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ABSTRACT 

The paper d e a l s  w i th  a  complex approach t o  t h e  s o l u t i o n  of t h e  present-day 
problem on hyd rosea l i ng  and c o n s o l i d a t i o n  of geo log i ca l  f a u l t s  du r ing  
tunnel  d r i v i n g .  New methods f o r  o b t a i n i n g  i n i t i a l  in format ion  on hydro- 
dynamic and seepage p r o p e r t i e s  of f a u l t s  dur ing  d r i l l i n g  h o r i z o n t a l  h o l e s  
a r e  p r e sen t ed .  These methods ensu re  e f f i c i e n c y  of des ign  d e c i s i o n s  on 
g rou t i ng  t h e  f a u l t s .  Techniques of hyd rosea l i ng  and s t r eng then ing  of 
t e c t o n i c  f a u l t s  a r e  d i s cus sed ,  and t h e  b a s i c  c r i t e r i o n s  f o r  r e l i a b i l i t y  
eva lua t i on  a r e  determined.  

INTRODUCTION 

Tunnel l ing  i n  u n s t a b l e  water  bea r i ng  rocks  encountered i n  zones of 
geo log i ca l  f a u l t s  p r e s e n t s  a  compl ica ted  t e c h n i c a l  problem. Depending on 
t h e  s p e c i f i c  f e a t u r e s  and a c t u a l  geo log i ca l  cond i t i ons  du r ing  d r i v i n g  
through f a u l t s  employs t h e  u se  of f r e e z i n g  [ I ]  o r  s t r a t a  water  l e v e l  
lowering [ 2 ] ,  chemical  g rou t i ng  [3]  o r  s h i e l d i n g  equipment [ 4 ] .  
Disadvantages of t h e  above mentioned methods a r e  a s  f o l l ows  : 

- l abou r  and time consumption f o r  t h e  f i r s t  and second 
methods 

- inhomogeneity and a  small  r a d i u s  of s t r eng then ing  Eor 
t h e  t h i r d  method 

- p o s s i b i l i t y  of u n ~ r e d i c t e d  rock  mass i n g r e s s  du r ing  
r u p t u r e  p i e r c i n g  by t h e  t unne l  s h i e l d  f o r  t h e  f o u r t h  
method . 

I t  i s  a l s o  p o s s i b l e  t o  tunnel  i n  weak u n s t a b l e  ground under t h e  p r o t e c t i o n  
of a  p i l o t  t ube  s c r een  [ 5 ] .  However, t h i s  method i s  c h a r a c t e r i z e d  by 
h igh  l abou r  consumption because  of t h e  n e c e s s i t y  t o  push forward a  g r e a t  
number of tubes  w i t h i n  t h e  contour  of an  excavat ion .  At dep th s  more than 
100 met res  i t  i s  no t  p r a c t i c a l  i n  view of t h e  p o s s i b i l i t y  of s c r een  
c o l l a p s e  under t h e  i c f l u e n c e  of rock p r e s s u r e  i n  t h e  cou r se  of r u p t u r e  
p i e r c i n g .  



I , ,  I t , t l ~ t c  ,- 1 1 1 1 1 , ~  , 1 1 1 ~ 1  ~~115111-(~ s ,~l  e ro11cl i  t i o n s  of tunnel1  ing  under s eve re  
) - ( S O  I o):  I ( . . I  l ( oncl I L l o n h ,  the Spetstsmponazhgeologia Assoc i a t i on  have 
t l ~ a v ~ .  I ol 'c ,~l  , I  11c.w rc.1 L i b 1  e  method of t e c t o n i c  r u p t u r e  p i e r c i n g  du r ing  
~ ~ I I I I I C , ~  l iny; through geo log i ca l  f a u l t s  a t  g r e a t  dep th s  based on g rou t  
i n j e c t i o n  i n t o  t h e  a d j a c e n t  zones.  A t  p r e s en t  t h e  new method i s  be ing  
n p p l  icd i n  t h e  c o n s t r u c t i o n  of t h e  Severo-Mui s k i  Tunnel . 

