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ABSTRACT 

The assessment was c a r r i e d  ou t  i n  m u l t i  l aye red  p e r m e a b i l i t y  ground 
u s i n g  packer t e s t i n g  techniques t o  a s c e r t a i n  p e r m e a b i l i t y .  Borehole 
i n s t a b i l i t y  occu r red  th rough  us ing  water  as a  d r i l l i n g  f l u i d  i n  t h e  
v a r i a b l e  l i t h o l o g i e s .  T h i s  r e s u l t e d  i n  some d i f f i c u l t y  i n  o b t a i n i n g  
good packer sea t ings  w i t h  founda t ion  eng ineer ing  equipment. O i l  
i n d u s t r y  d r i  11 stem t e s t  s t r i n g s  proyed more e f f e c t i v e .  R e l i a b l e  
p e r m e a b i l i t i e s  were, however, e v e n t u a l l y  ob ta ined  and a  p e r m e a b i l i t y  
assessment was c a r r i e d  ou t  u s i n g  v a r i o u s  we igh t ing  techniques t o  
p r o v i d e  a  complete v e r t i c a l  d i s t r i b u t i o n  on which analogue models 
o f  p o t e n t i a l  i n f l o w s  were based. The analogue models a l l owed  a  
d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  f l o w  p a t t e r n s  around b o t h  t h e  proposed 
s h a f t  and d r i f t .  Very h i g h  i n f l o w s  were p r e d i c t e d  a t  c e r t a i n  depths 
and t h e r e f o r e  n e i t h e r  t h e  s h a f t  n o r  t h e  d r i f t  were const ructed.  

INTRODUCTION 

Dur ing s h a f t  and d r i f t  c o n s t r u c t i o n  one o f  t h e  major  c o n s t r u c t i o n a l  
and cos t  problems can be t h e  i n f l o w  o f  groundwater i n t o  workings. I n  
shal low ground where un i form p e r m e a b i l i t y  c o n d i t i o n s  can be approx i -  
mated, t h e  assessments of i n f l o w  may n o t  prove t o o  d i f f i c u l t ,  however, 
i n  deep m u l t i l a y e r e d  p e r m e a b i l i t y  ground b o t h  t e s t i n g  techniques and 
a n a l y s i s  pose severe d i f f i c u l t i e s .  As depth increases t h e  c l a s s i c a l  
groundwater i n d u s t r y  t e s t i n g  techniques become non-appl icab le so t h a t  
dependence has t o  be p laced  upon t h e  adap t ion  o f  f ounda t ion  eng ineer ing  
o r  o i l  f i e l d  techniques t o  determine pe rmeab i l i t y .  

Once t h e  p e r m e a b i l i t i e s  have been es t ima ted  i t  i s  p o s s i b l e  t o  use mathe- 
m a t i c a l  mode l l i ng  techniques t o  e s t a b l i s h  t h e  probable i n f l o w s .  Because 
of  t h e  m u l t i l a y e r e d  c o n d i t i o n s  d i g i t a l  models a r e  n o t  e a s i l y  a p p l i c a b l e  
so t h a t  f o r  t h e  work d iscussed below a  r e s i s t a n c e  network analogue com- 
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Coventry Shafts, ad jacen t  t o  t h e  proposed access, s i g n i f i c a n t  ground- 
water i n f l o w s  were recorded d u r i n g  c o n s t r u c t i o n  down t o  2QOm below 
surface. These i n f l o w s  a r e  gi'ven i n  Table 2. Below t h i s  depth g r o u t -  
i n g  ahead of excava t ion  was carri 'ed o u t  so t h a t  i n f l o w  c h a r a c t e r i s t i c s  
were no t  known. 

Table 2. I n f l o w  records f rom t h e  C w e n t r y  Sha f t s  taken d u r i n g  con- 
s t r u c t i o n *  (m3/d) 

* 
Cons t ruc t i on  - prog ress i ve  excava t ion  and Lining, g r o u t i n g  ahead 
o f  excava t ion  c a r r i e d  ou t  below 152m i n  No. 1 Shaf t  and 190m i n  
No. 2  sha f t .  

SITE INVESTIGATION 

The Loca t ion  o f  t h e  proposed d r i f t  l i n e  i s  shown on F igu re  2. The 
g e o l o g i c a l  cross s e c t i o n  f o r  t h e  d r i f t  i s  g i v e n  on F igu re  3  w i t h  t h e  
proposed s h a f t  be ing  i n  s i m i l a r  ground. 

The proposed d r i f t  i s  from t h e  surface, a  l i t t l e  t o  t h e  south o f  t h e  
e x i s t i n g  Coventry shafts, d i p p i n g  1 i n  4 t o  reach t h e  main coals  
approx ima te l y  3.5 km t o  t h e  west. To assess t h e  hyd rogeo log ica l  
c o n d i t i o n s  two boreholes, B i r c h t r e e  Farm and Homefire, were d r i l l e d  
a t  t h e  l o c a t i o n s  shown on F igu re  2. 

