the r o c k l o a d s and to a s c e r t a i n the n e e d f o r f u r t h e r l i n i n g . 
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ROCK MECHANICS 

The prime function of a tunnel support system is to aid the 

rock in the redistribution of loads due to excavation, and to maintain 

an opening of given dimensions in the rock. In order to design a 

support system, knowledge of the loads to which the support system 

may be subjected, must be available. At the present time there 

is a great lack of such knowledge although the measurement of such 

loads and their effect on a support system have quite recently been 

undertaken. Qualitatively however these loads on a tunnel lining 

may be described. The load applied to a given support system may 

be thought of to depend on the actual rock properties, the properties 

of the rock mass as a whole and on the function or reaction of the 

supporting system. 

Rock Properties 

Rocks in general may be considered to be heterogeneous, 
3 

inelastic materials, with directional rheological properties. 

Although some rocks, such as some quartzites, exhibit predominently 

elastic properties, all granular materials, including rocks, exhibit 

elastic, plastic, and viscous properties under certain conditions. 

It is therefore maintained that elastic theory, although useful in soil 

mechanics analyses (particularly for cohesionless soils) is not 

fully applicable to rock (or cohesive soils) except in rare cases such 



as m e n t i o n e d a b o v e . In f a c t u n d e r m o s t c o n d i t i o n s r o c k s a r e 

b e l i e v e d to p o s s e s s b o t h e l a s t i c and f l o w c h a r a c t e r i s t i c s . It has 

b e e n s h o w n that a l l r o c k s a r e i n e l a s t i c and that t h e y w i l l f l ow to 

s o m e ex tent u n d e r l o a d , the m a g n i t u d e of f l o w that o c c u r s d e p e n d i n g 

on m a n y f a c t o r s s u c h as the r o c k ' s p h y s i c a l p r o p e r t i e s , the l o a d i n g 

c o n d i t i o n s , the l o a d i n g h i s t o r y and the t i m e d u r a t i o n i n v o l v e d . 

R a t h e r t h a n a c t i n g i n an e l a s t i c m a n n e r s u c h as w o u l d be e x h i b i t e d b y 

the t h e o r e t i c a l H o o k e a n m o d e l , as r e p r e s e n t e d as a h e l i c a l s p r i n g , 

r o c k s m a y be thought of as a c t i n g i n a s i m i l a r m a n n e r to a n o t h e r 

t h e o r e t i c a l m o d e l , the K e l v i n S o l i d . T h e s t r e s s - s t r a i n r e l a t i o n s h i p 

of s u c h a m a t e r i a l i s as f o l l o w s : 

cr s t r e s s , 

E = Y o u n g ' s M o d u l u s , 

= s t r a i n , 

a = 
c o e f f i c i e n t of v i s c o s i t y 

s t r a i n r a t e dt 

T h e m o d e l c o n s i s t s of a t h e o r e t i c a l l y p e r f e c t s p r i n g i n a 

p a r a l l e l c o n n e c t i o n w i t h a p e r f e c t l y v i s c o u s dashpot , the f o r m e r 

c o m p o n e n t e x h i b i t i n g e l a s t i c p r o p e r t i e s and the l a t t e r e x h i b i t i n g 

v i s c o u s p r o p e r t i e s c o r r e s p o n d i n g to the t h e o r e t i c a l H o o k e a n and 
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Newtonian models r e s p e c t i v e l y . ( F i g u r e 2. K e l v i n Solid) 

3} 

F I G U R E 2 K e l v i n S o l i d 

S i m i l a r models combining e l a s t i c and p l a s t i c p r o p e r t i e s have also 

been suggested, but r e g a r d l e s s of whether the flow m e c h a n i s m i s 

t e r m e d p l a s t i c or v i s c o u s , i t i s p r e s e n t i n rocks to an extent that 

cannot be i g n o r e d f r o m either a s c i e n t i f i c or design standpoint. 

Depending on the p r o p e r t i e s of the rock, and on the amount of s t o r e d 

s t r a i n energy f r o m previous s t r e s s e s and s t r e s s changes, a rock 

may d e f o r m or flow for long p e r i o d s of time after the i n situ s t r e s s 

conditions have been di s t u r b e d or r e l i e v e d . The r e l a x a t i o n of 

p r e v i o u s l y h i g h l y - s t r e s s e d rocks has been m e a s u r e d for p e r i o d s of 

up to s e v e r a l y e a r s . Thus the inherent or " p r i m i t i v e " s t r a i n in a 

r o c k i n s i t u is a r e s u l t of its loading h i s t o r y as w e l l as its p r e s e n t 

loading conditions. 

Rock does not have an e a s i l y definable strength, but 

r a t h e r i t has widely v a r y i n g strength p r o p e r t i e s depending on the 

i n situ s t r e s s conditions, the s i z e of the sample, the d i r e c t i o n of 

loading, and the rate of loading, as w e l l as many other f a c t o r s . 



T h e i n s i t u o r " p r i m i t i v e " s t r e s s c o n d i t i o n s that e x i s t i n 

3 
r o c k o r i n a r o c k m a s s o r i g i n a t e f r o m s e v e r a l s o u r c e s : 

1. S t r e s s e s due to the w e i g h t of s u p e r i n c u m b e n t r o c k s . 

2. S t r e s s e s due to the l o a d i n g h i s t o r y a n d to the p r e s e n t 

g e o l o g i c a l c o n d i t i o n s . 

3 . S t r e s s e s due to h y d r o s t a t i c c o n d i t i o n s . 

4. S t r e s s e s due to m a n - m a d e d i s t u r b a n c e s . 

5. S t r e s s e s due to i m p o s e d heat g r a d i e n t s , v i b r a t i o n s , e t c . 

In f a c t , none of t h e s e s o u r c e s o r c o m p o n e n t s of s t r e s s c a n 

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

Due to the c o m p l e x i t y of t h e s e s o u r c e s i t i s o n l y r e m o t e l y 

l i k e l y that a l l t h r e e o r e v e n two o f the p r i n c i p a l s t r e s s c o m p o n e n t s 

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

and m i n o r s t r e s s d i r e c t i o n s , a c c o r d i n g to t h e i r r e l a t i v e m a g n i t u d e s . 

A s a r e s u l t , e v e n i n u n f r a c t u r e d r o c k , u n s y m m e t r i c a l l o a d i n g 

c o n d i t i o n s o r d i r e c t i o n a l t h r u s t i n g m u s t be e x p e c t e d on any s u p p o r t 

i n g s t r u c t u r e , as a r e s u l t of the r e l i e f of i n s i t u s t r e s s e s . 

A n i m p o r t a n t r o c k p r o p e r t y f r o m the s t a n d p o i n t of t u n n e l 

s u p p o r t i n g s y s t e m s i s i t s r e a c t i v i t y to c h e m i c a l change a n d p h y s i c a l 

d e t e r i o r a t i o n on e x p o s u r e to a i r , w a t e r o r e x t r e m e t h e r m a l g r a d i e n t s 

T h e p r e s e n c e of s w e l l i n g c l a y m i n e r a l s , s u c h as m o n t m o r i l l o n i t e a n d 

i l l i t e f o r e x a m p l e , m a y c a u s e l a r g e d i m e n s i o n a l changes i n a n e w l y -
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exposed rock s u r f a c e when water is present. The effects of such 

changes r e m a i n one of the greatest p r o b l e m s encountered i n 

tunneling. The d e t e r i o r a t i o n of i n i t i a l l y sound r o c k on exposure to 

a i r and water also p r o v i d e s a need for s p e c i a l i z e d supporting systems 

or e x c e s s i v e l y strong conventional systems. 

Rock Mass P r o p e r t i e s 

Often, the strength of a mass of rock is governed by 

l a r g e - s c a l e defects i n the rock mass rather than the i n t e r - g r a n u l a r 

bonding or s m a l l - s c a l e defects that govern the strength of s m a l l 

samples. Hence even though the rock i t s e l f m ay be capable of 

withstanding i n c r e a s e d s t r e s s e s f r o m excavation of a tunnel, the 

rock m a s s may not, as it i s weakened b y f r a c t u r e s , joints, and other 

defects. A l a r g e - s c a l e measurement p r o g r a m - f o l l o w e d by a mathe

m a t i c a l a n a l y s i s of the v a r i a t i o n of loads with g e o l o g i c a l factors was 

c a r r i e d out at the Straight C r e e k Tunnel i n Colorado. The loads were 
I 

found to v a r y with the following f a c t o r s : 

1. the average joint spacing 

2. the percentage a l t e r a t i o n 

3 . the mean dip of the joints 

4. the thickness of the n e a r e s t fault zone 

Other, m o re commonly c o n s i d e r e d f a c t o r s such as water 

conditions, rock type, degrees of faulting and shearing, and the 

type and strength of supports were also found to contribute. A n y 
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of t h e s e f a c t o r s c o u l d be c r i t i c a l d e p e n d i n g on s p e c i f i c t u n n e l i n g 

c o n d i t i o n s . H e n c e i t c a n be s e e n that d e f e c t s i n the r o c k m a s s h a d 

a g r e a t i n f l u e n c e on s u p p o r t i n g l o a d s i n t h i s c a s e . S i m i l a r but l e s s 

q u a n t i t a t i v e l y - b a s e d c o n c l u s i o n s have b e e n d r a w n f r o m a w i d e 

v a r i e t y of t u n n e l i n g c o n d i t i o n s . 

S u p p o r t S y s t e m s * 

T h e a m o u n t o f r o c k l o a d c a r r i e d b y a s u p p o r t s y s t e m v a r i e s 

c o n s i d e r a b l y w i t h the f u n c t i o n of the s u p p o r t a n d a l s o w i t h the m a n n e r 

i n w h i c h the s u p p o r t i s a c t u a l l y e x e c u t e d . 

F o r the l a s t t h i r t y y e a r s , t u n n e l s u p p o r t b y s t e e l a r c h se ts 

w i t h w o o d l a g g i n g h a s b e e n the m o s t c o m m o n l y u s e d , p a r t i c u l a r l y i n 

the U n i t e d S t a t e s . I d e a l l y a s y s t e m of s t e e l a r c h s e t s and w o o d 

l a g g i n g a n d b l o c k i n g w o u l d b e e x p e c t e d to p e r f o r m the f o l l o w i n g 

f u n c t i o n ; f i r s t l y the r o c k i s a l l o w e d to d e f o r m a c e r t a i n a m o u n t due 

o n l y to the e a s e w i t h w h i c h the w o o d b l o c k i n g m a y be c r u s h e d , t h i s 

a m o u n t of m o v e m e n t o f t e n b e i n g s u f f i c i e n t to a l l o w the r o c k to t a k e 

up the r e m a i n i n g l o a d ; s e c o n d l y , i f the r o c k i s i n c a p a b l e of s u p p o r 

t i n g that l o a d i t d e f o r m s f u r t h e r , and the s t e e l r e s i s t s and a l s o 

d e f o r m s , r e d i s t r i b u t i n g the r o c k l o a d to o t h e r p o r t i o n s of the r o c k 

s e c t i o n , c o m m o n l y f r o m the a r c h s e c t i o n to the l e s s h i g h l y s t r e s s e d 

II 

w a l l s . A c o n s i d e r a b l e a m o u n t o f d e f o r m a t i o n i s t h u s a l l o w e d and 

the s u p p o r t s y s t e m h e l p s to r e d i s t r i b u t e the r o c k l o a d m o r e e v e n l y 

about the r o c k s e c t i o n . F u r t h e r m o r e the s y s t e m p r o v i d e s p r o t e c t i o n 
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f o r the w o r k e r s and a r e a s s u r i n g a p p e a r a n c e . 

T h e o t h e r a p p r o a c h to r o c k s u p p o r t i s the d i r e c t s u p p o r t s u c h 

15,17 

as i s g i v e n b y r o c k b o l t i n g a n d s h o t c r e t e s y s t e m s . In t h i s a p p r o a c h , 

a l l e x c e p t the i n i t i a l d e f o r m a t i o n ( th i s b e i n g a f u n c t i o n of the t i m e 

d e l a y b e t w e e n e x c a v a t i o n and s u p p o r t i n g ) i s i m p e d e d . H e n c e the r o c k 

i s a l l o w e d to r e t a i n m u c h of i t s i n i t i a l s t r u c t u r a l p r o p e r t i e s a n d t h e r e 

f o r e i s a b l e to s u p p o r t the a d d i t i o n a l l o a d s w i thout s u f f e r i n g e x c e s s i v e 

d e f o r m a t i o n a n d d e t e r i o r a t i o n . R o c k b o l t i n g h a s e f f e c t i v e l y b e e n 

e m p l o y e d b o t h i n E u r o p e a n d i n N o r t h A m e r i c a f o r t e m p o r a r y and 

p e r m a n e n t s u p p o r t , but the u s e of s h o t c r e t e , w h i c h i s c a p a b l e of u s e 

i n e v e n the w o r s t t u n n e l i n g c o n d i t i o n s has b e e n r e s t r i c t e d so f a r to 

E u r o p e and South A m e r i c a . 

N o t o n l y the t ype of s u p p o r t g i v e n , but the q u a l i t y of w o r k m a n 

s h i p a l s o has a g r e a t b e a r i n g on the t ype and ex tent of r o c k l o a d s on the 

s u p p o r t s y s t e m . F o r e x a m p l e i n the p l a c i n g of s t e e l s e t s , the a m o u n t 

and e f f e c t i v e n e s s of b l o c k i n g g r e a t l y a f f e c t s the a m o u n t of l o o s e n i n g 

a l l o w e d , w h i c h i n t u r n d e t e r m i n e s the s u p p o r t l o a d s . F u r t h e r m o r e 

the s e q u e n c e of e r e c t i o n of the s e t s , the a l i g n m e n t of the s e t s , a n d 

the t u n n e l i n g r a t e a l l h a v e c o n s i d e r a b l e , i f u n d e t e r m i n a b l e e f f e c t s 

on s u p p o r t s y s t e m l o a d s . 

R o c k M o v e m e n t s 

T h e d e f o r m a t i o n of the r o c k s u r r o u n d i n g a n u n d e r g r o u n d 

o p e n i n g m a y be d e s c r i b e d u n d e r two h e a d i n g s , n a m e l y s h o r t - t e r m and 
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l o n g - t e r m d e f o r m a t i o n s . T h e s h o r t - t e r m p e r i o d m a y be thought of as 

the p e r i o d a f t e r e x c a v a t i o n , u n t i l a r e l a t i v e e q u i l i b r i u m c o n d i t i o n 

e x i s t s , u s u a l l y not m o r e t h a n two o r t h r e e w e e k s . T h e t e r m 

" r e l a t i v e e q u i l i b r i u m " i n d i c a t e s not the c o m p l e t e c e s s a t i o n of m o v e 

m e n t but r a t h e r the v e r y s l o w r a t e of s u b s e q u e n t m o v e m e n t s u c h as 

w o u l d r e s u l t f r o m r o c k f l o w . 