GEOLOGICAL CONDITIONS 

According t o  t h e  s tudy  by t h e  I n s t i t u t e  of t he  E a r t h ' s  Crus t  of t h e  
S i b e r i a n  Department of t he  USSR Academy of Sc iences  t h e r e  i s  no th ing  t o  
compare w i th  t h e  s e v e r i t y  of t he  geo log i ca l  c o n d i t i o n s  encountered i n  t h e  
15 km long Severo-Muiski Tunnel and p i l o t  p a l l e r y  d r i v e n  p a r a l l e l  t o  t h e  
tunnel  [ 6 ] .  The tunnel  and p i l o t  g a l l e r y  i n t e r s e c t  numerous zones of 
t e c t o n i c  d i s l o c a t i o n s  i nc lud ing  l a r g e  f a u l t s  wi th  water  i n f l ows  up t o  
700 m3/hr. Moreover, t he  hypogene f a u l t s  c o n t r i b u t e  t o  thermal water  
i n g r e s s  i n t o  t h e  workings t h a t  i s  connected wi th  s e i smic  a c t i v i t y  of t h e  
r eg ion .  The water  inf lows  i nc lude  a g r e a t  amount of sand ,  g r a v e l  and 
d e b r i s  t h a t  cons ide r ab ly  compl i ca t e s  d r i v i n g .  

CHOICE OF INVESTIGATION TECHNIQUE 

As a r e s u l t  of a  c r i t i c a l  rev iew of t he  conven t i ona l  methods, g e n e r a l i z i n g  
domestic and f o r e i g n  exper ience  i n  t h e  f i e l d  of f a u l t s  p i e r c i n g  i t  was 
p o s s i b l e  t o  e s t a b l i s h  p e r s p e c t i v e  t r e n d s  i n  t h e  development of a  new 
method of hyd rosea l i ng  and s t r e n g t h e n i n g  of f a u l t s  i n  t u n n e l l i n g  on t h e  
b a s i s  of t h e  I n t e r g r a t e d  Grout ing  Method innovated  a t  t h e  Spetstamponazh- 
geo log i a  Assoc i a t i on .  The new method must embrace : 

- A technique  f o r  o b t a i n i n g  a c c u r a t e  i n fo rma t ion  on 
hydrodynamic and f i l t r a t i o n  p r o p e r t i e s  of f a u l t s  
which would be  t h e  b a s i s  f o r  c a l c u l a t i n g  t h e  e n t i r e  
p roce s s  of hyd rosea l i ng  and s t r eng then ing  of f a u l t  
zones around a  t unne l  ; 

- The a p p l i c a t i o n  of cheap and e f f i c i e n t  g r o u t s ;  

- Opt imi s t i c  schemes of g r o u t  i n j e c t i o n  from t h e  
s u r f a c e  and through underground b o r e h o l e s ;  

- Qua l i t y  c o n t r o l  technique  f o r  g rou t i ng  o p e r a t i o n s .  

INVESTIGATIONS 

A  d e t a i l e d  s t udy  and a n a l y s i s  of t h e  s e v e r i t y  of t e c t o n i c  s t r u c t u r e s  
f i l l e d  w i th  u n s t a b l e  l oose  bou lde r s  r e s u l t e d  i n  e s t a b l i s h i n g  t h e  f a c t  
t h a t  major wa t e r  f lows  were a s s o c i a t e d  w i th  i n t e n s i v e l y  f r a c t u r e d  zones.  

To determir,e r e g u l a r i t i e s  of g r o u t  b a r r i e r  format ion  i n  t h e  r u p t u r e  
around t h e  t u n n e l ,  an a n a l y s i s  programme was under taken  i n t o  t h e  f low 
of v i s c o u s - p l a s t i c  g r o u t s  i n  f i s s u r e s .  Both impermeable and permeable 
w a l l s  formed by u n s t a b l e  rocks  were s t u d i e d  wi th  r ega rd  t o  r h e o l o g i c a l  
and s t r uc tu r a l -mechan i ca l  p r o p e r t i e s  of g r o u t s  bo th  i n  t ime and l eng th  
of t h e  f low.  