B i r c h t r e e  Farm bo reho le  was d r i l l e d  t o  a  t o t a l  depth o f  862.67m w i t h  
t h e  s e c t i o n  below 300m con t inuous ly  cored a t  a  d iameter  o f  175mn. 
Homefire bo reho le  was con t inuous ly  cored a t  t h e  same d iameter  f rom 
10m t o  i t s  t o t a l  depth o f  255.55m. The s t r a t i g r a p h i c  o v e r l a p  between 
t h e  two boreholes i s  app rox ima te l y  100m. Dur ing  d r i l l i n g  d e t a i l e d  



l i t h o l o g i c a l  and f r a c t u r e  l o g s  were prepared and samples se lec ted  
f o r  l a b o r a t o r y  p e r m e a b i l i t y  de te rm ina t ions .  Comprehensive geophys ica l  
l ogg ing  was a l s o  c a r r i e d  out .  A l l  l ogs  demonstrated a m u l t i l a y e r e d  
g e o l o g i c a l  character .  

For t e s t i n g  purposes t h e  Homefire bo reho le  was d r i l l e d  w i t h  water t o  
a v o i d  mud i n v a s i o n  o f  t h e  formations, bu t  because of  i t s  depth 
B i r c h t r e e  Farm was d r i l l e d  w i t h  conven t iona l  b e n t o n i t e  muds. T e s t i n g  
a t  Homefire was c a r r i e d  ou t  u s i n g  founda t ion  eng ineer ing  compressional 
packers, whi l e  a t  B i r c h t r e e  Farm o i  1 i n d u s t r y  compressional d r i  11 stem 
t e s t  s t r i n g s  were used. 

I n  c a r r y i n g  o u t  t h e  t e s t i n g  a t  Homef i re  two major  problems were 
encountered, f i r s t l y  t h e  l aye red  l i t h o l o g i c a l  success ion d i d  n o t  remain 
ve ry  s t a b l e  w i t h  water  used as t h e  d r i l l i n g  f l u i d  and secondly, t h e  
f o u n d a t i o n  eng ineer ing  packer equipment proved t o o  L i g h t  and d e l i c a t e  
f o r  t h e  r i g s  no rma l l y  employed f o r  N a t i o n a l  Coal Board cored holes. 

Hole i n s t a b i l i t y  was r e l a t e d  c h i e f l y  t o  t h e  washing o u t  o f  s o f t  forma- 
t i o n s  d u r i n g  t o o l  operat ions,  as a r e s u l t  o f  which r e l i a b l e  packer 
sea t ings  were d i f f i c u l t  t o  ob ta in .  The degree o f  bo reho le  e r o s i o n  
was assessed u s i n g  Schlumberger X-Y c a l i p e r s  as shown i n  t h e  example 
on F igu re  4. Excess ive and e c c e n t r i c  e r o s i o n  i s  shown i n  t h e  upper 
s e c t i o n  on F i g u r e  4 dec reas ing  w i t h  depth because o f  Less t o o l  
ope ra t i on .  

As d r i l l i n g  progressed d e b r i s  f rom t o p  h o l e  sec t i ons  caused packers 
t o  be s tuck  lower  down t h e  h o l e  and on occas ions l o s t .  To a l l e v i a t e  
t h i s  problem cas ing  was e v e n t u a l l y  i n s e r t e d  t o  105m and then  183m 
b e f o r e  d r i l l i n g  and t e s t i n g  cont inued.  

The packer t o o l  weight  problem caused u n c e r t a i n t y  i n  knowing when 
packer  s e a t i n g  has been ob ta ined  and i n  knowing when packers were 
f r e e  o f  obstruct ion;.  As a r e s u l t  c e r t a i n  t e s t s  proved a b o r t i v e  and 
packers were on occas ions damaged. 

I r r e s p e c t i v e  of t h e  t e s t i n g  d i f f i c u l t i e s  Homefire bo reho le  was t e s t e d  
throughout  w i t h  t h e  e x c e p t i o n  o f  a 15m s e c t i o n  between 69 and 84m 
(see F i g u r e  4 ) .  I n j e c t i o n  t e s t s  were c a r r i e d  ou t  u s i n g  a double packer 
assembly w i t h  p ressu re  measurements mon i to red  by a t ransducer  p laced  
i n  t h e  f l o w  system immediate ly  above t h e  t o p  packer. Pressures were 
recorded by a c h a r t  o u t p u t  a t  t h e  sur face.  Flows i n t o  a t e s t  s e c t i o n  
were measured a t  su r face  f rom read ings  on a Kent f lowmeter .  Sec t ions  
t e s t e d  were about  5 t o  10m and sometimes ove r lapp ing .  