W h e n a h o l e s u c h as a t u n n e l i s m a d e i n the r o c k , the r o c k 

i m m e d i a t e l y expands in to the o p e n i n g i n r e l e a s e o f e l a s t i c s t r a i n 

s t o r e d i n the i m m e d i a t e l y a d j a c e n t r o c k . T h e t u n n e l r o o f a n d w a l l s 

t h e n d e f o r m , the r o o f g e n e r a l l y d o w n w a r d s and the w a l l s g e n e r a l l y 

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

o c c u r s as a r e s u l t of m e c h a n i c a l s h i f t i n g of i n d i v i d u a l c o m p o n e n t s of 

the r o c k m a s s as w e l l as v o l u m e c h a n g e s i n the r o c k i t s e l f , due to 

s t r e s s i n g a n d d e s t r e s s i n g of s u r r o u n d i n g r o c k . M e a s u r e m e n t s m a d e 

b o t h i n the U n i t e d States and i n E u r o p e show that d u r i n g the p e r i o d 

b e t w e e n e x c a v a t i o n and r e l a t i v e e q u i l i b r i u m , r a n g i n g f r o m about e igh t 

to t h i r t y d a y s the r o o f d e f l e c t s d o w n w a r d a n d the w a l l s d e f l e c t a w a y 

6,17 

f r o m the o p e n i n g . T h e s e d e f l e c t i o n s r a r e l y e x c e e d , (and a r e u s u a l l y 

m u c h l e s s than) two i n c h e s , and a r e g e n e r a l l y g r e a t e r i n the r o o f t h a n 

i n the w a l l s . T h e c o n t r a c t i o n s of the two w a l l s a r e r a r e l y o f the 

s a m e m a g n i t u d e s , w h i c h i n d i c a t e s the e f f e c t s of a s y m m e t r i c a l l o a d i n g . 

If the r o c k s u r f a c e i s no t i m m e d i a t e l y s e a l e d and s u p p o r t e d the l a r g e 

d e f o r m a t i o n s c a u s e a p r o g r e s s i v e l o o s e n i n g of the n e a r - s u r f a c e r o c k , 

a i d e d b y i n h e r e n t j o i n t i n g , b e d d i n g o r f r a c t u r e s p r o d u c e d b y b l a s t i n g . 
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O v e r l o n g p e r i o d s of t i m e , the f l o w c h a r a c t e r i s t i c s o f the 

r o c k , e n a b l e i t , a n d i n d e e d the t u n n e l i t s e l f to be d e f o r m e d i n shape 

a n d to e x p e r i e n c e r o t a t i o n a l and t r a n s l a t i o n a l m o v e m e n t as w e l l . 

M e a s u r e m e n t s of s u c h m o v e m e n t s h a v e b e e n c a r r i e d out i n the o n e -

k i l o m e t e r l o n g W e t z a w i n k e l t e s t g a l l e r y i n A u s t r i a b y M i i l l e r a n d 

17 

P a c h e r o v e r a p e r i o d of a y e a r . T h e m e a s u r e m e n t s w e r e t a k e n 

r e l a t i v e to a f i x e d p o s i t i o n o u t s i d e of the t u n n e l , and a r e s h o w n i n 

F i g u r e 3. S i m i l a r , i f l e s s s e v e r e m o v e m e n t s p r o b a b l y o c c u r i n 

m o s t t u n n e l s . A g a i n s t s u c h l o n g - t e r m m o v e m e n t s a m a s s i v e r i g i d 

s u p p o r t s y s t e m w o u l d be u n s u i t a b l e a n d u n e c o n o m i c a l . A m o r e 

p r a c t i c a l s u p p o r t s y s t e m w o u l d be one w h i c h h a d enough s t r e n g t h a n d 

c o n t i n u i t y of s u p p o r t to i m p e d e a n d a r r e s t r o c k m o v e m e n t , d e c r e a s i n g 

o r e l i m i n a t i n g f u r t h e r l o o s e n i n g , yet was f l e x i b l e enough to a l l o w 

l o n g - t e r m y i e l d i n g w i t h o u t r u p t u r i n g . 

C o a t i n g s 

W h e n t u n n e l i n g i n v e r y p o o r o r c o h e s i o n l e s s m a t e r i a l w h e r e 

h e a v y i n f l o w s of w a t e r a g g r a v a t e a l r e a d y d i f f i c u l t c o n d i t i o n s , i t has 

b e e n c o m m o n p r a c t i c e to p r e s s u r i z e the t u n n e l a n d w o r k u n d e r c o m 

p r e s s e d a i r of up to t h r e e a t m o s p h e r e s p r e s s u r e . T h a t t h i s m e t h o d 

a i d s t u n n e l i n g b y d e c r e a s i n g w a t e r f l o w s and h e l p i n g to s t a b i l i z e v e r y 

p o o r g r o u n d i s w e l l k n o w n . A l t h o u g h a i r p r e s s u r e h a s s o m e d i s 

r u p t i v e e f f e c t s on l o o s e n i n g r o c k b y o p e n i n g f r a c t u r e s , i t does have 

a v e r y r e a l e f f e c t on g r o u n d s u p p o r t , p a r t i c u l a r l y w h e n u s i n g h i g h e r 
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FIGURE 3 Wetzawinkel Test Gallery Measurements 

(Exaggerated Scale) 

Deformation of Radii with Time in Gallery 
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p r e s s u r e s . If the g r o u n d , i m m e d i a t e l y on e x c a v a t i o n , w e r e c o v e r e d 

w i t h a t h i n c o n t i n u o u s c o a t i n g t h i s w o u l d e n a b l e the a i r p r e s s u r e to 

s u p p o r t a c o n t i n u o u s m e m b r a n e r a t h e r t h a n a s u r f a c e as d i s c o n t i n u o u s 

as the b a r e r o c k s u r f a c e . T h e c o n t i n u o u s s u p p o r t w h i c h a i r p r e s s u r e 

s u p p l i e s to a m e m b r a n e i s t e r m e d the C a i s s o n E f f e c t . T h i s e f f e c t 

i s r e a d i l y s e e n i n the s t a n d a r d c o m p r e s s i o n t e s t of a c o h e s i o n l e s s 

s o i l , w h e r e a i r p r e s s u r e e x e r t e d on a t h i n r u b b e r m e m b r a n e e n a b l e s 

the s o i l to r e t a i n r i g i d i t y t h r o u g h o u t the d u r a t i o n of the t e s t . A n o t h e r 

f u n c t i o n of a t h i n c o n t i n u o u s c o a t i n g on the r o c k s u r f a c e w o u l d be to 

p r e v e n t the r o c k f r o m b e i n g d r a i n e d o f i t s i n h e r e n t w a t e r . T h e 

p r e s e n c e of t h i s w a t e r i n the r o c k p o r e s l e n d s a d e g r e e of r i g i d i t y 

to the r o c k s t r u c t u r e due to the w a t e r ' s i n c o m p r e s s i b i l i t y . T h i s 

e f f e c t i s k n o w n as the R e y n o l d s E f f e c t . 

It h a s b e e n found that g r o s s d i m e n s i o n a l c h a n g e s i n s o m e 

r o c k s a r e c a u s e d b y a change i n m o i s t u r e content , p a r t i c u l a r l y i n 

10 

s h a l e s a n d s i l t s t o n e s . A l t h o u g h t h e s e r o c k s c o n t a i n c h l o r i t e s and 

m i c a s t h e r e i s no e v i d e n c e of m o n t m o r i l l o n i t e o r i l l i t e , w h i c h 

c o m m o n l y c a u s e s w e l l i n g of r o c k s w h e n w e t t e d . In m a n y c a s e s t h e s e 

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

r o c k s . A l t h o u g h the e f f e c t s o f m o i s t u r e changes on a l l r o c k s h a s 

not b e e n a d e q u a t e l y i n v e s t i g a t e d , i t i s s u s p e c t e d that m a n y r o c k 

f a i l u r e s that h a v e b e e n a t t r i b u t e d to o t h e r c a u s e s , c o u l d i n fac t have 

b e e n c a u s e d b y d i m e n s i o n a l c h a n g e s due to the w e t t i n g o r d r y i n g of 

the r o c k . T o p r e v e n t w e t t i n g o f the n e w l y e x p o s e d r o c k s u r f a c e a 



w a t e r p r o o f i n g c o m p o u n d m a y b e a p p l i e d to that s u r f a c e , t h a t w o u l d 

c o m p l e t e l y s e a l of f the s u r f a c e . 

A l t h o u g h the extent of s t a b i l i z a t i o n that a s u i t a b l e s e a l a n t -

c o a t i n g w o u l d h a v e on a f r e s h l y - b r o k e n r o c k s u r f a c e cannot b e 

m e a s u r e d s a t i s f a c t o r i l y , i n m a n y c a s e s i t i s l i k e l y to b e c o n s i d e r a b l 
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S H O T C R E T E 

Shotcrete (Spritzbeton) was developed i n Europe as a means 

to p r e s e r v e the i n i t i a l r o c k soundness, thus e l i m i n a t i n g the need for 

such m a s s i v e supports as were p r e v i o u s l y used. As a result, 

shotcrete has been widely used i n Europe, South A m e r i c a and Japan 

for both t e m p o r a r y and permanent support. The thin, ( f r o m four 

to eight inches) r a p i d - h a r d e n i n g coating acts as a r i g i d yet yielding, 

continuous s t r u c t u r a l support, and also as a continuous p r o t e c t i v e 

membrane. When p r o p e r l y u s e d with r o c k bolts or lig h t r e i n f o r c i n g 

s t e e l this s y s t e m i s capable of c o n t r o l l i n g and s t a b i l i z i n g v i r t u a l l y 

a l l conditions encountered i n rock tunneling. Although capable of 

s t a b i l i z i n g even the m o r e d i f f i c u l t ground conditions, shotcrete should 

not be u s e d i n ground where sys t e m a t i c r o c k b o l t i n g would suffice as 

a support, as it i s an expensive c o n s t r u c t i o n m a t e r i a l . Rather, as 

the ground conditions d e t e r i o r a t e the effectiveness and economy of 

shotcrete support improve. 

Coarse-aggregate shotcrete d i f f e r s f r o m the s i m i l a r l y 

m i x e d and applied gunite i n that the f o r m e r i s a true concrete 

containing up to 1 1/4" stone i n its aggregate, while the l a t t e r is 

commonly a cement-sand mix. In application and function shotcrete 
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di f f e r s f r o m gunite i n the following ways: 

1. The s h o t c r e t e - r o c k bond i s much stronger than any 

gunite-rock bond as gunite tends to f o r m m o r e of a 

cover than an inherent p a r t of the rock. T h i s strong 

s h o t c r e t e - r o c k bond i s b e l i e v e d to be due to the action 

of the s p e c i a l l y developed a c c e l e r a t i n g admixtures 

which do not allow the concrete to slough away f r o m 

the r o c k surface, to the peening effect of the l a r g e 

aggregate p a r t i c l e s on the fi n e r p a r t i c l e s , and on 

the design of the d e l i v e r y machines. 

2. Because of i t s use of l a r g e r - s i z e d aggregate and 

the aforementioned admixtures, shotcrete may be 

appl i e d i n thicknesses of up to six inches at one 

pass, whereas gunite i s n e c e s s a r i l y r e s t r i c t e d to 

th i c k n e s s e s of not over one inch. T h i s allows the 

shotcrete s y s t e m to achieve a supporting as w e l l 

as a s t a b i l i z i n g function. 

3. The a c c e l e r a t i n g admixtures used i n shotcrete 

allow it to achieve a good s h o t c r e t e - r o c k bond 

and to achieve high strengths v e r y quickly, even 

i n wet or running water conditions. In fact, 

shotcrete may be us e d by i t s e l f to seal off sub

stantial water flows. Gunite i s unable to p e r f o r m 
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u n d e r t h e s e c o n d i t i o n s . 

4 . B e c a u s e of the u s e of l a r g e r - s i z e d a g g r e g a t e , 

s h o t c r e t e m a y b e m i x e d u s i n g s a n d at i t s i n h e r e n t 

m o i s t u r e content r a t h e r t h a n r e q u i r i n g e x p e n s i v e 

d r y i n g p r o c e s s i n g to r e d u c e the s a n d ' s w a t e r 

con ten t , as i s r e q u i r e d w i t h g u n i t e . 

In the U n i t e d States the t e r m " s h o t c r e t e " has u n f o r t u n a t e l y 

b e e n u s e d b y the A m e r i c a n C o n c r e t e Ins t i tu te as d e s c r i b i n g a l l 

c e m e n t - s a n d - a g g r e g a t e s p r a y m i x e s i n c l u d i n g g u n i t e . In t h i s p a p e r 

the t e r m " s h o t c r e t e " s h a l l be u s e d o n l y i n r e f e r e n c e to the c o a r s e -

a g g r e g a t e m a t e r i a l , w i t h a c o n s i d e r a b l e p r o p o r t i o n of at l e a s t 3 / 4 " 

s tone p r e s e n t i n the a g g r e g a t e , a n d c o n t a i n i n g s u i t a b l e a c c e l e r a t i n g 

a d m i x t u r e s . 

H i s t o r y a n d D e v e l o p m e n t 

G u n i t e h a s b e e n u s e d u n d e r g r o u n d s i n c e 1914 w h e n i t w a s 

f i r s t u s e d at the B r u c e t o w n E x p e r i m e n t a l M i n e to s m o o t h , p r o t e c t , 

a n d m a i n t a i n e x c a v a t e d r o c k s u r f a c e s a g a i n s t d e t e r i o r a t i o n b y w a t e r 

9 

a n d a i r . F o l l o w i n g the S e c o n d W o r l d W a r a n u p s u r g e i n u n d e r 

g r o u n d w o r k a r o s e i n E u r o p e l a r g e l y i n c o n n e c t i o n w i t h h y d r o 

e l e c t r i c p o w e r p l a n t s . E x i s t i n g m a c h i n e s at that t i m e w e r e l i m i t e d 

to the u s e of a m a x i m u m p a r t i c l e s i z e of 10 m m . , and r e q u i r e d 

p r o c e s s i n g of a g g r e g a t e s to l o w e r the i n h e r e n t m o i s t u r e content . 



It w a s found that a g g r e g a t e s h o u l d i n c l u d e a m i n i m u m of 15 to 20 m m 

p a r t i c l e - s i z e m a t e r i a l , to b u i l d up adequate t h i c k n e s s e s of s h o t c r e t e 

to p r o v i d e a s u p p o r t i n g f u n c t i o n i n a d d i t i o n to i t s s t a b i l i z i n g e f f e c t . 

F u r t h e r m o r e , the c o a r s e r m i x f a c i l i t a t e d the u s e of a g g r e g a t e s at 

t h e i r i n h e r e n t m o i s t u r e l e v e l s , that i s the a m o u n t of m o i s t u r e the 

s a n d r e t a i n s u n l e s s d r i e d , a n d h e n c e d i d not r e q u i r e p a r t i c u l a r 

p r o c e s s i n g . M a c h i n e s d e s i g n e d to u s e 15 to 20 m m s t o n e , c o m b i n e d 

w i t h s p e c i a l l y - d e s i g n e d a c c e l e r a t i n g a d m i x t u r e s w e r e f i r s t u t i l i z e d 

as an i n t e g r a l p a r t of the t u n n e l i n g c y c l e i n s t e a d of c o n v e n t i o n a l 

s t e e l and w o o d at the P r i i t z » I m s t T u n n e l i n A u s t r i a i n 1 9 5 4 - 1 9 5 5 . 