The r e s u l t s  ob t a ined  showed i t  was nece s sa ry  t o  de termine  s e a l i n g  b a r r i e r  
pa r ame te r s ,  c o n s o l i d a t i o n  zone dimensions of u n s t a b l e  rocks  and i n j e c t i o n  
p a t t e r n  reg imes  f o r  t h e  v i s c o u s - p l a s t i c  g r o u t .  These were used a s  t h e  



b a s i s  f o r  d e v e l o p i n g  d e s i g n  methods i n  t h e  f i e l d  of g r o u t i n g  t e c t o n i c  
r u p t u r e s  d u r i n g  t u n n e l l i n g .  A l l  c a l c u l a t i o n s  a r e  b a s e d  on t h e  p r e c i s e  
i n f o r m a t i o n  a b o u t  r u p t u r e  f i l t r a t i o n  p r o p e r t i e s  o b t a i n e d  from d i r e c t  
i n v e s t i g a t i o n s  i n  t h e  g r o u t  h o l e s  u s i n g  t h e  DAU-3M-Gr f lowmeter .  

BASIC PRINCIPLES OF NEW METHOD 

The method of  d r i v i n g  th rough  g e o l o g i c a l  f a u l t s  f o r e s e e s  s e a l i n g  t h e  
w a t e r  b e a r i n g  f r a c t u r e d  zones a d j a c e n t  t o  t h e  f a u l t  and s t r e n g t h e n i n g  
t h e  weak f a u l t  gauge by s i m u l t a n e o u s  g r o u t  i n j e c t i o n  i n t o  accompanying 
f a u l t  p l a n e s  ( F i g . 1 ) .  
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F i g u r e  1 . Rupture  h y d r o s e a l i n g  and s t r e n g t h e n i n g  scheme 

1 .  Tunnel f l o o r ,  2 .  F r a c t u r e d  zone a d j a c e n t  t o  t h e  f a u l t ,  
3 .  F a u l t  f i l l e d  w i t h  l o o s e  r o c k ,  4 .  Grout  h o l e ,  
5.  injection p i p e l i n e ,  6 .  DAU-1 p a c k e r ,  
7 .  D i r e c t i o n  of g r o u t  p r o p a g a t i o n .  

P  - f o r c e  of f a u l t  s q u e e z i n g  

G r o u t i n g  i s  e x e c u t e d  w i t h  v i s c o u s - p l a s t i c  clay-cement  g r o u t s  deve loped  on 
t h e  b a s i s  of l o c a l  c l a y  d e p o s i t s  c o m p r i s i n g  8 9 %  of a  c l a y  s l u r r y  w i t h  a 
s p e c i f i c  g r a v i t y  of 1230 kgf /m3,  and t h e  r e s t  i n c l u d e s  cement and 
s t r u c t u r e - f o r m i n g  a d d i t i v e s .  These g r o u t s  a r e  c h a r a c t e r i z e d  by good 
p e n e t r a b i l i t y ,  s t a b i l i t y  t o  a g g r e s s i v e  thermal  w a t e r  a t t a c k  and rock  mass 
movements under  s e i s m i c  a c t i v i t y  c o n d i t i o n s  of t h e  s i t e  r e g i o n .  B l a s t i n g  
o p e r a t i o n s  d u r i n g  t u n n e l  d r i v i n g  o n l y  make t h e  g r o u t s  more compact .  

For  t h e  purpose  of f a u l t  h y d r o s e a l i n g  and s t r e n t h e n i n g  t h e r e  h a s  been  
deve loped  new t e c h n o l o g i c a l  schemes which p e r m i t  t h e  f o r m a t i o n  of a  
r e l i a b l e  s e a l i n g  b a r r i e r  a round  a  t u n n e l  on ly  u s i n g  2-3 underground h o l e s  
d r i l l e d  t o  t h e  t u n n e l ' s  r o o f .  The g r o u t i n g  programme i s  a lways  c a r r i e d  
o u t  by means of h i g h - p r o d u c t i o n  equipment l o c a t e d  on t h e  s u r f a c e .  T h i s  



~ t ~ . l ~ ~ , i c l u c  ensu re s  t he  optimum i n j e c t i o n  regimes t o  be  a t t a i n e d  and 
; I I  lows labour  consumption t o  be  reduced w i th  a  sha rp  i nc rea se  i n  
p r o d u c t i v i t y  . 
Groxt i n j e c t i o n  i s  executed  employing t h e  n s e  of t h e  widely known DAU-1 
packers .  I t  i s  c a r r i e d  o u t  v i a  a  h igh-pressure  p i p e l i n e  run  down the  
v e n t i l a t i n g  s h a f t  o r  v i a  a s p e c i a l  borehole  d r i l l e d  from t h e  s u r f a c e  and 
f u r t h e r  through t h e  g rou t  h o l e s  d r i l l e d  f r ~ m  an excavat ion .  