For t e s t i n g  a maximum n e t  i nc rease  i n  p ressu re  above h y d r o s t a t i c  was 
g i v e n  by 2 p s i  f o r  each metre o f  dep th  f rom t h e  sur face t o  t h e  m idd le  
o f  a t e s t  s e c t i o n  f o r  depths t o  75m, beneath t h i s  dep th  a p ressu re  o f  
150 p s i  was used. F i v e  i n j e c t i o n  s tages were c a r r i e d  out, each u n t i l  
s teady f l o w  and p ressu re  c o n d i t i o n s  were obta ined.  

At B i r c h t r e e  Farm bo reho le  l i t t l e  d i f f i c u l t y  was encountered d u r i n g  
d r i l l i n g  and a reasonable gauge h o l e  was obta ined.  D r i l l  stem t e s t i n g  
was c a r r i e d  o u t  below 256m w i t h  a s tandard  procedure o f  two phases o f  
i n f l o w  and shut - in .  The t e s t i n g  proves v e r y  Lengthy due t o  t h e  
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inherent  inflexibility of the  c o n v e n t i ~ n a l  c~mpress iona l  d r i l l  stem 
str imgs and t h e  l i m i t e d  c o n t r o l  of test ing,  houe.yer, consistent  
r e s u l t s  were obta iyed uhich are considered ral i .qble. 

While the  permeab i l f t y  t e s t i n g  a t  the  two boreholes proved effecti've, 
and indeed provided valuable guidance as t o  the  a p p l i c a b i l i t y  o f  
techniques, t h e  o v e r a l l  approach was not  s u f f i c i e n t l y  e f f i c T e n t  f o r  
the  type of s t r a t a  encountered. Subsequently f u l l y  automated o i l  
i n d u s t r y  i n f l a t a b l e  packer systems have been very successfu l ly  used 
under s i m i l a r  cirumstances by the  Nat iona l  Coal Board i n  boreholes 
d r i l l e d  w i t h  ben ton i te  muds (1). 

INTERPRETATION 

The i n j e c t i o n  t e s t  data were i n t e r p r e t e d  using c l a s s i c a l  steady s t a t e  
f l o w  equations f o r  each i n j e c t i o n  stage. As i n  a l l  t e s t i n g  o f  t h i s  
type some permeab i l i t y  v a r i a t i o n  was found f o r  d i f f e r e n t  stages o f  
a  t e s t  section. I n  order t o  se lec t  a  representat ive permeab i l i t y  
value, a  sub jec t i ve  set o f  c r i t e r i a  was adopted based upon a  var ia -  
t i o n  o f  the  c r i t e r i a  as o u t l i n e d  i n  Table 3. The f i n a l  permeab i l i t y  
values determined are g iven  i n  Table 4 which i l l u s t r a t e s  a  very  

Table 3 C r i t e r i a  f o r  s e l e c t i n g  p e r ~ l e a b i l i t y  from staged i n j e c t i o n  
tes ts .  

F l o w C o n d i t i o n  Hou lsbyPermeab i l i t y (2 )  I n f l o w P e r m e a b i l i t y  I 
Laminar Average pressure Average pressure 
Turbutent Highest pressure I n i t i a l  pressure 
D i l a t i o n  Highest pressure I n i t i a l  pressure 
Wash Out Highest pressure Highest pressure 
Void F i l l i n g  F i n a l  pressure I n i t i a l  pressure 

I The d i f f e r e n c e s  i n  c r i t e r i a  were considered as fo l lows :  I 
Turbulent Flow: Under n a t u r a l  groundwater head cond i t ions  i t  i s  
no t  thought t h a t  t u r b u l e n t  f low w i l l  occur i n  the  type o f  f r a c t u r e  
opening present  i n  the  sequence. I n  any case from t h e  r e s u l t s  
t u r b u l e n t  f l o w  even dur ing  i n j e c t i o n  i s  l im i ted .  The i n i t i a l  perm- 
e a b i l i t y  value was selected. 

D i l a t i o n  Flow: D i l a t i o n  o f  the  ground under n a t u r a l  groundwater heads 
i n  t h e  d r i f t  o r  s h a f t  i s  thought u n l i k e l y .  The i n i t i a l  permeab i l i t y  
value be fo re  the  ground i s  d i l a t e d  was selected. 