S i n c e then the m e t h o d has b e e n g r e a t l y i m p r o v e d , l a r g e l y t h r o u g h 

the d e v e l o p m e n t of new m a c h i n e s and b e t t e r a c c e l e r a t i n g a d m i x t u r e s . 

S h o t c r e t e h a s b e e n u s e d as a t e m p o r a r y and p e r m a n e n t l i n i n g f o r 

u n d e r g r o u n d e x c a v a t i o n s i n m o s t of E u r o p e , South A m e r i c a , J a p a n , 

H o n g K o n g , and now i n C a n a d a . In a d d i t i o n , f i n e - a g g r e g a t e s p r a y 

c o n c r e t e , w i t h o u t the a c c e l e r a t o r s o r m a c h i n e s u s e d i n E u r o p e , h a s 

b e e n e x t e n s i v e l y u s e d i n the U n i t e d States as an e c o n o m i c a l and 

v e r s a t i l e g e n e r a l c o n s t r u c t i o n m a t e r i a l . T h e s p r a y c o n c r e t e now 

u s e d i n the U . S . i s g e n e r a l l y of l i m i t e d u s e f o r u n d e r g r o u n d s u p p o r t . 
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C o n s t i t u e n t s a n d A p p l i c a t i o n o f S h o t c r e t e 

T h e r e g u l a r s h o t c r e t e m i x u s e d c o n t a i n e d 650 l b . T y p e I 

P o r t l a n d C e m e n t , 1520 l b . s a n d , 850 l b . 1 / 4 " s tone and 900 l b . 3 / 4 " 

s tone p e r c u b i c y a r d of s h o t c r e t e . In a d d i t i o n a p p r o x i m a t e l y 25 l b . 

of a c c e l e r a t o r , e i t h e r T r i c o s a l T 1 K A o r S i k a S i g u n i t , w e r e a d d e d . 

T h e r e a r e two m e t h o d s o f m i x i n g c o a r s e - a g g r e g a t e s h o t c r e t e , 
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the w e t - m i x and the d r y - m i x p r o c e s s . T h e w e t - m i x p r o c e s s i n v o l v e s 

the m i x i n g of a l l the c o n c r e t e c o n s t i t u e n t s w i t h w a t e r a n d p u m p i n g the 

t h i c k m i x t u r e t h r o u g h the d e l i v e r y h o s e to the n o z z l e , w h e r e a d d i t i o n a l 

a i r i s a d d e d a n d the m a t e r i a l i s s p r a y e d onto the s u b j e c t s u r f a c e . 

T h e d r y - m i x p r o c e s s b a t c h e s a l l the c o m p o n e n t s d r y ( e x c e p t fo r 

i n h e r e n t m o i s t u r e ) and the m a t e r i a l i s b l o w n t h r o u g h the d e l i v e r y 

h o s e to the n o z z l e w h e r e a l l the w a t e r i s a d d e d . F o r u n d e r g r o u n d 

s u p p o r t the l a t t e r m e t h o d has b e e n m o s t e x t e n s i v e l y u s e d , as the 

w a t e r - t o - c e m e n t r a t i o m a y be c o n t r o l l e d at the n o z z l e , a l l o w i n g 

g r e a t e r v e r s a t i l i t y i n s h o t c r e t i n g , f o r e x a m p l e wet and d r y p a t c h e s 

of r o c k . F u r t h e r m o r e the d r y m i x p r o c e s s a l l o w s an e a s i e r i n t r o 

d u c t i o n of a c c e l e r a t i n g a d m i x t u r e s . F i n a l l y , the w e t - m i x m a c h i n e s 

h a v e not yet b e e n d e v e l o p e d to the s tage w h e r e t h e y c a n p r a c t i c a l l y 

h a n d l e the l a r g e r a g g r e g a t e , that i s g r e a t e r t h a n 3 / 4 " . T h e w e t -

m i x m a c h i n e s a r e m a i n l y u s e d i n u n d e r g r o u n d s t a b i l i z a t i o n r a t h e r 

t h a n s u p p o r t , a n d i n the c o n s t r u c t i o n of s w i m m i n g p o o l s , r o o f i n g , 

e t c . 
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T h e q u a l i t y of s h o t c r e t e depends to a c o n s i d e r a b l e ex tent 

on the m i x p r o p o r t i o n s , as i n c o n v e n t i o n a l c o n c r e t e . C o m p a r e d to 

c o n v e n t i o n a l c o n c r e t e , s h o t c r e t e h a s a v e r y l o w w a t e r - t o - c e m e n t 

r a t i o , (w/c) , r a n g i n g f r o m about 0 . 32 to 0 . 4 0 . It h a s b e e n found 

that 0. 35 w / c h a s b e e n m a i n t a i n e d i n the f i e l d u n d e r n o r m a l c o n d i t i o n s . 

F i n e a n d c o a r s e a g g r e g a t e s u s e d s h o u l d c o n f o r m to A . S . T . M . , o r 

s i m i l a r E u r o p e a n s t a n d a r d s a n d s h o u l d be r e a s o n a b l y d r y and c l e a n . 

T h e g r a d i n g o f the a g g r e g a t e s h o u l d b e u n i f o r m a n d p a r t i c l e s f i n e r 

t h a n 1/64 i n c h s h o u l d not e x c e e d 2 % . 

In o r d e r to a c h i e v e a s a t i s f a c t o r y b o n d a n d to o b t a i n the 

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

a c c e l e r a t i n g a d m i x t u r e s h a v e b e e n d e v e l o p e d . T h e a c c e l e r a t o r s 

g e n e r a l l y a r e m i x t u r e s of w a t e r s o l u b l e s a l t s w h i c h r e a c t , c h e m i c a l l y 

a l t e r i n g the d i s s o l u t i o n t i m e o f s i l i c a , a l u m i n a , and of the l i m e i n 
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the c e m e n t , thus a c c e l e r a t i n g the h y d r a t i o n p r o c e s s . T h e s e 

a c c e l e r a t o r s e n a b l e the c o n c r e t e to a c h i e v e v e r y h i g h s t r e n g t h s i n 

a m a t t e r of h o u r s and i n f a c t , to p r e s e n t a h a r d s u r f a c e j u s t m i n u t e s 

a f t e r a p p l i c a t i o n . S u c h a c o n c r e t e o r s h o t c r e t e i s t e r m e d " h i g h -

e a r l y s t r e n g t h c o n c r e t e " as o p p o s e d to n o r m a l c o n c r e t e w h i c h does 

not d e v e l o p i t s s t r e n g t h f o r a p e r i o d of d a y s . A c c e l e r a t o r s h a v e 

a l s o b e e n d e v e l o p e d w h i c h do not h a v e a n y c o r r o s i v e e f f e c t on any 

i m b e d d e d r e i n f o r c i n g s t e e l , e v e n a f t e r y e a r s of s e r v i c e . F u r t h e r 

m o r e , t h e s e s a m e a c c e l e r a t o r s h a v e not b e e n found to a f f e c t the 



f i n a l strength of the concrete, as conventional a c c e l e r a t o r s have. The 

a b i l i t y of the a c c e l e r a t o r to enable the concrete to s e a l off significant 

water flows is also of great importance in tunneling work. 

P r o p e r t i e s of Shotcrete 

Shotcrete has s e v e r a l unique and u s e f u l p r o p e r t i e s as a 

c o n s t r u c t i o n m a t e r i a l . The a b i l i t y of shotcrete to bond strongly to 

any surface, wet or dry, h a r d or soft, makes it an i d e a l p r o t e c t i v e 

and supporting member. Since the shotcrete i s for a l l intents an 

i n t e g r a l part of the r ock i m m e d i a t e l y surrounding an opening, it 

p r o v i d e s a continuity of support greater than any other support 

system. 

C o m p a r e d to conventionally poured concrete, shotcrete i s 

strong in c o m p r e s s i o n and unusually so in flexure. A s e r i e s of fifty 

samples was taken during a test p r o g r a m c a r r i e d out on shotcrete 

taken in situ f r o m the C.N. R. tunnel over a p e r i o d of s e v e r a l 

months. These samples were p r e p a r e d f r o m l a r g e slabs of shot

crete cut out of the a r c h and were tested in c o m p r e s s i o n and in 

flexure. The c o m p r e s s i o n tests were c a r r i e d out on three inch 

cubes and the average strength was 5200 p s i for 28-day-old concrete. 

The flexure tests were c a r r i e d out on 3" x 3" x 12" beams with 

center-point loading, and the average modulus of rupture was 1150 

p s i , also for 28-day-old concrete. The range of c o m p r e s s i o n tests 

was a p p r o x i m a t e l y 4800 - 5400 p s i and that of the flexure tests, 



900 - 1600 p s i . C o n v e n t i o n a l c o n c r e t e m a y be e x p e c t e d to d u p l i c a t e 

the c o m p r e s s i v e s t r e s s e s , but w o u l d l i k e l y not e x c e e d 800 p s i i n the 

f l e x u r e t e s t s . The h i g h s t r e n g t h s of t h i s m a t e r i a l a r e b e l i e v e d to 

b e c a u s e d b y the v e r y l o w w/c r a t i o u s e d and a l s o to the g r e a t d e g r e e 

of c o m p a c t i o n a c h i e v e d . 

Due to the l o w w/c r a t i o , the d e g r e e of c o m p a c t i o n , and the 

s p e c i a l l y - d e v e l o p e d a c c e l e r a t o r s , s h o t c r e t e has v e r y h i g h - e a r l y 

s t r e n g t h s . A l t h o u g h the h i g h - e a r l y s t r e n g t h s v a r y c o n s i d e r a b l y 

w i t h a n u m b e r of f a c t o r s , s t r e n g t h s of up to 650 p s i i n c o m p r e s s i o n 

and up to 300 p s i i n f l e x u r e h a v e b e e n found on the C . N . R. t u n n e l 

s h o t c r e t e at an age of two h o u r s . A b o u t 7 5 % of the 2 8 - d a y s t r e n g t h 

h a s b e e n found to be a c h i e v e d a f t e r t w e n t y - f o u r h o u r s . T h i s h i g h -

e a r l y s t r e n g t h , as w e l l as a c e r t a i n a m o u n t of p l a s t i c i t y , e n a b l e s 

the s h o t c r e t e to p r o v i d e an i d e a l s u p p o r t to the g r o u n d m o v e m e n t s 

that o c c u r s o o n a f t e r e x c a v a t i o n . 

A s r o c k m o v e m e n t o f ten c o n t i n u e s f o r p e r i o d s of y e a r s 

a f t e r e x c a v a t i o n , u s u a l l y due to the c r e e p p r o p e r t i e s of the r o c k , 

a p e r m a n e n t l i n i n g m u s t h a v e the c a p a c i t y to r e s i s t t h i s m o v e m e n t 

w i thout f a i l i n g . Due to i t s s i m i l a r c r e e p p r o p e r t i e s a t h i n coat 

of s h o t c r e t e i s a b l e to r e s i s t t h i s m o v e m e n t w i thout f a i l u r e . 

D e f o r m a t i o n s of up to s e v e r a l i n c h e s have b e e n r e c o r d e d i n 

s h o t c r e t e l i n i n g s o v e r p e r i o d s of m o n t h s o r y e a r s , and e x a m i n a t i o n 

and t e s t i n g of the s h o t c r e t e r e v e a l e d that not o n l y w e r e t h e r e no 
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v i s i b l e c r a c k s i n the lin i n g , but also there was no substantial l o s s 

II 
of strength. 

Supporting Functions of Shotcrete 

A s a supporting system, shotcrete is b e l i e v e d to have three 

d i s t i n c t l y different functions. The f i r s t of these functions is to act 

as a s e a l e r to s e a l off and pr o t e c t the newly-excavated rock s u r f a c e 

f r o m attack and d e t e r i o r a t i o n by a i r and water. M o r e o v e r it p r o v i d e s 

a continuous fl e x i b l e membrane, on which the supporting effect of a i r 

p r e s s u r e may act. Secondly, when concentrated on the joints and 

f r a c t u r e surfaces or " v a l l e y s " with a co r r e s p o n d i n g decrease of t h i c k 

ness over sound portions or " h i l l s " on the rock surface, the shotcrete 

acts as a glue or cement which, by its strength and bond prevents or 

impedes movement along these joints. T h i s function of shotcrete 

is the one u s u a l l y c o n s i d e r e d i n Sweden and tunnel l i n i n g s there a r e 

designed c o r r e s p o n d i n g l y . F i n a l l y , i n thicknesses of more than 

four inches, shotcrete p r o v i d e s a continuous, r i g i d support not so 

much as a separate unit, but as an inherent p a r t of the rock 

surrounding an opening. Only functions such as these would explain 

the effectiveness of shotcrete l i n i n g s i n conditions of v e r y f r a c t u r e d 

or s w e l l i n g rock, and even of cohesionless water-bearing g r a v e l s . 
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T H E C N R B U R N A B Y - V A N C O U V E R R A I L W A Y T U N N E L 

A t e m p o r a r y l i n i n g of s h o t c r e t e , s u p p l e m e n t e d w h e r e 

n e c e s s a r y w i t h r o c k b o l t s , i s u s e d i n the 9340 foot r o c k s e c t i o n 

of the t u n n e l . T h e 19 foot b y 28 foot h o r s e s h o e - s h a p e d t u n n e l i s 

e x c a v a t e d b y d r i l l i n g and b l a s t i n g the f u l l c r o s s - s e c t i o n i n e igh t to 

t e n foot r o u n d s . C o n s i d e r a b l e i n v e s t i g a t i o n and a n a l y s i s w a s u n d e r 

t a k e n to p r o d u c e the f i n a l t u n n e l d e s i g n . 

G e o l o g y 

A f t e r c o n s i d e r i n g s e v e r a l a l t e r n a t e r o u t e s , the f i n a l t u n n e l 

r o u t e w a s c h o s e n to r u n t h r o u g h b e d r o c k f o r as g r e a t a d i s t a n c e as 

p o s s i b l e , i n o r d e r to a v o i d the d i f f i c u l t i e s and a c c o m p a n y i n g h i g h 

c o s t s a s s o c i a t e d w i t h t u n n e l i n g i n s o i l s . T h i s r o u t e a l l o w e d 9340 

feet o f the t u n n e l to b e d r i v e n t h r o u g h r o c k , w i t h an adequate r o c k 

c o v e r , a n d the r e m a i n i n g 1, 400 feet to be d r i v e n t h r o u g h s o i l s . 

T h e t h i c k n e s s of o v e r b u r d e n r a n g e d f r o m 30 feet to 180 feet , o v e r 

l y i n g a t h i c k n e s s of b e d r o c k o f up to 130 fee t . T h e o v e r b u r d e n 

c o n s i s t s of g l a c i a l d e p o s i t s of e i t h e r t i l l d e p o s i t e d b y i c e , o r 

f L u v i o g l a c i a l d e p o s i t s s u c h as s a n d s , g r a v e l s , s i l t s a n d c l a y , 

d e p o s i t e d b y m e l t w a t e r . T h e t i l l s c o n s i s t of c l a y , s i l t , s a n d , a n d 

g r a v e l , u n s t r a t i f i e d , u n b e d d e d and g e n e r a l l y qu i te so f t . L e n s e s of 



c o a r s e g r a v e l and sand, often c a r r y i n g c o n s i d e r a b l e amounts of water, 

are i n t e r s p e r s e d in random but interconnected i n t e r v a l s throughout 

the t i l l s . 