Grout ing  r e s u l t s  a r e  comprehensively eva lua t ed  p r i o r  t o  t h e  commencement 
of d r i v i n g  on a t t a i n i n g  t h e  f i n a l  c a l c u l a t e d  parameters  of g rou t  
i n j e c t i o n  i n t o  t h e  h o l e  and by means of p r e s su rz ing  t h e  b a r r i e r  formed 
up t o  t h e  c a l c u l a t e d  p r e s s u r e  ensur ing  l a t e r a l  squeezing and s t r eng then ing  
of r u p t u r e  u n s t a b l e  rocks .  

APPLICATION 

Drivage  of t h e  f i r s t  p i l o t  g a l l e r y  s e c t i o n  t h a t  p i e r ced  t h e  Eas t e rn  P o r t a l  
of t h e  Severo-Muiski Tunnel w i th  t h e  approach opening of t h e  v e n t i l a t i n g  
s h a f t  No.3 has  been c a r r i e d  ou t  by means of s h i e l d  equipment w i thou t  
a p p l i c a t i o n  of s p e c i a l  methods. As a  r e s u l t  i n  t h e  cou r se  of f a u l t  
p i e r c i n g  t h e r e  were i n g r e s s e s  of t h e  breakage  products  and water -  
s a t u r a t e d  boulder-sand mass t h a t  r epea t ed ly  caused downtime. To 
e l i m i n a t e  t he se  compl ica t ions  by-pass g a l l e r i e s  were d r i v e n  from both  
s i d e s  of t u n n e l l i n g  equipment. 

Most s eve re  c o n d i t i o n s  were expected du r ing  d r ivage  of t h e  l a s t  150 metres  
of t h e  g a l l e r y  p r i o r  t o  reaching  t h e  approach opening of No.3 s h a f t .  
According t o  geophysica l  survey d a t a  t h e  g a l l e r y  would i n t e r s e c t  a  
number of l a r g e  f a u l t s  c h a r a c t e r i z e d  by a  complex s t r u c t u r e ,  h igh  l e v e l  
of wa te r  abundance and rock d i s l o c a t i o n .  

To ensu re  s a f e  l abou r  c o n d i t i o n s  and reduce  t u n n e l l i n g  t ime i n  t h i s  
s e c t i o n  advanced g r o u t i n g  and s t r eng then ing  of t h e  150 m f r a c t u r e d  zone 
h a s  been c a r r i e d  ou t  p r i o r  t o  t h e  commencement of tunnel  d r i v i n g  f o r  t h e  
f i r s t  t ime i n  Russian exper ience  of t unne l ing  under s i m i l a r  geo log i ca l  
c o n d i t i o n s .  

Two h o r i z o n t a l  150 m  and 98 m  long g rou t  h o l e s  wi th  a  d iameter  of 76 mm 
were d r i l l e d  from t h e  g a l l e r y  bay i n  accordance  wi th  t h e  t e c h n i c a l  
scheme shown i n  Fig.2.  On i n t e r s e c t i n g  f r a c t u r e d  zones w i th  water  
infl.ows, d r i l l i n g  o p e r a t i o n s  were stopped and a hydrodynamic i n v e s t i -  
g a t i o n  programme was c a r r i e d  ou t  ( ~ i g . 3 )  f o r  more p r e c i s e  d e f i n i t i o n  of 
f a u l t y  s t r a t a ,  f i l t r a t i o n  c h a r a c t e r i s t i c s  and modifying t h e  g rou t ing  
parameters  such a s  s i z e  and volume of t h e  impermeable b a r r i e r  171. 