Void F i l l i n g :  As f low w i l l  he outwqrd from the  c a v i t y  w a l l  v o i d  
f i l l i n g  should no t  probably occur. The i n i t i a l  permeab i l i t y  value 
before f i l l i n g  occurred i n  t e s t i n g  was selected. 

v a r i a b l e  and random d i s t r i b u t i o n  cons is ten t  w i t h  the  l i t h o l o g y  and 
presence o f  the  f rac tu res .  The t e s t i n g  ind ica ted  t h a t  the  h ighest  



p e r m e a b i l i t i e s  a re  p resen t  i n  sandstone u n i t s  possess ing b o t h  
i n t e r g r a n u l a r  and f r a c t u r e  p e r m e a b i l i t y .  Both f r a c t u r e d  s i l t s t o n e s  
and mudstones were found t o  possess Some p e r m e a b i l i t y  i n  c e r t a i n  
sect ions, w h i l e  i n  o t h e r  s e c t i o n s  sandstones, s i l t s t o n e s  and mud- 
s tones were found t o  have no r e a l  p e r m e a h i l i t y  i n  t h e  con tex t  o f  
t h e  study. 

Table 4. P e r m e a b i l i t i e s  f rom i n j e c t i o n  t e s t s  

Below 228m i n  t h e  Homefire bo reho le  p e r m e a b i l i t y  va lues  were found 
t o  decrease q u i t e  s i g n i f i c a n t l y .  T h i s  decrease i n  permeabi C i t y  i n  
depth i s  c o n s i s t e n t  w i t h  t h e  d r i  11 stem t e s t  r e s u l t s  f rom B i r c h t r e e  
Farm borehole.  

1 

Twelve t e s t s  were c a r r i e d  ou t  a t  B i r c h t r e e  Farm w i t h  i n t e r p r e t a t i o n  
methods based upon c l a s s i c a l  o i l  f i e l d  techniques C31. I n  t h e  
s e c t i o n s  256 t o  450m p e r m e a b i l i t i e s  o f  u p t o  3 x 10-2 m/day were 
recorded below t h i s  depth t o  650111 values up t o  8 x 10-4 m/day were 
recorded and between 650m and t o t a l  depth no d r i l l  stem t e s t  responses 
were obta ined.  

Test  No. 

1 
2 
3 
4 
6 
8 
10 
12 
13 
14 
17 
18 
2 1 
22 
23 
2 5 
2 6 
27 
2 8 
29 
31 
32 
33 
34 
35 
36 
37 

Test  I n t e r v a l  
m  

11.5- 20.5 
20.5- 36.5 
36.5- 55.2 
63.8- 69.0 
94.3-101.8 
84.3- 94.3 
56.0- 59.0 
102.0-111 .O 
111 .O-122.1 
122.0-129.0 
129.0-142.3 
145.0-148.0 
148.0-159.8 
163.0-173.5 
160.0-163.7 
173.5-185.3 
186.0-192.1 
188.0-198.1 
187.9-204.1 
201 .O-210.1 
211 .O-217.2 
217.8-223.0 
233.6-228.8 
227.1-233.7 
233.4-239.4 
238.5-245.0 
245.7-250.7 

S t a t i c  Water Leve l  
m  below sur face 

4.6 
6.1 
22.9 
18.0 
29.3 
26.3 
18.1 
13.7 
9.7 
13.9 
10.2 
18.9 
20.6 
42.9 
19.3 
3.9 
38.4 
53.7 
46.3 
46.5 
46.5 
50.0 
48.7 
52.8 
39.9 
46.2 
46.3 

P e r m e a b i l i t y  
(m/dxl0-3 a t  I O ~ C )  

167 
125 
217 
0 
134 
75 
5 9 
0 
0 
92 
17 

, 42 
8 

551 
2 5 

1950 
551 
376 
175 
0 

11  90 
2880 
626 
0 
5 0 
100 
0 



Al though b o t h  i n t e r g r a n u l a r  and f r a c t u r e  p e r m e a b i l i t i e s  were found t o  
e x i s t ?  no d i s t i n c t i o n  was made i n  t h e  method o f  a n a l y s i s  adopted. 
I n j e c t i o n  t e s t  analyses a r e  based upon s teady-s tate t h e o r y  which 
draws no d i s t i n c t i o n  between modes o f  pe rmeab i l i t y .  Further, t h e  
f i n a l  i n f l o w  c a l c u l a t i o n s  are f o r  20m sec t ions  which make such 
d i s t i n c t i o n s  unnecessary. 

As t h e  p e r m e a b i l i t i e s  determined i n  t h e  t e s t i n g  r e l a t e  t o  t h e  average 
p e r m e a b i l i t y  pe r  i n t e r v a l  Length, we igh t ing  was c a r r i e d  ou t  w i t h  
respect  t o  l i t h o l o g y  and f r a c t u r e  i n  o rde r  t o  o b t a i n  a  f u l l  perme- 
a b i l i t y  assessment o f  t h e  t o t a l  depth t o  650m. Th is  proved p a r t i c u -  
l a r l y  d i f f i c u l t  because o f  t h e  in terbedded na tu re  o f  t h e  sequence. 
Three s u b j e c t i v e  c r i t e r i a  were adopted f o r  i n p u t  t o  t h e  analogue 
model used i n  i n f l o w  analyses: 

(i) I n  sec t i ons  h e r e  l i t h o l o g i e s  a re  ve ry  in terbedded and mud- 
stones a r e  no t  p reva len t  t h e  average p e r m e a b i l i t y  determined 
d i r e c t l y  by t e s t i n g  was adopted. 