B e d r o c k consists of a s e r i e s of s e d i m e n t a r y r o c k s over 1, 500 

feet thick, c a l l e d the K i t s i l a n o formation. These rocks, of late T e r t i a r y 

age, o v e r l i e the B u r r a r d formation of s i m i l a r , but older and conse

quently m o r e consolidated rocks. Both formations dip g r a d u a l l y to 

the south and thus the rocks at the southern end of the tunnel, m o s t l y 

sandstones and shales, are younger than those at the n o r t h e r n end, 

m o s t l y conglomerate. T h e r e i s not noticeable evidence of either 

faulting or folding. 

The conglomerate i s made up of well-rounded pebbles up to 

four inches in size, with o c c a s i o n a l l a r g e r cobbles, m a i n l y of g r a n i t i c 

r o c k s d e r i v e d f r o m the Coast Range mountains, with few metamorphosed 

sediments and v o l c a n i c rocks f r o m the same source. The pebbles a r e 

cemented with l i m e and i r o n oxide, except where they have been 

deeply weathered. Some areas of the conglomerate were s e v e r e l y 

weathered p r i o r to g l a c i a t i o n and much of the cement was removed, 

l e a v i n g only s t r a t i f i e d g r a v e l s . When i n this condition the conglomerate 

d i s i n t e g r a t e d i n minutes, impeding tunneling operations by p r o v i d i n g a 

continuous h a i l of f a l l i n g pebbles and fine p a r t i c l e s , accompanied 

by the d i s r u p t i v e d r i p p i n g of water. The great m a j o r i t y of the 

conglomerate r e m a i n s f a i r l y sound, however, unt i l exposed to a i r 



a n d m o i s t u r e . T h e r e was l i t t l e t e n d e n c y f o r the c o n g l o m e r a t e to 

f r a c t u r e b a d l y w h e n b l a s t e d . 

T h e s a n d s t o n e s r a n g e f r o m c o a r s e - g r a i n e d to f i n e - g r a i n e d 

and a r e u s u a l l y f a i r l y sof t and w a t e r - s a t u r a t e d . T h e s a n d s t o n e a l s o 

b r o k e v e r y c l e a n l y , w i t h l i t t l e e v i d e n c e of s h a t t e r i n g o r i n t e r i o r 

d a m a g e , due to i t s c a p a c i t y to a b s o r b s h o c k s f r o m b l a s t i n g . T h e 

p e r m e a b i l i t y of the s a n d s t o n e , c o m b i n e d w i t h the i m p e r v i o u s n e s s o f 

the a c c o m p a n y i n g s h a l e s , e n a b l e d w a t e r to c o l l e c t a l o n g s a n d s t o n e 

c o n t a c t s , p r o d u c i n g a d a n g e r o u s c o n d i t i o n w h e n p r e s e n t i n the t u n n e l 

a r c h . S u c h a c o n d i t i o n w o u l d o c c u r due to the w e a k e n e d , w e l l -

l u b r i c a t e d c o n d i t i o n of the c o n t a c t zone . 

T h e r e w e r e at l e a s t two k i n d s o f s h a l e p r e s e n t , a m a s s i v e 

f i n e - g r a i n e d s h a l e and a c o a r s e r - g r a i n e d , b e d d e d s h a l e , b o t h 

c o m m o n l y i n t e r s p e r s e d w i t h c o a l l y s t r e a k s a n d s e a m s . T h e f o r m e r 

b r o k e i n a v e r y j a g g e d o r c o n c h o i d a l m a n n e r , w i t h f r a c t u r e s p r o p a 

g a t i n g to s o m e depth , w h e r e a s the l a t t e r b r o k e m o r e o r l e s s to 

b e d d i n g p l a n e s o r s t e e p - a n g l e j o i n t s . T h e g r e a t e r d e g r e e of j o i n t i n g 

i n the s h a l e s , t h e i r b r i t t l e n e s s w h e n b l a s t e d , and the w a t e r f l o w s 

w h i c h c a m e f r o m s h a l e - s a n d s t o n e c o n t a c t s a l l i n d i c a t e d tha t the 

s h a l e w o u l d p r o v i d e the g r e a t e s t l o a d on a s h o t c r e t e s u p p o r t i n g 

s y s t e m . 
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D e s i g n C o n s i d e r a t i o n s 

T h e s u p p o r t s y s t e m of the r o c k s e c t i o n of the t u n n e l w a s 

d e s i g n e d to p e r f o r m two s e p a r a t e but i n t e r d e p e n d e n t f u n c t i o n s ; 

f i r s t l y to s t a b i l i z e the o p e n i n g , and s e c o n d l y , to p r o t e c t the w o r k e r s . 

T h e n a t u r e of the f i n a l p e r m a n e n t s u p p o r t s y s t e m w a s not to be 

d e c i d e d u n t i l the t u n n e l w a s n e a r c o m p l e t i o n . T w o p r o p o s a l s f o r 

t e m p o r a r y a n d p e r m a n e n t l i n i n g s y s t e m s w e r e s u g g e s t e d : 

1. A coat of f r o m f o u r to s i x i n c h e s of c o a r s e -

a g g r e g a t e s h o t c r e t e , to be r e i n f o r c e d w i t h w i r e 

m e s h a n d r o c k b o l t s i f r e q u i r e d , was to be 

a p p l i e d i m m e d i a t e l y a f t e r e x c a v a t i o n , to be 

f o l l o w e d ( a f t e r the c o m p l e t i o n of the t u n n e l ) , b y 

an a d d i t i o n a l f o u r i n c h e s of s h o t c r e t e o r e igh t 

i n c h e s of f o r m e d c o n c r e t e , i f n e c e s s a r y . 

2 . S t e e l a r c h se ts ( 8 W F 2 7 ) w o u l d be i n s t a l l e d at a 

m a x i m u m of f i v e foot s p a c i n g i m m e d i a t e l y a f t e r 

e x c a v a t i o n , to be f o l l o w e d b y s i x t e e n i n c h e s of 

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

b e h i n d the c o n c r e t e l i n i n g . 

T h e r e l a t i v e c o s t s of t h e s e p r o p o s a l s f a v o u r e d the f i r s t 

a l t e r n a t i v e , e s p e c i a l l y i f a d d i t i o n a l s p r a y e d o r f o r m e d c o n c r e t e was 

found to be u n n e c e s s a r y . In a d d i t i o n , the s h o t c r e t e a p p l i c a t i o n c o u l d 



be w o r k e d in to the e x c a v a t i o n c y c l e so as not to h i n d e r i t . T h e 

i n s t a l l a t i o n of s t e e l se ts and p a r t i c u l a r l y the p o u r i n g of f o r m e d 

c o n c r e t e w o u l d c a u s e c o n s i d e r a b l e d e l a y to the e x c a v a t i o n , w h i c h 

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

c o s t s to the o w n e r . In f a c t , the c o s t of the s e c o n d p r o p o s a l was 

e s t i m a t e d at $400 p e r foot of t u n n e l w h i l e the c o s t of the p r i m a r y 

s h o t c r e t e l i n i n g a v e r a g e d to $98 p e r foot of t u n n e l f o r the i n i t i a l 

t w e l v e - m o n t h p e r i o d . A n i n s t r u m e n t a t i o n p r o g r a m was s u b s e q u e n t l y 

u n d e r t a k e n to d e t e r m i n e the a d e q u a c y of the s h o t c r e t e l i n i n g a n d to 

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



I N S T R U M E N T A T I O N 

In o r d e r to evaluate the effectiveness of the shotcrete l i n i n g 

and to decide on the need for further lining, an instrumentation 

p r o g r a m was undertaken. F o r reasons of economy, the usefulness 

of photoelastic disk s t r a i n gauges was investigated. 

P h o t o e l a s t i c Measurements 

Ph o t o e l a s t i c s t r a i n disks have been used for s e v e r a l years 

i n Great B r i t a i n and N o r t h A m e r i c a for d e t e r m i n i n g the d i r e c t i o n s 

of m a j o r and minor p r i n c i p a l s t r a i n s , and magnitudes of p r i n c i p a l 
18 

s t r a i n s and shear s t r a i n s in rocks. The s i m p l e s t of these gauges is 

a c i r c u l a r disk of b i r e f r i n g e n t p l a s t i c glued to the test area. When 

the test a r e a and t h e r e f o r e the adhered disk is strained, n o r m a l l y 

incident p o l a r i z e d light i s r e s o l v e d i n the p o l a r i z i n g d i r e c t i o n s 

coincident with the two p r i n c i p a l s t r a i n axes i n the plane of the disk, 

and i s t r a n s m i t t e d only on these planes. F u r t h e r m o r e , the r e l a t i v e 

r e t a r d a t i o n of the light, and t h e r e f o r e the colour of r e f l e c t e d light, 

i s r e l a t e d to the magnitude of the d i f f e r e n c e between the two secondar 

p r i n c i p a l s t r a i n s by Neuman's Equation: 
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2 tk 

p r i n c i p a l s t r a i n s 

r e l a t i v e r e t a r d a t i o n 

t thickness of disk 

k s t r a i n s e n s i t i v i t y factor 

( <L l 
shear s t r a i n 

B y o b s e r v i n g the disk with a p o l a r i s c o p e , a p o l a r i z i n g - a n a l y z i n g 

instrument, under n o r m a l incident white light, the d i r e c t i o n s of the 

p r i n c i p a l s t r a i n s may be found and the shear st r a i n s at any point may 

be calculated. U s i n g an oblique incident p o l a r i s c o p e the magnitudes 

of the m a j o r and m i n o r p r i n c i p a l s t r e s s e s may be calculated. 

be used. T h i s gauge consists of a disk of b i r e f r i n g e n t p l a s t i c 

p i e r c e d with a center hole and with a non-stick p l a s t i c b acking that 

allows the disk to be bonded only at an annular r i n g on the outside 

edge of the disk. When the disks a r e bonded to the test a r e a and are 

then strained, the s t r a i n is t r a n s m i t t e d to the c e n t r a l unbonded p o r t i o n 

of the disk and concentrates about the c e n t r a l hole. T h i s produces 

identifiable s y m m e t r i c a l patterns and colours when the gauge i s viewed 

with p o l a r i z e d light. F r o m these patterns the d i r e c t i o n of the major 

and m i n o r p r i n c i p a l s t r a i n s can be ascertained, as can the 

magnitudes of these s t r a i n s . The advantage of the l a t t e r type 

of gauge i s that the p r i n c i p a l s t r a i n magnitudes may be r e a d 

Under c e r t a i n conditions a b i a x i a l photoelastic gauge may 
8 



33 

off without the use of an oblique-incident p o l a r i s c o p e , an instrument 

m o r e suitable to l a b o r a t o r y work than f i e l d measurement. A further 

advantage of the b i a x i a l gauge i s that i t i s an i n t e g r a t i n g gauge, which 

gives the resultant s t r a i n s a c r o s s the gauge length whereas the 

o r d i n a r y gauge gives the shear s t r a i n condition on a point-to-point 

b a s i s . The b i a x i a l s t r a i n gauges used have a s e n s i t i v i t y factor of 

440 m i c r o i n c h e s per inch. Strains l e s s than about 40 m i c r o i n c h e s 

per inch could not be a c c u r a t e l y detected. The gauges ar e quite 

temperature s e n s i t i v e , and for accurate work the temperature 

change should not exceed 3°F. 

A t this point i t was decided to e x c l u s i v e l y use the b i a x i a l 

s t r a i n gauges for the following reasons: 

1. It was felt that the most important quantity 

r e q u i r e d was the m a x i m u m st r a i n s , and that 

shear s t r a i n s could be c a l c u l a t e d f r o m the 

b i a x i a l readings i f r e q u i r e d . 

2. T e m p e r a t u r e changes in the tunnel would not 

be great even over long p e r i o d s of time. 

3. It was felt that the b i a x i a l gauges were 

e a s i e r to r e a d and i n t e r p r e t by the consultant's 

engineering personnel. 
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4. The b i a x i a l gauges were more suitable for o v e r -

c o r i n g techniques. 

O v e r c o r i n g techniques were f i r s t used to m e a s u r e i n situ 
7 

r o c k s t r e s s e s by N i l s H a s t i n Sweden. A. Roberts and others in 

G r e a t B r i t a i n , have used the above mentioned b i a x i a l photoelastic 

gauges for o v e r c o r i n g , and a s i m i l a r method was used for the shot-
8 

crete l i n i n g on this project. T h i s technique uses the following 

p r o c e d u r e : 

1. The subject m a t e r i a l is d r i l l e d to a 

s p e c i f i e d depth and the end of the hole 

is flattened and smoothed off with a 

d r i l l bit designed for this purpose. 

2. The flattened s urface i s washed with 

solvent to remove t r a c e s of grease, 

dust, etc. , and to d r y the surface, and 

the b i a x i a l gauge i s glued to this surface. 

3. A f t e r the glue has hardened, the disk is 

r e a d to check for i n i t i a l s t r a i n , and then 

o v e r c o r e d with the s i z e of diamond c o r i n g 

bit u s e d for the o r i g i n a l hole. 

4. The core is then r e m o v e d intact, and the 

instantaneous rebound s t r a i n i s m e a s u r e d 

f r o m the disk. 



F I G U R E 5 Shotcrete core with B i a x i a l photoelastic 
gauge attached. A l s o shown is the com
pensating hand p o l a r i s c o p e 

The cores were to be taken at a distance of f r o m one-half 

inch to one inch f r o m the outer surface of the shotcrete, to ensure that 

the strains m e a s u r e d would be in the f i n a l coat. The o v e r c o r i n g was 

to be done at three positions at each measurement station, ( F i g u r e 6) 

and these stations were to be located at three hundred foot spacing along 

the length of the tunnel. The purposes of this work were as follows: 

1. to p e r f o r m spot check tests on s t r a i n magnitudes and 

di r e c t i o n s in the outer shotcrete l a y e r , 

2. to determine the thickness of the shotcrete l i n i n g at each 

measurement point by c o r i n g through the shotcrete to the 

rock surface, 

3. to obtain samples of shotcrete in o r d e r to evaluate its 

p h y s i c a l and s t r u c t u r a l p r o p e r t i e s i n situ, and 



FIGURE 6 Photoelastic strain gauge overcoring station 

This overcoring work was carried out on shotcrete that 

was at least sixty days old and usually much older, so that the 

lining would have had the opportunity to reach some sort of 

equilibrium condition. 