Thi s  was fo l lowed by anchor ing  t he  DAU-1 packer i n  t h e  h o l e  i n  f r o n t  of 
t h e  a d j a c e n t  t o  t h e  f a u l t  zone, and t h e  h igh-pressure  p i p e l i n e ,  l a i d  
from t h e  s u r f a c e  v i a  No.3 s h a f t  and a long t h e  f l o o r  of t h e  excavat ion  t o  
t h e  f a c t  of t h e  bay,  was connected t o  i t .  Then t h e  c a l c u l a t e d  volume of 
g r o u t  mixed a t  t h e  s u r f a c e  p l a n t  was i n j e c t e d .  The maximum i n j e c t i o n  
p r e s s u r e  a t t a i n e d  24.0 - 28.0 MPa (240 - 280 kgf /cm2) w i th  i n s t an t aneous  
f l ow  i n j e c t i o n  r a t e  of 3 - 4  11s .  On completion of g rou t  i n j e c t i o n  t h e  
t r e a t e d  zone i n  t h e  h o l e  was p re s su r i zed  by water  up t o  t h e  c a l c u l a t e d  
p r e s s u r e  t o  e s t i m a t e  hyd rosea l i ng  r e l i a b i l i t y  and q u a l i t y  of f a u l t  
s t r eng then ing  p r i o r  t o  t h e  commencement of t u n n e l l i n g .  



F i g u r e  2 .  Advanced g r o u t i n g  scheme of  t e c t o n i c  r u p t u r e  zones  i n  t u n n e l  
and g a l l e r y  d r i v i n g  

1 .  Approach opening  of  No.3 s h a f t ,  2 .  I n j e c t i o n  p i p e l i n e ,  
3 .  G r o u t i n g  h o l e s ,  4 .  F r a c t u r e d  zone a d j a c e n t  t o  t h e  f a u l t ,  
5 .  Rupture  f i l l e d  w i t h  l o o s e  r o c k ,  6 .  Tunnel ,  7 .  G a l l e r y .  

+ + + s t  

+ + + + +  
+ + + +  

+ + + + +  
1 2  

F i g u r e  3 .  Scheme of hydrodynamic i n v e s t i g a t i o n s  i n  a h o r i z o n t a l  b o r e h o l e  

1 .  Cap, 2 .  P r e s s u r e  gauge ,  3 .  Cas ing ,  4 .  Cement, 
5 .  D r i l l  p i p e ,  6 .  S l o t s ,  7 .  S p i n n e r ,  8 .  S e n s i n g  u n i t ,  
9 .  G r a t i n g ,  10. F r a c t u r e d  zone a d j a c e n t  t o  f a u l t ,  
1 1 .  F a u l t  f i l l e d  w i t h  l o o s e  r o c k ,  
1 2 .  S l u i c e  v a l v e  f o r  f l u s h i n g  d i s c h a r g e .  



Major parameters  of t h e  executed  g r o u t i n g  jabs  a r e  l i s t e d  i n  Table 1 .  

Table 1 
Actual  Grouting Data f o r  Dr iv ing  No.1 Tunnel 

and Ga l l e ry  i n  t h e  V i c i n i t y  of No.3 Sha f t  

During t h e  cou r se  of g rou t i ng  t h e r e  were more p r e c i s e l y  determined 
boundar ies  of t h e  t e c t o n i c  breakage  zone;  i t s  l e n g t h  amounted t o  
110 met r e s .  While t u n n e l l i n g  i n  t h e  i n t e r v a l  of 18-128 m t h e r e  were 
encountered  grouted  r u p t u r e  zones from 1 t o  8 m t h i c k .  Out ly ing  s e c t i o n s  
r ep r e sen t ed  by d i v e r s e l y  o r i e n t e d  c r a c k s  w i th  an  opening from 2 t o  20 cm 
were f i l l e d  w i th  t h e  clay-cement m a t e r i a l .  

RESULTS 

No. 

1 

i 2  

I 
i 

Dr iv ing  i n  t h e  zones of g r o u t i n g  h a s  been  completed w i thou t  comp l i ca t i ons .  
Desp i t e  i n t e n s i v e  rock  breakage  w i t h i n  t h e s e  zones t h e r e  h a s  been no 
car ry-over  of wa t e r - s a tu r a t ed  breakage  p roduc t s  i n  t h e  cou r se  of d r i v i n g  
t h e  Severo-Muiski Tunnel and i t s  p i l o t  g a l l e r y  a s  i t  occurred  e a r l i e r  
when t h e  advanced g rou t i ng  technique  acco rd ing  t o  t h e  developed method 
was n o t  employed. 