(ii) I n  s e c t i o n s  h e r e  f r a c t u r e d  sandstones dominate and mudstones 
a r e  impor tan t  t h e  c a l c u l a t e d  t e s t  p e r m e a b i l i t i e s  were 
d i s t r i b u t e d  w i t h  respect  t o  t h e  sandstone th i cknesses  
assuming t h a t  a l l  o f  t h e  p e r m e a b i l i t y  r e l a t e d  t o  t h e  sand- 
stones. 

(iii) Where 'zero '  p e r m e a b i l i t i e s  were determined by t e s t i n g  an 
a r b i t r a r y  min imal  p e r m e a b i l i t y  o f  4 x  10-3 mlday was adopted 
down t o  650111. 

The weighted p e r m e a b i l i t i e s  determined f o r  i n p u t  i n t o  t h e  analogue 
model toge.ther w i t h  t h e  groundwater heads a r e  g i ven  i n  Table 5. 
I n  t h e  o v e r l a p  s e c t i o n  p re fe rence  was g i ven  t o  t h e  i n j e c t i o n  t e s t  
data. 

MATHEMATICAL MODELS 

I n f l o w s  i n t o  underground excavat ions can be assessed u s i n g  mathe- 
m a t i c a l  models. Before a  mathemat ica l  model can be devised, however, 
care must be taken i n  t h e  f o r m u l a t i o n  o f  t h e  problem. T h i s  i n v o l v e s  
a  statement o f  t h e  equat ion o f  f l o w  w i t h i n  t h e  a q u i f e r  as w e l l  as t h e  
c o n d i t i o n s  on t h e  i n t e r n a l  and e x t e r n a l  boundaries i n  terms o f  ground- 
water  heads o r  f lows.  

There a re  d i f f e r e n c e s  between t h e  f o r m u l a t i o n s  f o r  a  s h a f t  and f o r  a  
d r i f t .  I t  i s  reasonable t o  assume t h a t  t h e  f l o w  towards a  s h a f t  i s  
approx imate ly  t h e  same on any r a d i u s  and t h e r e f o r e  r a d i a l  symmetry 
can be used. However, no such approx imat ion can be made w i t h  a  
d r i f t .  Due t o  these d i f f e rences ,  re fe rence  w i l l  be made i n i t i a l l y  
t o  t h e  proposed shaf t .  

Rad ia l  Flow t o  t h e  Shaf t  

For t h e  s tudy o n l y  a  s i n g l e  se t  o f  p e r m e a b i l i t y  data was prepared. 
I n  t h e  absence o f  more d e t a i l e d  i n f o r m a t i o n  i t  was assumed t h a t  t h e  
zones o f  d i f f e r e n t  p e r m e a b i l i t y  extend L a t e r a l l y  throughout  t h e  



r e g i o n  which makes a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  f l o w  i n t o  t h e  
sha f t .  For t h i s  examplel t h i s  i s  a  reasonable approx ima t ion  p rov ided  
t h a t  t h e r e  a r e  no s i g n i f i c a n t  d i s c g n t i n u i t i e s  u i t h i n  100m o f  t h e  shaf t .  

From Darcy ts  Law and t h e  c o n d i t i o n s  o f  c o n t i n u i t y  o f  f l o w  an equa t ion  
can be d e r i v e d  which descri'bes t h e  f low.  The a p p r o p r i a t e  equa t ion  
i s  : 

C e r t a i n  impor tan t  f e a t u r e s  can be no ted  about t h i s  equat ion:  

(i) Flow i s  impor tan t  i n  h o r i z o n t a l  ( r a d i a l )  and v e r t i c a l  d i r e c -  
t i o n s  

(ii) The p e r m e a b i l i t y  i s  w r i t t e n  k(z1. Th is  means t h a t  i t  takes 
d i f f e r e n t  va lues  f o r  d i f f e r e n t  depths (z)  b u t  t h a t  a t  a  
p a r t i c u l a r  depth i t  i s  t h e  same i n  t h e  r a d i a l  and v e r t i c a l  
d i r e c t i o n s .  I n f o r m a t i o n  about t h e  r a t i o  o f  h o r i z o n t a l  t o  
v e r t i c a l  p e r m e a b i l i t y  i s  n o t  ava i  Lable f o r  t h e  study. The 
assumption t h a t  t h e  h o r i z o n t a l  t o  v e r t i c a l  r a t i o  i s  t h e  
same i s  n o t  l i k e l y  t o  l e a d  t o  s i g n i f i c a n t  e r r o r s  s ince  t h e  
impor tan t  f e a t u r e  i s  t h a t  c o n t r a s t i n g  p e r m e a b i l i t y  l a y e r s  
a r e  represented. 