In order to support the results of the photoelastic strain 

measurements and to permit continuous monitoring of in situ 

shotcrete stresses from the time of excavation, a system of 

hydraulic stress cells, (or more correctly, pressure cells) was 

introduced. Furthermore, data were required which could be more 

readily utilized for standard stress calculations of the lining 

condition. 
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H y d r a u l i c C e l l s 

T h e h y d r a u l i c p r e s s u r e c e l l s ( S y s t e m G l o e t z l ) w e r e 

e x p r e s s l y d e v e l o p e d f o r the m e a s u r e m e n t of s t r e s s e s i n c o n c r e t e 
6 

t u n n e l l i n i n g s o r b e t w e e n the l i n i n g and the r o c k o r s o i l . T h e c e l l s 

h a v e a t h i n , s t r o n g s e n s i n g p a d w h i c h i s e m b e d d e d w i t h i n the c o n c r e t e 

l i n i n g o r b e t w e e n the l i n i n g and the s u r r o u n d i n g g r o u n d . T h e s t r e s s 

o r l o a d o v e r the p a d a r e a f r o m the s u r r o u n d i n g m a t e r i a l a p p l i e s 

p r e s s u r e to the p a d w h i c h i n t u r n i s t r a n s m i t t e d a l m o s t u n d i m i n i s h e d 

to the f l u i d w i t h i n the p a d . T h e p a d has a h i g h r a t i o o f a r e a to t h i c k 

n e s s so that i t a p p r o x i m a t e s an i n f i n i t e l y t h i n d i s k , t h e r e b y 

e l i m i n a t i n g m o s t of the i n f l u e n c e of s t r e s s d i s t r i b u t i o n due to 

d i f f e r e n c e s i n m o d u l u s of the c e l l a n d the r o c k . A s m a l l c o m p e n 

s a t i n g d i a p h r a g m r e l i e f v a l v e i s c o n n e c t e d to the p a d b y a s h o r t 

l e n g t h of h i g h - p r e s s u r e t u b i n g , a n d the f l u i d p r e s s u r e i n the p a d 

i s t r a n s m i t t e d to the p a d s i d e o f the d i a p h r a g m v a l v e . F l u i d i s 

d e l i v e r e d to the o t h e r s i d e o f the v a l v e t h r o u g h h i g h - p r e s s u r e l i n e s 

f r o m a h y d r a u l i c p r e s s u r e p u m p . W h e n the p r e s s u r e i n the l i n e s 

e x c e e d s the p r e s s u r e on the o t h e r s i d e of the v a l v e , that i s the p a d 

s i d e , b y 1. 5 pounds p e r s q u a r e i n c h the d i a p h r a g m v a l v e opens 

and the f l u i d i s a l l o w e d to r e t u r n to the p u m p v i a the r e t u r n l i n e s . 

T h u s p r e s s u r e at w h i c h the v a l v e opens as r e a d on the p r e s s u r e 

gauge at the p u m p , m i n u s 1. 5 pounds p e r s q u a r e i n c h , i s a p p r o x i 

m a t e l y e q u a l to the s t a t i c p r e s s u r e i n s i d e the p a d . T h i s a p p r o x i -
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m a t i o n i s f u r t h e r i m p r o v e d i f the v o l u m e r a t e p u m p e d i s v e r y s m a l l 

at the m o m e n t of the v a l v e s o p e n i n g . T h e s e i n s t r u m e n t s h a v e found 

e x t e n s i v e u s e b o t h b y T e r r a m e t r i c s e n g i n e e r s a n d a l s o b y the U . S . 

B u r e a u of R e c l a m a t i o n , who s u p p o r t the c l a i m s on a c c u r a c y and 

r e l i a b i l i t y m a d e b y T e r r a m e t r i c s . 

F I G U R E 7 S y s t e m G l o e t z l 
H y d r a u l i c c e l l 

T h e G l o e t z l c e l l s w e r e d i s t r i b u t e d to m a k e up t h r e e 

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

w h i c h r e p r e s e n t e d the r a n g e of g e o l o g i c a l and h y d r o l o g i c a l c o n d i t i o n s 

e n c o u n t e r e d . T h e c e l l s w e r e a r r a n g e d as s h o w n i n F i g u r e 8 . 

to m e a s u r e s t r e s s e s i n the c o n c r e t e s e c t i o n at v a r i o u s p o i n t s i n the 

a r c h a n d to m e a s u r e p r e s s u r e s e x e r t e d b y the r o c k on the s h o t c r e t e 

l i n i n g , n o r m a l to the l i n i n g . 
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T h e f i r s t two m e a s u r e m e n t s t a t i o n s , at 6787 a n d at 6021 w e r e 

d e s i g n e d to m o n i t o r p r e s s u r e s i n the s h o t c r e t e a n d on the r o c k s h o t 

c r e t e c o n t a c t at f i v e d i f f e r e n t p o s i t i o n s i n the a r c h . T h e s e gauges 

w e r e a l i g n e d so as to m e a s u r e p r e s s u r e s on a p l a n e p e r p e n d i c u l a r 

to the r o c k s u r f a c e i n the c a s e of the c o n c r e t e c e l l s and on a p l a n e 

p a r a l l e l t o , a n d i m m e d i a t e l y a d j a c e n t to the r o c k s u r f a c e i n the c a s e 

of the c o n t a c t c e l l s . T h e l o n g a x e s o f t h e s e c e l l s w e r e p o s i t i o n e d 

p a r a l l e l to the t u n n e l c e n t e r l i n e , w i t h the e x c e p t i o n of the c e l l s 

n u m b e r e d " 5 " , w h i c h w e r e a l i g n e d p e r p e n d i c u l a r to t h i s a x i s . T h u s 

the c o n t a c t c e l l s m e a s u r e d p r e s s u r e s r a d i a l to the o p e n i n g , and the 

c o n c r e t e c e l l s m e a s u r e d t a n g e n t i a l p r e s s u r e s , w i t h the e x c e p t i o n 

of c e l l s #5 w h i c h m e a s u r e d l o n g i t u d i n a l o r a x i a l p r e s s u r e s . T h e 

c o n t a c t c e l l s w e r e p l a c e d a g a i n s t the r o c k s u r f a c e w i t h a t h i n coat 

of g r o u t b e t w e e n t h e m to e n s u r e a c l o s e b o n d a n d a s m o o t h b e a r i n g 

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

one l o n g edge p e r p e n d i c u l a r to , a n d t o u c h i n g the r o c k s u r f a c e . T h e 

c o m p l e t e i n s t a l l a t i o n was t h e n c o v e r e d w i t h at'Qeas't e igh t i n c h e s of 

s h o t c r e t e to p r o t e c t i t f r o m b l a s t d a m a g e . T h e e n t i r e i n s t a l l a t i o n 

w a s c o m p l e t e d e igh t h o u r s a f t e r the r o c k s u r f a c e h a d b e e n b l a s t e d , 

a l t h o u g h o n l y t h r e e h o u r s w e r e r e q u i r e d f o r the i n s t a l l a t i o n i t s e l f . 

T h e h e a d i n g t h e n p r o g r e s s e d , the nex t b l a s t o c c u r r i n g a n o t h e r e igh t 

h o u r s a f t e r the i n s t a l l a t i o n w a s c o m p l e t e d . R e a d i n g s w e r e t a k e n 

i m m e d i a t e l y b e f o r e a n d a f t e r e v e r y b l a s t , that i s s i x t i m e s a day , 

f o r s e v e r a l d a y s , w h e r e u p o n the f r e q u e n c y of r e a d i n g was r e d u c e d to 



three t i m e s a day, once a day, and f i n a l l y once a week. 

The l a s t measurement station, at 4805, was designed to 

investigate the v a r i a t i o n of p r e s s u r e or s t r e s s a c r o s s the shotcrete 

section, see F i g u r e 8. T h i s arrangement gave two p r e s s u r e 

readings at different depths of the shotcrete on the same plane, and 

at the same p o s i t i o n i n the arch. No concrete c e l l m e a s u r i n g l o n g i 

tudinal p r e s s u r e s was used. 

The use of the G l o e t z l c e l l s has s e v e r a l disadvantages. 

F i r s t l y , the c e l l s a r e unable to m e a s u r e ten s i l e s t r e s s e s exceeding 

the i n i t i a l p r e s s u r e to which the c e l l is subjected. V e r y s m a l l t e n s i l e 

readings of l e s s than about ten pounds p e r square inch, can be deduced 

i f the c e l l reads absolute zero, but any greater t e n s i l e s t r e s s e s could 

not be r e c o r d e d . Secondly, the c e l l only r e c o r d s p r e s s u r e s which 

ar e n o r m a l to the plane of the c e l l , and thus a rosette-type device 

would be n e c e s s a r y to determine the complete s t r e s s conditions at a 

given point. F i n a l l y , the c e l l is an integrating device which m e a s u r e s 

the average p r e s s u r e over the entire c e l l s u rface without i n d i c a t i n g 

the p o s s i b l y extreme v a r i a t i o n of s t r e s s over that surface. 

T h r e e G l o e t z l c e l l instrumentation stations were planned 

i n the three different r o ck types, sandstone, shale, and conglomerate. 

T h e s e stations were di f f i c u l t to locate, as a range f r o m v e r y good to 

poor rock conditions was d e s i r e d for c o m p a r i s o n purposes, and 



i n s t a l l a t i o n and p r a c t i c a l d i f f i c u l t i e s c o m p o u n d e d the p r o b l e m of c h o o s i n g 

s u i t a b l e s i t e s . H o w e v e r , a r e a s o n a b l e r e p r e s e n t a t i o n of v a r y i n g g r o u n d 

c o n d i t i o n s was i n s t r u m e n t e d , as d e t a i l e d b e l o w : 

S t a t i o n 6 7 8 7 : T h e r o c k was a w e l l - c e m e n t e d c o n g l o m e r a t e w h i c h b r o k e 

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

a f t e r e x c a v a t i o n . N o w a t e r was e n c o u n t e r e d a n d the r o c k s u r f a c e 

r e m a i n e d d r y . T h e s u p p o r t u s e d was s i x i n c h e s of s h o t c r e t e on the 

a r c h , t a p e r i n g to f o u r i n c h e s on the w a l l s b e l o w the t u n n e l s p r i n g l i n e . 

C o v e r i n g the i n s t a l l a t i o n , t h i s t h i c k n e s s m a y h a v e e x c e e d e d e ight 

i n c h e s . T h i s s e c t i o n of the t u n n e l was g e n e r a l l y thought of as b e i n g 

the s o u n d e s t s e c t i o n of the t u n n e l , and was u n u s u a l l y s o u n d f o r the 

c o n g l o m e r a t e . T h e r e was 280 feet of c o v e r at t h i s p o i n t . 

S t a t i o n 6 0 2 1 : W e t , c o a r s e - g r a i n e d , p o o r l y - c e m e n t e d s a n d s t o n e 

o v e r l i e s h o r i z o n t a l l y b e d d e d s h a l e s . T h e c o n t a c t i s 4 feet b e l o w the 

c r o w n of the a r c h . C o n t i n u o u s t r i c k l e s of w a t e r c a m e f r o m the 

s a n d s t o n e and f r o m the f r a c t u r e d c o n t a c t . T h e s a n d s t o n e b r o k e 

c l e a n l y but the s h a l e b e c a m e qu i te s h a t t e r e d , o f ten b r e a k i n g a l o n g 

s t e e p - a n g l e , w i d e l y - s p a c e d j o i n t s u r f a c e s . A f i v e - b y - f i v e foot 

s p a c e d p a t t e r n of r o c k b o l t s g i v e s a d d e d s e c u r i t y i n t h i s s e c t i o n of 

the t u n n e l . T h e r e was 240 feet of c o v e r at t h i s p o i n t . 

S t a t i o n 4 8 0 5 : H a r d , f i n e - g r a i n e d s h a l e o v e r l i e s a c o a r s e r - g r a i n e d , 

m i x e d s h a l e a n d s a n d s t o n e l a y e r f o u r feet b e l o w the c r o w n of the 

a r c h . T h e f i n e r s h a l e h o r i z o n s h a t t e r e d qu i te b a d l y on b e i n g b l a s t e d , 



and was cut by widel y - s p a c e d high-angle joints. The m i x e d sandstone-

shale broke m o r e cleanly, being softer and l e s s b r i t t l e . T h e r e was 

v e r y l i t t l e water p r e s e n t at this i n s t a l l a t i o n . Added s e c u r i t y was given 

by a five-foot by five-foot r ock bolt pattern. The height of cover was 

140 feet. 

Due to the differences in measurement techniques, it would be 

ex t r e m e l y d i f f i c u l t to c o r r e l a t e data f r o m the o v e r c o r i n g tests and the 

h y d r a u l i c instrumentation. The photoelastic o v e r c o r i n g technique m e a s u r e s 

the s t r a i n over a s m a l l gauge diameter of 1 3/4" and measures s t r a i n 

only in the plane of the disk, whereas the h y d r a u l i c c e l l s average the 

p r e s s u r e over the outside surface of the sensing pad which is 2" wide and 

4" long. Moreover, the p r e c i s e r e l a t i o n s h i p between the s t r a i n i n the 

disk and the o r i g i n a l i n situ s t r a i n may be com p l i c a t e d i f there i s a l a r g e 

s t r a i n component i n a d i r e c t i o n at right angles to the disk surface. The 

p r o p e r t i e s m e a s u r e d are different i n nature, the disks m e a s u r i n g total 

deformation, whereas the h y d r a u l i c c e l l s m e asure average p r e s s u r e s . 

The uses made of the two measurement techniques also differ 

considerably, and thus, c o r r e l a t i o n cannot be expected. The o v e r c o r i n g 

measurements were made as a s e r i e s of spot checks throughout the length 

of the tunnel, whereas the h y d r a u l i c measurements p r o v i d e d continuous 

m o n i t o r i n g of sm a l l , s e l e c t e d sections of the tunnel. 
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R E S U L T S 

R e s u l t s of O v e r c o r i n g P h o t o e l a s t i c G a u g e s 

T h e o v e r c o r e d p h o t o e l a s t i c gauges w e r e u t i l i z e d as s p o t -

c h e c k i n s t r u m e n t s a n d as s u c h w e r e f a i r l y s u c c e s s f u l , but e f f o r t s to 

c o r r e l a t e data w e r e c o n f u s e d b y the m a n y f a c t o r s p r e s e n t . F o r e x a m p l e , 

the s t r a i n v a r i e d c o n s i d e r a b l y t h r o u g h the s e c t i o n of the s h o t c r e t e so 

that d i f f e r e n t r e a d i n g s c o u l d be o b t a i n e d at d i f f e r e n t depths i n the s a m e 

b o r e - h o l e . M o r e o v e r , the t h i c k n e s s of the s h o t c r e t e v a r i e d c o n s i d e r a b l y 

f r o m p o i n t to p o i n t . F o r t h i s r e a s o n , o n l y a few g e n e r a l c o n c l u s i o n s 

m a y b e d e d u c e d f r o m the p h o t o e l a s t i c gauge r e s u l t s , h e n c e t h e s e 

r e s u l t s w i l l be o n l y b r i e f l y t r e a t e d . 

T h e s t r a i n r e a d i n g s w e r e g e n e r a l l y v e r y l o w , l e s s t h a n 

h a l f of t h e m b e i n g i n e x c e s s of s e v e n t y - f i v e m i c r o s t r a i n s ( m i c r o i n c h e s 

p e r i n c h ) . T h e m a x i m u m s t r a i n that w a s m e a s u r e d w a s two h u n d r e d 

and s e v e n t y m i c r o s t r a i n s , and o n l y f o u r m e a s u r e m e n t s e x c e e d e d one 

h u n d r e d a n d s i x t y m i c r o s t r a i n s . B o t h t e n s i l e a n d c o m p r e s s i v e s t r a i n s 

w e r e m e a s u r e d . 