m 

18 
3 8 
5 5 
9 6 
130 
150 
20 
4 2 
9 8 

3 
Residual  wa t e r  inf lows  i n  t h e  t r e a t e d  zone d i d  n o t  exceed 1-3 m / h r .  I n  
t h e  zones a d j a c e n t  t o  t h e  f a u l t  t h e r e  ha s  been f i x e d  an i n t e n s i v e  network 
of d i v e r s e l y  o r i e n t e d  c r a c k s  w i t h  an  opening from 2-3 t o  15-20 cm h a s  been 
f i l l e d  w i th  t h e  compact g r o u t .  Uns table  l o o s e  r u p t u r e  rock  mass squeezed 
du r ing  pre-cupture  g r o u t  i n j e c t i o n  h a s  been compacted and ,  a s  a  r e s u l t ,  
a t t a i n e d  t h e  nece s sa ry  s t a b i l i t y  f o r  t u n n e l l i n g .  

Volume of 
g r o u t  

i n j e c t i o n ,  
m3 

6 9 
183 
364 
9 

259 
- 

486 
148 
4 36 

CONCLUSIONS 

I n j e c t i o n  
zone 

(f rom-to) , 
m 

6- 18 
25-38 
38-55 
84-96 
108-130 

- 
6-20 
20-42 
84-98 

Water inf low,  
m3 / h r  

There a r e  many o t h e r  examples of t h e  proposed method i n  t u n n e l l i n g  through 
f a u l t s .  On t h e  whole t h e  method ha s  t h e  fo l l owing  advantages  : 

Hole 
d i s cha rge  

2 0 
32 
20 
70 
2 0 
- 
- 
- 
6 6 

- I t  i s  based on s c i e n t i f i c a l l y  s u b s t a n t i a t e d  c a l c u l a t i o n s  of t h e  
e n t i r e  p roce s s  of  hyd rosea l i ng  and s t r eng then ing  of f a u l t s .  

- 
Reca l cu l a t ed  

t o  f u l l  
g a l l e r y  

c r o s s  
s e c t  ion  

96 
153 
9 6 

3 36 
96 
- 
- 
- 
316 



- Cheap and e f f i c i e n t  clay-cement g r o u t s  a r e  used .  

- Methods and t e c h n i c a l  means a r e  employed which a l l o w  t h e  comple te  
i n i t i a l  i n fo rma t ion  on t h e  f a u l t  seepage p r o p e r t i e s  t o  b e  ob t a ined .  

- Grout ing  i s  c a r r i e d  ou t  on t h e  b a s i s  of e f f i c i e n t  t e chno log i ca l  
p a t t e r n s  and by means of high-production equipment.  

- The r e s u l t s  of t h e  advanced g r o u t i n g  a r e  comprehensively e s t ima t ed  
p r i o r  t o  t h e  commencement of d r i vage .  

The method makes it p o s s i b l e  : 

- To reduce by 113 t o  112 t h e  t u n n e l l i n g  t ime wh i l e  d r i v i n g  through 
a  f a u l t .  

- To reduce o v e r a l l  t u n n e l l i n g  c o s t s .  

- To employ more l i g h t w e i g h t  tunnel  l i n i n g  i n  t h e  r eg ion  of se i smic  
a c t i v i t y .  

- To g a i n  c o n s i d e r a b l e  s av ings  through t h e  repayment of c a p i t a l  
inves tments  because  of reducing  c o n s t r u c t i o n  t ime and p u t t i n g  
t unne l s  i n t o  o p e r a t i o n  ahead of s chedu l e .  

I t  should b e  po in t ed  o u t  t h a t  t h e  d r i v i n g  through such f a u l t  and 
t e c t o n i c  f r a c t u r e  zones would have been p o s s i b l e  only  by f r e e z i n g  t h e  
e n t i r e  u n s t a b l e  rock  mass and subsequent ly  l i n i n g  t h e  t unne l  w i t h  c a s t -  
i r o n  tubbings .  The c o s t  of such ope ra t i ons  would be  2-3 t imes  more t han  
t h a t  of t h e  advanced g r o u t i n g  wi thout  even t ak ing  i n t o  account  t h e  c o s t s  
on l i n i n g  maintenance i n  t h e  r eg ion  of s e i smic  a c t i v i t y .  
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