(iii) Since t h e  r i g h t  hand s i d e  i s  zero, o n l y  s teady s t a t e  c o n d i t i o n s  
a r e  represented. 

I t  i s  a l s o  necessary t o  s t a t e  t h e  c o n d i t i o n s  on t h e  s ides  o f  t h e  sha f t .  
The s h a f t  i s  pumped u n t i l  t h e r e  i s  water  o n l y  a t  t h e  base o f  t h e  sha f t .  
Consequently t h e  c o n d i t i o n s  on t h e  base and t h e  s ides  o f  t h e  open 
s e c t i o n  o f  t h e  s h a f t  a r e  t h a t  t h e  p ressu re  i s  known. There fo re  t h e  
groundwater head equa ls  t h e  h e i g h t  above datum. Where l i n i n g  i s  
present, no f l o w  can e n t e r  t h e  s h a f t  and bh /Xr  = 0. 

The a c t u a l  r a d i u s  o f  i n f l u e n c e  cannot be determined, bu t  i t  i s  reason- 
a b l e  t o  assume t h a t  i t  i s  no more than  500m. There fo re  t h e  c o n d i t i o n  
a p p l i e d  a t  500m r a d i a l l y  from t h e  a x i s  o f  t h e  s h a f t  i s  t h a t  t h e  ground- 
water  head takes  an average o f  t h e  va lues  o f  column o f  Table 4. 

Resis tance Network Analogue 

S o l u t i o n s  t o  t h i s  prob lem can be ob ta ined  u s i n g  a  r e s i s t a n c e  network 
e l e c t r i c a l  analogue. The r e s i s t a n c e  t o  t h e  f l o w  o f  water th rough  t h e  
a q u i f e r  can be rep resen ted  by e l e c t r i c a l  r e s i s t a n c e s  w i t h  t h e  r e s i s -  
tance i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  p e r m e a b i l i t y .  E l e c t r i c a l  v o l t a g e  
equa ls  groundwater head and e l e c t r i c a l  c u r r e n t  rep resen ts  t h e  f l o w  
o f  water. The r e g i o n  was d i v i d e d  i n t o  d i s c r e t e  spece steps, w i t h  a  
l o g a r i t h m i c  i nc rease  i n  t h e  r a d i a l  d i r e c t i o n  and v e r t i c a l  spac ing o f  
5m. Rather  than  u s i n g  t h e  lumping d e r i v a t i o n  desc r ibed  above, i t  
i s  p o s s i b l e  t o  w r i t e  t h e  govern ing  equa t ion  i n  f i n i t e  d i f f e r e n c e  
form and s e l e c t  a  r e s i s t a n c e  network which has analogous equat ions.  
F u r t h e r  i n f o r m a t i o n  can be found i n  C41. 



The r e s i s t a n c e  network, which rep resen ts  t h i s  p a r t i c u l a r  a q u i f e r  has 
h o r i z o n t a l  bands o f  h ighe r  res i s tances  i n  reg ions  where t h e  permea- 
b i l i t y  i s  Low and bands o f  Lower r e s i ~ t a n c e  where t h e  p e r m e 3 b i l i t y  
i s  h i g h  (Table 5). The open s e c t i o n  o f  t h e  s h a f t  i s  represented by 
a p p l y i n g  v o l t a g e s  which correspond t o  t h e  base and face o f  t he  s h a f t .  

Table 5. P e r m e a b i l i t i e s  determined f o r  model a n a l y s i s  

Where L i n i n g  i s  present, no e l e c t r i c a l  connect ion i s  made thereby 
mode l l i ng  t h e  c o n d i t i o n  o f  zero f low.  A s e r i e s  o f  exper iments  a re  
performed w i t h  t h e  open s e c t i o n  o f  t h e  s h a f t  a t  d i f f e r e n t  depths. 

Depth 
m  

0 - 20.5 
20.5- 41.0 
41.0- 53.0 
53.0- 62.5 
62.5- 69.0 
69.0- 80.0 
80.0- 95.0 
95.0- 97.0 
97.0-124.0 

124.0-129.5 
129.5-144.0 
144.0-163.5 
163.5-172.5 
172.5-187.5 
187.5-192.0 
192.0-201 -0  
201 .O-215.5 
215.5-223.0 
223.0-226.5 
226.5-233.5 
233.5-245.0 
245.0-250.0 
250.0-650.0 
650.0-750.0 

Permeabi l i t y  
(m/dx10-~ a t  I O ~ C )  