T h e s t r a i n r e a d i n g s v a r i e d c o n s i d e r a b l y f r o m s t a t i o n to 

s t a t i o n and f r o m p o i n t to p o i n t i n the a r c h . G e n e r a l l y , h o w e v e r , 

s t r a i n m a g n i t u d e s t e n d e d to be h i g h e r i n the s i d e s of the a r c h t h a n i n 
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T A B L E 1 

B I A X I A L S T R A I N G A U G E O V E R C O R I N G R E S U L T S  

M a x i m u m S t r a i n s , M a g n i t u d e s and D i r e c t i o n s 

S t a t i o n P o s i t i o n #1 P o s i t i o n #2 P o s i t i o n #3 

M a g n i t u d e D i r e c t i o n M a g n i t u d e D i r e c t i o n M a g n i t u d e D i r e c t i o n 

133 176(T) 85 40 92(C) 60 
127 40 40 40 
124 105(C) 75 162(C) 120 40 
121 40 40 40 
118 40 40 79(C) 80 
115 40 40 40 
112 123(C) 110 40 123(T) 120 
109 40 -- 40 40 
106 40 40 40 
103 127(C) 65 40 40 
100 40 92(C) 165 40 

97 114(C) 90 88(C) 140 132(C) 75 
94 40 40 40 
91 40 40 88(C) 90 
88 101(C) 35 123(C) 130 167(C) 35 
85 40 40 141(C) 110 
82 40 40 40 
79 132(C) 80 40 40 
76 92 (T) 125 40 40 
73 40 40 92(C) 60 
70 132(C) 10 92(C) 150 40 
68 110(C) 60 88(C) 120 40 
64 101(C) 95 268(C) 70 AO 
54 88(C) 120 88(C) 150 123(C) 40 

M a g n i t u d e s a r e m i c r o i n c h . e s p e r i n c h , d i r e c t i o n s a r e d e g r e e s f r o m the 
h o r i z o n t a l f o r p o s i t i o n s 1 and 3 and d e g r e e s a z i m u t h f o r #2. 
T u n n e l A z i m u t h i s 145°. 

T o r C denote t e n s i o n o r c o m p r e s s i o n . 

http://microinch.es
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the c e n t r e o f the a r c h , a l t h o u g h n e i t h e r s i d e w a s c o n s i s t e n t l y h i g h e r . 

H i g h e r s t r a i n r e a d i n g s a l s o a p p e a r e d to a c c o m p a n y m o r e c o m p l e x 

g e o l o g i c a l c o n d i t i o n s , s u c h as when s e v e r a l d i f f e r e n t h o r i z o n s of 

s e d i m e n t s w e r e e x p o s e d i n the h e a d i n g . T h e d i r e c t i o n s of p r i n c i p a l 

s t r a i n i n the h o r i z o n t a l l y o r i e n t e d g a u g e s , that i s the gauges i n the 

c e n t e r of the a r c h , t e n d e d to be i n the d i r e c t i o n of the t u n n e l a x i s . 

H y d r a u l i c C e l l R e s u l t s 

T h e G l o e t z l P r e s s u r e c e l l i n s t a l l a t i o n s p r o d u c e d a g r e a t 

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

c e l l s g i v e data i n the f o r m of p r e s s u r e m e a s u r e m e n t s , w h i c h m a y be 

c o n s i d e r e d to be a v e r a g e s t r e s s m e a s u r e m e n t s . 

A . R o c k C o n t a c t P r e s s u r e C e l l s - T h e r o c k c o n t a c t p r e s s u r e c e l l s 

m e a s u r e the p r e s s u r e b e t w e e n the l i n i n g a n d the r o c k s u r f a c e , and 

a r e h e n c e not n e c e s s a r i l y m e a s u r i n g the r o c k p r e s s u r e s , but a l s o 

m e a s u r e the r e a c t i o n l o a d s tha t the l i n i n g m a y e x e r t on the r o c k . 

V e r y h i g h p r e s s u r e s w e r e r e c o r d e d i n s e v e r a l of the 

c o n t a c t c e l l s , the h i g h e s t b e i n g 110 p s i , o r 1 5 , 8 4 0 p s f . T h i s 

m a x i m u m p r e s s u r e was o b t a i n e d b o t h at s t a t i o n 480 5 a n d s t a t i o n 6 0 2 1 , 

w h e r e a s the h i g h e s t p r e s s u r e r e c o r d e d at 6787 was 40 p s i . T h u s 

a l t h o u g h s t a t i o n s 4 8 0 5 and 6021 h a d f a i r l y s i m i l a r p r e s s u r e s , s t a t i o n 

6787, w h e r e the s o u n d e s t r o c k c o n d i t i o n s e x i s t , e x h i b i t e d m u c h l o w e r , 

but s t i l l s u b s t a n t i a l p r e s s u r e s . 
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T A B L E 2 

•Maximum Rock Contact P r e s s u r e s (psi) 

Station 6787 

#2 #4 #7 #9 #11 

10 40 30 10 10 

Station 6021 

#2 #4 #7 #9 

20 ' 110 64 80 

Station 4805 

#4 #7 #10 

105 60 40 

T A B L E 3 

M a x i m u m L i n i n g P r e s s u r e s (psi) 

Station 6787 

#1 #3 #6 #8 #10 

30 90 170 290 20 

Station 6021 

#1 #3 #6 #8 #10 

30 90 160 380 20 

Station 4805 

#1 #2 #3 #5 #6 #8 #9 #11 

20 305 50 1105 1380 120 990 40 



P r e s s u r e s not o n l y v a r i e d f r O m s t a t i o n to s t a t i o n , but a l s o 

v a r i e d e x t e n s i v e l y f r o m p o i n t to p o i n t i n the a r c h at e a c h s t a t i o n , ( see 

F i g u r e s 9 , 10, 11). In a l l t h r e e s t a t i o n s the h i g h e s t p r e s s u r e s a r e 

e x h i b i t e d b y the #4 c e l l , w h i c h i s s i t u a t e d on the l e f t o r e a s t s i d e of 

the a r c h . A n o t h e r c o m m o n f e a t u r e to a l l s t a t i o n s i s the l a c k of 

p r e s s u r e on the s p r i n g l i n e c e l l s , w h i c h c o u l d p o s s i b l y i n d i c a t e a t e n s i l e 

c o n d i t i o n . 

A l l the c e l l s a p p e a r e d to r e a c h a p l a t e a u o r r e l a t i v e e q u i l i 

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

m e a s u r e m e n t s t a t i o n r e a c h e d t h i s e q u i l i b r i u m l e v e l at r o u g h l y the 

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

( F i g u r e s 12, 13, 14) T h e c e l l s at s t a t i o n 4805 a l l e x p e r i e n c e d a 

b r e a k i n t h e i r p r e s s u r e - t i m e c u r v e s s h o r t l y a f t e r i n s t a l l a t i o n , w h i c h 

w a s l i k e l y the r e s u l t of a t e n - d a y p a u s e i n a d v a n c i n g the h e a d i n g . 

T h e e q u i l i b r i u m l e v e l that i s r e a c h e d i n v o l v e s a c o n s i d e r a b l e a m o u n t 

of d e v i a t i o n , a n d c h a n g e s i n p r e s s u r e o c c u r e v e n a f t e r a s i x - m o n t h 

p e r i o d . In p a r t i c u l a r the c e l l s at s t a t i o n 6021 e x p e r i e n c e d c o n 

s i d e r a b l e i n c r e a s e s i n p r e s s u r e d u r i n g the p e r i o d f r o m 100 to 140 days 

a f t e r i n s t a l l a t i o n . 

B . C o n c r e t e P r e s s u r e C e l l s - The c o n c r e t e p r e s s u r e c e l l s m e a s u r e the 

p r e s s u r e i n the c o n c r e t e i t s e l f , i m m e d i a t e l y a d j a c e n t to the r o c k . 

T h e s e p r e s s u r e s w e r e f o r the m a i n p a r t qu i te l o w , a l t h o u g h at s t a t i o n 

4 8 0 5 p r e s s u r e s of up to 1320 p s i w e r e r e c o r d e d . T h e h i g h e s t p r e s s u r e s 
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m e a s u r e d at s t a t i o n s 6787 and 6021 w e r e 290 and 380 p s i r e s p e c t i v e l y . 

A d e c i d e d l y a s y m m e t r i c d i s t r i b u t i o n of p r e s s u r e s f r o m 

p o i n t to p o i n t i n the a r c h at e a c h s t a t i o n was r e c o r d e d ( F i g u r e s 15, 16, 

T h e p r e s s u r e s at a l l t h r e e s t a t i o n s a p p e a r to be h i g h e r on the r i g h t o r 

w e s t s i d e of the t u n n e l , and i n f a c t the p r e s s u r e s at the #8 p o s i t i o n 

a r e the h i g h e s t p r e s s u r e s r e c o r d e d at s t a t i o n s 6787 and 6 0 2 1 . A t 

s t a t i o n 4805 the p r e s s u r e s at the #8 - #9 p o s i t i o n w e r e h i g h e r t h a n 

t h o s e at the #2 - #3 p o s i t i o n and on the o t h e r s i d e of the a r c h , but 

l e s s t h a n t h o s e at the #5 - #6 p o s i t i o n i n the c e n t e r of the a r c h . 

T h e c o n c r e t e p r e s s u r e c e l l s r e a c h e d a l e v e l o f r e l a t i v e 

e q u i l i b r i u m a f t e r a p e r i o d of s e v e r a l w e e k s . T h e d e v i a t i o n f r o m t h i s 

e q u i l i b r i u m l e v e l v a r i e d c o n s i d e r a b l y , s t a t i o n 6787 d e v i a t i n g 

c o n s i d e r a b l y w h e r e a s s t a t i o n 6021 e x p e r i e n c e d o n l y m i n o r d e v i a t i o n s . 

( F i g u r e s 18, 19, 20) S t a t i o n 4805 a p p e a r e d to be d i s t u r b e d b y the 

t e n - d a y p e r i o d d u r i n g w h i c h the t u n n e l c e a s e d p r o d u c t i o n , but f i n a l l y 

r e a c h e d a l e v e l of e q u i l i b r i u m a f t e r e igh t w e e k s . 

T h e c e l l s at s t a t i o n 4805 w e r e i n s t a l l e d so as to m e a s u r e 

the p r e s s u r e at d i f f e r e n t depths at the s a m e m e a s u r e m e n t p o i n t . T h e s e 

p r e s s u r e s w e r e qu i te d i f f e r e n t , and i n d i c a t e d a c o n d i t i o n of c o m p l e x 

b e n d i n g and l o a d i n g s i n the s h o t c r e t e l i n i n g . A t p o s i t i o n #2 - #4, the 

p r e s s u r e nex t to the r o c k was m u c h h i g h e r t h a n at a p o i n t f a r t h e r 

a w a y f r o m i t , i n d i c a t i n g that i n the p l a n e of the m e a s u r e m e n t s the l i n i n g 
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was f l e x i n g downwards. A t positions #5 - #6 and #8 - #9 the opposite 

effect was indicated, that is the p r e s s u r e at the rock s u r f a c e was 

l e s s than it was f a r t h e r away f r o m i t . T h i s condition is shown in 

F i g u r e 21. 

Both the rock contact c e l l s and the concrete c e l l s are 

c l a i m e d to be accurate to l e s s than one p s i , but due to the f i e l d 

conditions, a much l e s s accurate s y s t e m i s r e a l i z e d . Although the 

ce l l s t hemselves may be quite accurate, the readout device, a 

s p e c i a l l y - d e s i g n e d h y d r a u l i c hand pump, may only be r e a d to the 

n e a r e s t 10 to 20 p s i . T h i s i n a c c u r a c y is introduced with the l a r g e 

scale p r e s s u r e gauge which is r e q u i r e d to m easure the higher 

p r e s s u r e s . 



D I S C U S S I O N O F R E S U L T S 

A p p l i c a t i o n of O v e r c o r i n g R e s u l t s 

T h e p h o t o e l a s t i c s t r a i n gauges p r o v i d e d an i n e x p e n s i v e , 

s y s t e m a t i c s p o t - c h e c k on s t r a i n s i n the s h o t c r e t e l i n i n g n e a r the 

s u r f a c e . T h e l e v e l of s t r a i n s r e c o r d e d w a s qui te l o w , and so the 

c o r r e s p o n d i n g s t r e s s e s w e r e a l s o l o w . A l t h o u g h the d i r e c t c o n v e r s i o n 

of s t r a i n m e a s u r e m e n t s to s t r e s s r e a d i n g s has b e e n a v o i d e d , due to 

u n c e r t a i n t i e s r e g a r d i n g Y o u n g ' s m o d u l u s f o r s h o t c r e t e and o t h e r 

f a c t o r s , the h i g h e s t s t r e s s v a l u e o b t a i n e d w a s i n the r a n g e of 480 to 

560 p s i . T h e s e v a l u e s w e r e o b t a i n e d u s i n g E - v a l u e s c o m p u t e d f r o m 

s e v e r a l l a b o r a t o r y c o m p r e s s i o n t e s t s , a n d i n d i c a t e the r a n g e of r e s u l t s 

o b t a i n e d f r o m t h e s e t e s t s . 

S e v e r a l o t h e r p o i n t s a r e w o r t h y of m e n t i o n . T h e s t r a i n 

r e a d i n g s i n d i c a t e d that the g r e a t e r s t r a i n s n o r m a l l y o c c u r r e d at the 

s i d e s of the a r c h r a t h e r t h a n i n the c e n t e r , and that t h e s e s t r a i n s 

i n d i c a t e d not o n l y c o m p l e x , but u n s y m m e t r i c a l l o a d i n g c o n d i t i o n s . 

T h e p r e s e n c e o f b o t h t e n s i l e and c o m p r e s s i v e s t r a i n s , o f t e n on the 

s a m e s a m p l e as m a j o r and m i n o r s t r a i n s , c o n f i r m s t h i s c o n c l u s i o n . 

T h e t r e n d of a l i g n m e n t of p r i n c i p a l s t r a i n d i r e c t i o n s i n the d i r e c t i o n 

o f the t u n n e l c e n t e r l i n e m a y b e e i t h e r the r e s u l t of e x t e r n a l s t r e s s 

f i e l d s o r , m o r e l i k e l y , the e f f e c t s of s t r e s s r e d i s t r i b u t i o n c a u s e d b y 
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the tunneling operation. M o r e o v e r the configuration of the tunnel 

allows a much greater degree of f r e e d o m i n the a x i a l or longitudinal 

d i r e c t i o n . 

D i s c u s s i o n of Contact C e l l Results 

In i n t e r p r e t i n g data f r o m the rock contact p r e s s u r e c e l l s 

extreme c a r e must be taken so as not to i n f e r too much f r o m it . The 

p r e s s u r e s m e a s u r e d depend l a r g e l y on the r e s i s t i n g and supporting 

a b i l i t y of the shotcrete as well as the rock s t r e s s conditions. The 

p r e s s u r e readings are l i k e l y to be a function of any or a l l of the 

following conditions. 

1. the orientation of p r e s s u r e c e l l , 

2. the p h y s i c a l , c h e m i c a l and s t r u c t u r a l 

p r o p e r t i e s of the rock adjacent to the 

opening, both of the rock i t s e l f and 

of the rock mass as a whole, 

3 . the a c c u r a c y of t r a n s f e r r a l of rock 

s t r e s s e s to the p r e s s u r e c e l l s , 

4. the thickness and r i g i d i t y of the shot

crete l i n i n g as well as its strength-

time c h a r a c t e r i s t i c s , 

5. the magnitude and d i r e c t i o n of the 

p r i n c i p a l s t r e s s d i r e c t i o n s i n the rock 

mass, and the i r components i n the 
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p l a n e of m e a s u r e m e n t , and 

6. the d e g r e e of r i g i d i t y o f f e r e d b y the 

s h o t c r e t e l i n i n g due to the g e o m e t r i c a l 

c o n f i g u r a t i o n of the l i n i n g . 

H e n c e the a c t u a l r e l a t i o n s h i p b e t w e e n the r o c k s t r e s s e s and the s h o t 

c r e t e l i n i n g cannot be d e t e r m i n e d . H o w e v e r , i f c a r e f u l l y u s e d , the 

m e a s u r e d d a t a p r o v i d e s v a l u a b l e q u a n t i t a t i v e as w e l l as q u a l i t a t i v e 

i n f o r m a t i o n . 

T h e p r e s s u r e s m e a s u r e d s e e m v e r y h i g h c o m p a r e d w i t h 

c o n v e n t i o n a l l o a d a s s u m p t i o n s m a d e f o r the d e s i g n of s t e e l a r c h 

s u p p o r t s . ( R e f e r e n c e #10) A m a x i m u m p r e s s u r e of 100 p s i , o r e v e n 

an a v e r a g e v e r t i c a l p r e s s u r e of 65 p s i at s t a t i o n 6021 i s h i g h w h e n 

c o m p a r e d w i t h the a l t e r n a t e d e s i g n c a p a c i t y of the 8 W F 2 8 s t e e l a r c h e s 

at f i v e - f o o t s p a c i n g . F r o m m a n u f a c t u r e r ' s t a b l e s , the f o l l o w i n g 

a l l o w a b l e p r e s s u r e s m a y be c a l c u l a t e d : 

A s s u m e the m a x i m u m a l l o w a b l e f i b e r s t r e s s i s 

27000 p s i 

M a x i m u m b l o c k i n g s p a c i n g i s 48 i n c h e s . 

F o r a 20 foot s p a n the a l l o w a b l e l o a d p r o j e c t e d on the h o r i z o n t a l p l a n e 

i s 11600 l b / f t . H e n c e the t o t a l a l l o w a b l e l o a d i s P = 11600 x 20 

= . 2 3 2 0 0 0 l b . A t a f i v e foot s p a c i n g t h i s l o a d i s d i s t r i b u t e d o v e r an 

2 
a r e a A = 20 x 5 = 100 f t . 



H e n c e the a l l o w a b l e p r e s s u r e = = 2320 p s f o r 16. 
100 

p s i . E i t h e r the s t e e l se ts w e r e v e r y u n d e r d e s i g n e d , a l i k e l i h o o d that 

i s not g r e a t c o n s i d e r i n g the n a t u r e of the r o c k and the e x p e r i e n c e of 

the d e s i g n e r s , o r the n a t u r e of r e s t r a i n t g i v e n b y the s h o t c r e t e l i n i n g 

i s f a r g r e a t e r t h a n tha t g i v e n b y c o n v e n t i o n a l s u p p o r t s y s t e m s . T h e 

s t e e l s e t s , h a d t h e y b e e n i n s t a l l e d as d e s i g n e d w o u l d l i k e l y not h a v e 

b e e n l o a d e d to any ex tent a p p r o a c h i n g 65 p s i , but i n s t e a d t h i s l o a d 

w o u l d h a v e b e e n r e l i e v e d b y r e l a x a t i o n m o v e m e n t s i n the r o c k . T h e s e 

m o v e m e n t s w o u l d be a c c o m p a n i e d b y l o o s e n i n g and s p a l l i n g , the 

w e i g h t of the l o o s e n e d r o c k f o r m i n g the l o a d on the a r c h s e t s . 

T h e r o c k c o n t a c t p r e s s u r e s v a r y f r o m s t a t i o n to s t a t i o n but 

the m a x i m u m p r e s s u r e s at a l l t h r e e s t a t i o n s o c c u r r e d i n the e a s t s i d e 

of the a r c h . S i n c e t h e r e i s no e v i d e n c e of j o i n t s d i p p i n g f r o m the 

e a s t , o r a n y o t h e r g e o l o g i c a l s i m i l a r i t i e s b e t w e e n the t h r e e 

m e a s u r e m e n t s t a t i o n s , t h i s " a s y m m e t r y of l o a d i n g c o u l d o n l y be a 

r e s u l t of the r e s i d u a l s t r e s s c o n d i t i o n s i n the r o c k and i t s e f f e c t s 

on the s t r e s s r e d i s t r i b u t i o n f o l l o w i n g e x c a v a t i o n . A g r a d u a l s l o p e of 

about 1 : 20 of the g r o u n d s u r f a c e m a y have s o m e s m a l l e f fec t on 

the a s y m m e t r i c l o a d i n g . 

T h e r o c k c o n t a c t p r e s s u r e s v a r y s o m e w h a t f r o m s t a t i o n 

to s t a t i o n , but t h i s v a r i a t i o n a p p e a r s to h a v e no r e l a t i o n to the 

v a r y i n g h e i g h t s of o v e r b u r d e n at t h e s e s t a t i o n s . In f a c t , not o n l y a r e 

s t a t i o n s 6787 and 6021 at n e a r l y the s a m e depth , 280 and 240 feet 
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r e s p e c t i v e l y , w h i l e d i f f e r i n g i n t h e i r c o n t a c t p r e s s u r e s , but a l s o s t a t i o n s 

6021 and 4805 h a v e v e r y s i m i l a r p r e s s u r e s and a r e depths of 240 and 140 

feet r e s p e c t i v e l y . F r o m s o i l m e c h a n i c s , the v e r t i c a l p r e s s u r e i n a s o i l 

v a r i e s d i r e c t l y w i t h the h e i g h t of o v e r b u r d e n , a c o n d i t i o n w h i c h does 

not e x i s t f r o m t h e s e m e a s u r e m e n t s . T h u s , a l t h o u g h the r o c k o f ten 

a p p e a r s to r e s e m b l e a s o i l p h y s i c a l l y , t h e r e a p p e a r s to be l i t t l e 

j u s t i f i c a t i o n i n t r e a t i n g i t as s u c h i n d e s i g n w o r k . 

T h e m o s t i m p o r t a n t a s p e c t of the c o n t a c t c e l l m e a s u r e m e n t s 

i s w h e t h e r o r not t h e y a t t a i n an e q u i l i b r i u m l e v e l w i t h o u t p r o d u c i n g e x 

c e s s i v e s t r a i n s i n the s h o t c r e t e l i n i n g . A l l t h r e e s t a t i o n s s h o w e d a 

l e v e l i n g of f of the p r e s s u r e - t i m e c u r v e a f t e r a p e r i o d o f about 60 days 

a l t h o u g h the c e l l s at 6021 s h o w e d i n c r e a s e d p r e s s u r e s d u r i n g the p e r i o d 

100 to 140 d a y s . T h e r e a s o n f o r t h i s i n c r e a s e d p r e s s u r e i s not k n o w n , 

a l t h o u g h the c e l l s a g a i n r e a c h e d a l e v e l of r e l a t i v e e q u i l i b r i u m a f t e r 

t h i s t i m e . A s l o n g as t h i s e q u i l i b r i u m i s m a i n t a i n e d i n c r e a s e d 

s t r e s s i n g of the c o n c r e t e i s u n l i k e l y . 

D i s c u s s i o n of C o n c r e t e C e l l R e s u l t s 

T h e e x t r e m e v a r i a b i l i t y of the m e a s u r e d c o n c r e t e p r e s s u r e s 

i s l i k e l y due to a n u m b e r of c o n d i t i o n s , of w h i c h the f o l l o w i n g a r e . 

e x a m p l e s : 

1. T h e o r i e n t a t i o n and p o s i t i o n of the c e l l , not o n l y 

i n the a r c h but a l s o w i t h r e s p e c t to the s h o t c r e t e 

c r o s s - s e c t i o n , 
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2. Rock contact s t r e s s e s or a x i a l s t r e s s e s , 

3. T a n g e n t i a l s t r e s s e s f r o m the r o c k - s h o t c r e t e contact, 

4. Strength of the r o c k - s h o t c r e t e bond as well as the 

strength-time r e l a t i o n s h i p of the shotcrete, 

5. The r i g i d i t y and thickness of the lining, 

6. and the actual rock s u r f a c e configuration, which may 

cause l o c a l a r c h i n g and vault or dome-like effects. 

F r o m the extreme v a r i a b i l i t y of the r e s u l t s i t would appear 

that some or a l l of the above conditions affect the concrete p r e s s u r e s . 

Although the concrete p r e s s u r e s were e x t r e m e l y v a r i a b l e , 

the p r e s s u r e s m e a s u r e d on the west side of the arch, that i s the #8 or 

#8 » #9 positions, were con s i s t e n t l y much higher than those on the east 

side. In fact at stations 6787 and 6021, the m a x i m u m p r e s s u r e s 

r e c o r d e d o c c u r r e d at this position. It would be unwise to assume a 

mode of loading f r o m these r e s u l t s but it is l i k e l y that the type of 

loading is s i m i l a r in a l l three cases. The p r e s s u r e s m e a s u r e d at 

station 4805 at different positions i n the a r c h and at different depths 

at the same p o s i t i o n support the hypothesis that the l i n i n g i s bending 

downwards i n the east side of the arch, with a hinge point situated 

between the west side and the center of the a r c h . ( F i g u r e 21) 

T h i s d i s t o r t i o n of the tunnel section i s l i k e l y s u p e r i m p o s e d upon a 

downward movement of the arch, accompanied by a p o s s i b l e bending 

of the walls away f r o m the opening. Such deformations and d i s t o r t i o n s 



IB'-(> 

F I G U R E 21 P o s s i b l e c h a r a c t e r of deformation 
of L i n i n g at Station 4 8 + 0 5 
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may be explained by the following simple a n a l y s i s : 

If a c i r c u l a r opening in an i s o t r o p i c , homogeneous, e l a s t i c 

m a t e r i a l is subjected to a b i a x i a l f i e l d s t r e s s , it w i l l tend to become 

e l l i p s o i d a l in shape, with inward deformations in the major p r i n c i p a l 

s t r e s s d i r e c t i o n and outward deflections i n the minor d i r e c t i o n ( F i g u r e 22). 

F i g u r e 22 Deformation of c i r c u l a r hole i n an i s o t r o p i c , 
e l a s t i c , homogeneous m a t e r i a l . 

Such an opening i n rock, would l i k e l y deflect inward to some extent in 

the m a j o r d i r e c t i o n but the outward deflection in the minor d i r e c t i o n 

would not be allowed by the confining s t r e s s e s of the surrounding rock. 

Instead, due to these confining s t r e s s e s the opening would l i k e l y also 

deflect inward somewhat although probably not to as great an extent as 

in the major d i r e c t i o n . Such deflections would cause a shortening of the 

c i r c u m f e r e n c e in the upper right hand c o r n e r (and the lower left) which 

would produce the r e l a t i v e l y high c o m p r e s s i v e tangential p r e s s u r e s i n 

this position. Such deflections were in fact m e a s u r e d at the Wetzawinkel 

T e s t G a l l e r y , F i g u r e 3, page 13. 

F o r the C. N. R. Tunnel, deformations of this o r d e r 
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w o u l d have to be m e a s u r e d w i t h s e n s i t i v e e x t e n s o m e t e r s , o r o t h e r 

p r e c i s e m e a s u r e m e n t t e c h n i q u e s i n o r d e r to p r o v e the h y p o t h e s i s . 

T h e c o n c r e t e c e l l ' s p r e s s u r e - t i m e c u r v e s a r e c h a r a c t e r i z e d 

b y a r a p i d l y i n c r e a s i n g p r e s s u r e f o r about 10 to 60 d a y s , f o l l o w e d b y 

a r e l a t i v e e q u i l i b r i u m s ta te , f r o m w h i c h d e v i a t i o n i s bo th v e r y s l o w 

and r e l a t i v e l y s m a l l . A t s t a t i o n 6787 and 6025 the p r e s s u r e s a r e so 

l o w , c o m p a r e d to a l l o w a b l e c o n c r e t e s t r e s s e s , that c o n s i d e r a b l e 

p r e s s u r e i n c r e a s e s c o u l d be a c c o m m o d a t e d w i thout d a m a g e . A t s t a t i o n 

4805 the s t r e s s e s a r e m u c h h i g h e r , a l t h o u g h they a r e s t i l l c o n s i d e r a b l y 

u n d e r the a l l o w a b l e s t r e s s e s , i n t h i s c a s e about 2250 p s i . H o w e v e r , 

due to the e x t r e m e v a r i a b i l i t y of p r e s s u r e s i t i s l i k e l y that h i g h e r 

p r e s s u r e s than those m e a s u r e d a r e p r e s e n t at : the m e a s u r e m e n t p o i n t s . 

T h e r e f o r e , i n o r d e r to a t tempt to p r e d i c t the s t a b i l i t y of the l i n i n g 

at the m e a s u r e m e n t s t a t i o n s and i n the a d j a c e n t r e g i o n s of the t u n n e l , 

the r e l a t i v e m a g n i t u d e s of m e a s u r e d p r e s s u r e s and e v e n m o r e i m p o r 

tant , the p r e s s u r e - t i m e r e l a t i o n s h i p s s h o u l d be e x a m i n e d r a t h e r t h a n 

the a c t u a l v a l u e s o f the p r e s s u r e s m e a s u r e d . 

A l t h o u g h t h e r e i s s o m e r e l a t i o n s h i p b e t w e e n the r o c k c o n t a c t 

p r e s s u r e s and the c o n c r e t e p r e s s u r e s , the two t y p e s of c e l l s o f ten 

r e a c t qu i te d i f f e r e n t l y . T h i s w o u l d i n d i c a t e that f a c t o r s o t h e r than the 

c o n t a c t p r e s s u r e s g o v e r n the c o n c r e t e p r e s s u r e s p r o d u c e d . T h e r e f o r e , 

i n c o n s i d e r i n g the d a t a , the two t ypes of i n s t a l l a t i o n s m u s t be 

c o n s i d e r e d s e p a r a t e l y . 



Although the measurements made can only safely be applied 

at the point of measurement, it i s apparent that n e a r b y changes in rock 

s t r e s s e s or loading rates have some effect on the c e l l s : At station 

4805, the heading was stopped at a distance of a p p r o x i m a t e l y 80 feet 

f r o m the measurement station. The effects of this stop on the p r e s s u r e -

time curves of both the rock contact and the concrete p r e s s u r e c e l l s 

were quite pronounced. A definite break in the curves was evident, 

and the c e l l s took a c o n s i d e r a b l e p e r i o d of time to r e a c h a r e l a t i v e 

e q u i l i b r i u m l e v e l . Other b r e a k s in the p r e s s u r e - t i m e curves may 

have been i n i t i a t e d by b r e a k s in the r e g u l a r tunneling schedule, or the 

encountering of p o o r e r tunneling conditions, a great distance f r o m the 

station, but it would be u n r e a l i s t i c to assume that the c e l l s are so 

sen s i t i v e as to r e c o r d these changes at distances of up to 2000 feet. 