170 
125 
340 

2 0 
10 
60 
75 

620 
10 

130 
2 0 
2 5 

550 
1950 

550 
375 

10 
401 0 
1540 

10 
160 

10 
5 

Groundwater 
Head m below 
s u r f  ace 

4.6 
6.1 

22.9 
22.9 
18.0 
18.0 
26.3 
29.3 
13.7 
13.7 
10.2 
18.9 
42.9 
3.9 

38.4 
53.7 
46.5 
46.5 
48.7 
52.8 
43 -0 
46.3 
46.3 

Comment 

In terbedded Sec t ion  
In terbedded Sec t ion  
Sandstone weighted 
In terbedded Sec t ion  
No t a k e  
In terbedded Sec t ion  
In terbedded Sec t ion  
Sandstone weighted 
No t a k e  
Sandstone weighted 
In terbedded s e c t i o n  
In terbedded s e c t i o n  
H i g h l y  f r a c t u r e d  
H i g h l y  f r a c t u r e d  
Evenly f r a c t u r e d  
Evenly  f r a c t u r e d  
No t a k e  
H i g h l y  f r a c t u r e d  
H i g h l y  f r a c t u r e d  
No t a k e  
Sandstone weighted 
No t a k e  
DST low permeabi l i t  y  

0 1 46.3 
I 

DST no response 



Resu l t s  f o r  t h e  Shaft 

Once t h e  c o n d i t i o n s  have been a p p l i e d  t o  t h e  sha f t  M i s  p o s s i h l e  t o  
measure vo l tages  correspondi'ng t o  t h e  groundwater bead. I n  a d d i t i o n  
i t  i s  possTble t o  measure t h e  f lows on e n t e r i n g  t h e  w a l l  and t h e  base 
o f  t h e  open s e c t i o n  of t h e  sha f t .  These a r e  t h e  d i r e c t  measurements 
t h a t  can be made. However, f rom t h e  groundwater head d i s t r ? b u t i o n  
i t  i s  p o s s i b l e  t o  determine t h e  magnitude and d i r e c t i o n  o f  f l o w s  
w i t h i n  t h e  a q u i f e r .  

(b )  Plan 

lorn d ia .  - 
(cil Sec t ion  th rough  s h a f t  c e n t r e  

F igu re  5. S e c t i o n  and p l a n  of f l o w  t o  a  sha f t  

F igu re  5 shows t h e  genera l  p a t t e r n  o f  f l o w s  w i t h i n  t h e  a q u i f e r  
i l l u s t r a t i n g  t h e  manner i n  which water i s  drawn upwards i n t o  t h e  
base of t h e  s h a f t  and downwards towards t h e  t o p  of t h e  shaf t .  FSgure 6 i n d i c a t e s  t h e  es t ima ted  i n f l o w s  i n t o  t h e  face  and base of t h e  shaf t .  



+ 11.1% 

Ic O.L% 

71-1% 
T o t a l  i n f l o w  
= 13800 m3/d 

Permeabi l i ty 
( mld x10-jat 1001 

To ta l  i n f l o w  
= 12700 m3/d 

F igu re  6. I n f l o w  d i s t r i b u t i o n ,  base o f  s h a f t  i s  220m o r  225111. The 
percentage i n f l o w  over  d i f f e r e n t  p o r t i o n s  o f  t h e  open 
s e c t i o n  a r e  shown. 

The two diagrams show t h a t  as t h e  s h a f t  i s  sunk a  f u r t h e r  5m, t h e  
t o t a l  i n f l o w  remains approx imate ly  t h e  same bu t  t h e  d i s t r i b u t i o n  
over t h e  s ides  o f  t h e  s h a f t  a l t e r s  cons iderably .  Th is  occurs because 
o f  t h e  bands o f  h ighe r  p e r m e a b i l i t y  between 216 and 226m below 
ground l e v e l .  

D e t a i l e d  r e s u l t s  can be ob ta ined  f o r  each p o s i t i o n  o f  t h e  open 
s e c t i o n  o f  t h e  sha f t .  A summary o f  t h e  r e s u l t s  i s  t o  be found i n  
Table 6  which l i s t s  t h e  i n f l o w s  over  a wide range o f  depths. As 
would be expected, t h e  g rea te r  i n f l o w s  occur when the  open s e c t i o n  
o f  t h e  s h a f t  co inc ides  w i t h  a band o f  h ighe r  p e r m e a b i l i t y .  



* 
Table 6. I n f l o w s  t o  s h a f t s  Table 7. I n f  Lows t o  d r i f t  

Flow t o  D r i f t  

Base o f  Excavat ion 

20m 
40 
60 
8 0 

100 
120 
140 
160 
180 
185 
200 
220 
225 
240 
260 
280 
300 
400 
500 
600 

Axi  s  be Low ground 
Leve L 

I n f l o w  
(m3/d) 

130 
390 
650 
390 
650 
200 
430 
590 

10800 
11 260 
1021 0 
13750 
12770 

124380 
151 0 
130 
130 
160 
160 
260 

I n f  Low 
(m3/d) 

* 
7m d iameter  w i t h  20m Longi tu-  
d i n a l  s e c t i o n  open 

Flow t o  a  d r i f t  i s  three-d imensional .  Th is  i s  i l l u s t r a t e d  i n  
F i g u r e  7 which shows i n f l o w s  on L a t e r a l -  and c ross -sec t i ons .  The 
c o n s t r u c t i o n  o f  a  three-d imensional  network t o  rep resen t  t h i s  complex 
a q u i f e r  i s  ve ry  d i f f i c u l t  and t h e r e f o r e  t h e  p r e l i m i n a r y  approach 
adopted was t o  t a k e  a  r e p r e s e n t a t i v e  sect ion, F igu re  7, which would 
s i m u l a t e  t h e  i n f l o w  on a  s e c t i o n  towards t h e  c e n t r e  o f  t h e  open 
p o r t i o n  o f  t h e  d r i f t .  At t h e  end o f  t h e  d r i f t  ad jacen t  t o  t h e  
L i n i n g  a  s l i g h t l y  Larger i n f l o w  w i l l  occur  than  f o r  t h e  t y p i c a l  
sec t i on .  At t h e  open end o f  t h e  d r i f t  t h e  i n f l o w  w i l l  be s i g n i f i c a n t l y  
h i g h e r  than  a t  t h e  t y p i c a l  sec t i on .  Cor rec t i ons  f o r  these c o n d i t i o n s  
can be made by i n c r e a s i n g  t h e  f lows.  T h i s  i s  a  s i m i l a r  procedure 
t o  t h e  c o r r e c t i o n  f o r  t h e  i n f l o w  i n t o  t h e  bot tom o f  a w e l l .  



( a )  Sect ion th rough  d r i f t  

( b )  Sect ion on  A - A  

F igu re  7. Sect ions showing f l o w  t o  a  d r i f t .  

Est imated i n f l o w s  t o  t h e  a d i t  o f  7m diameter  a re  recorded i n  Table 7. 
These have been determined f rom a  r e s i s t a n c e  network s i m i l a r  t o  t h a t  
of t h e  sha f t .  Once more t h e  h ighe r  i n f l o w s  occur when t h e  a d i t  
passes th rough  zones o f  h ighe r  p e r m e a b i l i t y .  

Since t h e  f l o w s  f o r  t h e  d r i f t  appear t o  be h ighe r  than  those f o r  t h e  
s h a f t  work i s  proceeding on t h e  th ree -d imens iona l  a n a l y s i s  o f  a  d r i f t  
i n  a  l aye red  a q u i f e r .  



I n  t h i s  t y p e  o f  s tudy  i t  i s  d i f f i c u l t  t o  determine t h e  accuracy 
o f  t h e  c a l c u l a t e d  r e s u l t s .  Some i n d i c a t i o n  maybe forthcomi'ng d u r i n g  
excava t ion  about s m a l l  and intermedi 'ate inf lows; where h i g h  i'nflows 
a r e  a n t i c i p a t e d  ground f reez ing,  w i l l  p robably  b e  adopted and no 
i n f l o w  i n f o r m a t i o n  obta ined.  

I n  t h e  Coventry example i t  i s  re-assur ing t o  n o t e  t h a t  t h e  c a l c u l a t e d  
i n f l o w s  a r e  o f  t h e  same o rde r  o f  magnitude as t h e  e x i s t i n g  sha f t  
values. The f l ows  c a l c u l a t e d  f o r  t h e  d r i f t  a r e  h i g h e r  than  t h e  s h a f t  
and maybe s i g n i f i c a n t l y  h ighe r  under non-steady s t a t e  f l o w  cond i t i ons .  

The s tudy i l l u s t r a t e s  t h a t  a l t hough  techniques can be a p p l i e d  t o  
p r o v i d e  an es t ima te  o f  p e r m e a b i l i t y  surrounding a  s h a f t  o r  d r i f t  i t  
may be d i f f i c u l t  t o  understand t h e  r e a l  d i s t r i b u t i o n  and s e l e c t  t h e  
s u b j e c t i v e  c r i t e r i a  t h a t  have t o  be adopted. 

I n  i n t e r p r e t i n g  t h e  p e r m e a b i l i t y  data w i t h  respect  t o  i n f l o w s  i n t o  
a  s h a f t  t h e  analogue r e s i s t o r  model used i s  b e l i e v e d  t o  be r e l i a b l e  
i n  terms o f  s teady s t a t e  f lows.  More work, however, i s  r e q u i r e d  
t o  s tudy  t h e  non-steady i n f l o w s .  The d r i f t  s o l u t i o n  and w h i l e  
p r o v i d i n g  a  reasonable answer i t  i s  c l e a r  t h a t  more a t t e n t i o n  needs 
t o  be p a i d  t o  d r i f t  i n f l o w  ana lys i s .  
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