A n a l y s i s of Support 

Since the shotcrete i s supporting c o n s i d e r a b l e rock loads, 

it i s important to t r y to analyse just how this support i s given. The 

support action of the shotcrete may be thought of as being p r o v i d e d 

by four p r o p e r t i e s or actions of the l i n i n g . 

a) The r i g i d i t y of the shotcrete l i n i n g comes 

not only f r o m the strength or modulus of the 

m a t e r i a l i t s e l f , but also f r o m the continuity 

of the l i n i n g . Whereas s t e e l a r c h sets gain 

t h r e e - d i m e n s i o n a l r i g i d i t y through light t i e -



b a r s and lagging between the sets, 

a shotcrete l i n i n g i s a continuous l i n i n g , 

and hence a m o r e r i g i d one. The r i g i d i t y 

of the shotcrete l i n i n g i t s e l f i s g r e a t l y 

enhanced by the r i g i d i t y of the rock behind 

it, as this i s t r a n s f e r r e d through the r o c k -

shotcrete bond. 

The strength of the r o c k - s h o t c r e t e bond 

affects the degree of support given i n s e v e r a l 

ways. T h i s bond allows a continuity of loading, 

reducing moments in the loading; it enables 

the shotcrete to act as an i n t e g r a l p a r t of the 

ro c k i t s e l f ; and its loads, p a r t i c u l a r l y v e r t i c a l 

ones, to be r e d i s t r i b u t e d to the walls without 

t r a n s f e r r i n g them to the tunnel f l o o r . 

E v i d e n c e that the shotcrete l i n i n g does not 

t r a n s f e r loads to the floor i s given by m e a s u r e 

ments, since the s p r i n g l i n e concrete p r e s s u r e 

c e l l s r e c o r d v e r y low p r e s s u r e s i n a l l cases. 

The effect of the bond i n t r a n s f e r r i n g v e r t i c a l 

loads may be shown by the following v e r y 

s i m p l i f i e d example: 



60 psj 

F I G U R E 23 I l l u s t r a t i o n of r o c k - s h o t c r e t e 
b o n d e f f e c t 

A s s u m e a v e r t i c a l l o a d of 60 p s i o v e r a s p a n of 20 fee t . C o n s i d e r i n g 

one i n c h of t u n n e l l e n g t h , the t o t a l v e r t i c a l l o a d , P i s 60 x 240 = 14400 l b . 

A s s u m e the s t r e n g t h of the b o n d a n d r o c k to be 300 p s i , a f a i r l y 

c o n s e r v a t i v e e s t i m a t e . 

C o n s i d e r i n g that the l i n i n g i s b o n d e d o n l y a l o n g f o u r feet on e a c h s i d e 

of the a r c h , the l o a d - c a r r y i n g c a p a c i t y of the l e n g t h of b o n d w o u l d be 

300 x 8 x 12 = 28800 l b . 

T h u s the e f f e c t of the b o n d i s s u c h that c o n s i d e r a b l e v e r t i c a l p r e s s u r e s 

m a y be r e d i s t r i b u t e d to the w a l l s w i t h o u t e v e n s h o t c r e t i n g the l o w e r 

p a r t of the w a l l s . In f a c t , r o c k p r e s s u r e s of up to 40 p s i w e r e 

m e a s u r e d at p o i n t s w h e r e the l o w e r w a l l s w e r e not s h o t c r e t e d u n t i l 

s e v e r a l days a f t e r e x c a v a t i o n . 



The shotcrete's shear strength enables it to 

r e s i s t movements of blocks of rock, which 

attempt to move into the opening. Although 

any shear strength r e l a t i o n s h i p i s c l o s e l y 

l i n k e d to the magnitude of f o r c e s n o r m a l to 

the shear surface, the effect of such f o r c e s 

i n c r e a s e the shear strength and thus p r o v i d e 

additional safety factors to any ca l c u l a t i o n s . 

Such a ca l c u l a t i o n may be made to indicate 

the manner i n which the shear strength affects 

the supporting c h a r a c t e r of the shotcrete. T h i s 

c a l c u l a t i o n assumes that a l o a d of 60 p s i i s 

di s t r i b u t e d over a given surface, and i s 

i n c l i n e d at 45 degrees. The loading may be 

s i m p l i f i e d as a rep r e s e n t a t i o n of a slab of rock 

tending to slide into the opening and being 

impeded by the shotcrete skin. Such assumptions 

m ay i n fact be supported by the absence of side 

p r e s s u r e s or h o r i z o n t a l components as r e c o r d e d 

by s p r i n g l i n e p o s i t i o n contact p r e s s u r e c e l l s . 

F i g u r e 23 shows three v a r i a t i o n s of this 

assumption for slabs of rock 15, 10 and 5 feet 

wide. C o n s i d e r one i n c h of tunnel length. 



F I G U R E 2 4 I l l u s t r a t i o n ' of S h o t c r e t e s h e a r 
s t r e n g t h e f f e c t 

S lab i s 15 feet w i d e 

T o t a l l o a d = P = 15 x 12 x 60 = 1 0 8 0 0 l b . 

R a b c e w i c z ( r e f e r e n c e #16) g i v e s s h e a r s t r e n g t h of 

s h o t c r e t e as ^ 1.1 X - 1 2 0 0 p s i , = R u p t u r e M o d u l u s 

T a k e 3" = 6 0 0 p s i , a n d s h e a r f o r c e as 6 0 0 l b / i n . 

L e n g t h of s h e a r p a t h S = 2 4 + 7 = 31 i n . f r o m F i g u r e 2 3 

T o t a l s h e a r f o r c e = 6 0 0 x 31 = 1 8 6 0 0 l b . 



C A S E 2 . S lab i s 10 feet w i d e 

T o t a l l o a d P = 10 x 12 x 60 = 7200 l b . 

L e n g t h of s h e a r p a t h S = 14 i n . 

T o t a l s h e a r f o r c e = 600 x 14 = 8400 l b . 

C A S E 3 . S lab i s 5 feet w i d e 

T o t a l l o a d P = 5 x 12 x 60 = 3600 l b . 

L e n g t h o f s h e a r p a t h S = 13 i n . 

T o t a l s h e a r f o r c e = 600 x 13 = 7800 l b . 

In a l l t h r e e of t h e s e c a s e s and i n fac t f o r a n y w i d t h o f s l a b the f a c t o r 

of s a f e t y i s g r e a t e r t h a n u n i t y . If s u c h m o v e m e n t s d i d t r y to o c c u r , 

h o w e v e r , the t a n g e n t i a l f o r c e s i n the s h o t c r e t e w o u l d b u i l d up, 

i n c r e a s i n g the f o r c e s n o r m a l to the s h e a r s u r f a c e , t h e r e b y i n c r e a s i n g 

the s h e a r r e s i s t a n c e a l o n g that s u r f a c e . T h u s an a d d i t i o n a l s a f e t y 

f a c t o r w o u l d be p r o v i d e d . 

d) T h e c o n s i d e r a b l e d e v i a t i o n of the s h o t c r e t e 

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

p a r t i c u l a r l y i n b l o c k y r o c k , does not a l l o w i t 

to a c t as a n a r c h . T h e s e d e v i a t i o n s u s u a l l y 

e x c e e d the t h i c k n e s s of the s h o t c r e t e l i n i n g a n d 

i n b l o c k y g r o u n d a s q u a r e o r s t e p - l i k e o u t l i n e 

i s c o m m o n . H o w e v e r l o c a l a r c h i n g and d o m e 

e f f e c t s g i ve the l i n i n g s o m e a d d i t i o n a l s u p p o r t . 

F o r e x a m p l e c o n s i d e r a b e a m or s l i g h t l y - c u r v e d 



a r c h 36 i n c h e s l o n g w i t h an end l o a d of 400 

p s i . 

C o n s i d e r t h e 3 b e a m to b e 1 i n c h w i d e and 6 i n c h e s deep , c o r r e s p o n d i n g 

to a 6 i n c h t h i c k s h o t c r e t e c o a t i n g . 

T h e end l o a d w o u l d be P a = 400 x 1 x 6 

= 2400 l b 

b h 3 = 1 x 6 3 . 4 
I = = 18 xn 

12 12 

T e s t r e s u l t s s h o w that s h o t c r e t e h a s a h i g h t e n s i l e - f l e x u r a l s t r e n g t h 

so an a l l o w a b l e s t r e s s of 500 p s i i s not e x c e s s i v e f o r 1100 p s i r u p t u r e 

m o d u l u s s h o t c r e t e . 

m-L. r p a M c 2400 -:- P x 36 x 3 
T h u s f = —f- + — — = + — — = 500 p s i 

c A - I 1 x 6 - 4 x 1 8 r 

P = 600 l b . 

W e r e t h i s a d i s t r i b u t e d p r e s s u r e , the a l l o w a b l e p r e s s u r e 

600 16. 7 p s i 
P = I t -

S i n c e the r o c k i s s o l i d l y b o n d e d to the s h o t c r e t e , the r o c k i t s e l f 

a s s u m e s a l o a d - c a r r y i n g n a t u r e a n d a b e a m of u n k n o w n d i m e n s i o n s 

i s f o r m e d . F o r i l l u s t r a t i o n p u r p o s e s s u p p o s e a c o m p o s i t e b e a m 

e q u i v a l e n t to a s h o t c r e t e b e a m 12 i n c h e s t h i c k i s f o r m e d . T h e a c t u a l 

t h i c k n e s s of r o c k r e q u i r e d to e f fec t t h i s r e s u l t v a r i e s c o n s i d e r a b l y 

w i t h the r o c k s t r e n g t h , but u n l e s s the r o c k i s a l m o s t c o h e s i o n l e s s , 

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



H e n c e I = = 144 i n a n d . , 

Pa= 400 x 12 x 1 = 4800 l b . 

a n d f P a + M c 

c A I 

500 
4800 
1 x 1 2 -

P x 36 x 6 
.4 x 144 

P 2400 l b . 

a n d p 66. 7 p s i 

H e n c e , u n d e r s u c h c o n d i t i o n s , the e f f e c t of l o c a l a r c h i n g o r b e a m 

a c t i o n p l a y s an i m p o r t a n t p a r t i n r o c k s u p p o r t . 

a r e d i r e c t i n d i c a t i o n s of l i n i n g s t a b i l i t y , i t i s t h e s e p r e s s u r e s w h i c h 

m u s t be c o n s i d e r e d w h e n s u g g e s t i n g a l l o w a b l e p r e s s u r e l i m i t s . S i n c e 

s h o t c r e t e i s c a p a b l e of c r e e p i n g u n d e r l o a d , the m a t e r i a l tends to 

s t r e s s r e l i e v e i t s e l f , and h e n c e i f a h i g h s t r e s s i s a l l o w e d to b u i l d up 

o v e r a p e r i o d of m o n t h s the s h o t c r e t e tends to c r e e p r a t h e r t h a n 

r u p t u r e . F o r t h i s r e a s o n a l o w s a f e t y f a c t o r m a y be a c c e p t a b l e . 

S i n c e the a l l o w a b l e s t r e s s i n b e n d i n g i s g i v e n b y the A C I as 2250 p s i 

f o r 5000 p s i c o n c r e t e , a s a f e t y f a c t o r of 1. 5 w o u l d be r e a l i z e d i f an 

a l l o w a b l e m e a s u r e d p r e s s u r e of 1500 p s i w e r e g i v e n . A s the m e a s u r e 

m e n t s t a t i o n s a r e o n l y r e p r e s e n t a t i v e p o i n t s , a t t e n t i o n m u s t be g i v e n 

to the d e v i a t i o n o f p r e s s u r e s f r o m t h e i r e q u i l i b r i u m l e v e l . H e n c e a n y 

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

o c c u r i n r e l a t i v e l y u n s t r e s s e d s e c t i o n s of the t u n n e l . M o n i t o r i n g of 

S i n c e the s h o t c r e t e p r e s s u r e s , not the r o c k c o n t a c t p r e s s u r e s 



the p r e s s u r e c e l l s should t h e r e f o r e be continued at monthly i n t e r v a l s 

for at l e a s t another twelve-month i n t e r v a l . 

In o r d e r to obtain further information that would supplement 

the work done at the Vancouver Tunnel, a method of p r e c i s e d e t e r m i n 

ation of movements in the tunnel section would have been v e r y useful. 

T h i s method would l i k e l y have been best p e r f o r m e d by a s y s t e m of 

r e l i a b l e extensometers, coupled with accurate surveying, t i e d i n -with' 

points outside the tunnel. The instrumenting of m o re stations with 

G l o e t z l c e l l s would also have given a m o re rep r e s e n t a t i v e p i c t u r e of 

rock and shotcrete p r e s s u r e s . 

Although f i n a l approval has yet to be given, at the time of 

w r i t i n g no m o re than 300 feet of the tunnel is expected to r e q u i r e 

further support for the permanent l i n i n g . T h i s 300 foot section o c c u r s 

at the p o r t a l a r e a where the rock is v e r y badly weathered and the 

shotcrete l i n i n g was p o o r l y applied, due to inexperience of the crews. 

The a n a l y s i s of the l i n i n g instrumentation and the detailed inspection 

of the t e m p o r a r y shotcrete l i n i n g have indicated that the present l i n i n g 

w i l l suffice for a permanent l i n i n g . 
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C O N C L U S I O N S 

The shotcrete instrumentation p r o v i d e s valuable qualitative 

and quantitative i n f o r m a t i o n on the loading conditions of the l i n i n g , and 

the r e s u l t i n g s t r e s s d i s t r i b u t i o n s in that l i n i n g . Such i n f o r m a t i o n is 

unobtainable without instrumentation. New design p r o c e d u r e s must be 

developed for shotcrete l i n i n g s , since the design assumptions c u s t o m a r i l y 

used in steel design have been shown to be inapplicable. 

The instrumentation p r o g r a m has shown that g e n e r a l l y the 

l i n i n g s t r e s s e s and s t r a i n s are low, and that s t a b i l i t y at three 

r e p r e s e n t a t i v e sections has been achieved. T h i s information, coupled 

with a thorough ins p e c t i o n of the shotcrete l i n i n g it s e l f , contributed 

g r e a t l y to the f i n a l d e c i s i o n to accept the s p e c i f i e d shotcrete l i n i n g as 

a permanent l i n i n g . A n additional indication of l o n g - t e r m s t a b i l i t y of 

the l i n i n g may be obtained by the continuance of m o n i t o r i n g the h y d r a u l i c 

c e l l p r e s s u r e s . 

F i n a l l y , the instrumentation aided i n the acceptance of this 

new method of tunnel support, and allowed the f u l l benefit of the economy 

and v e r s a t i l i t y of the method to be r e a l i z e d . 
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APPENDIX I Underground Op e r a t i n g C y c l e 
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APPENDIX II Tunnel Instrumentation Location 
and Geology 
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APPENDIX III Tunnel Plan of Instrumentation 
Location 
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